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Stuart Freeman, in charge of production of oncology text-
books at Lippincott Publishers (now Lippincott Williams &
Wilkins) approached the three of us—Carlos Perez, Robert
Young, and me—in the early 1990s to collaborate in editing a
textbook on gynecologic cancer. We met to plan the text in
1992, and 2 years later, in 1994, the first edition was pub-
lished. With the able guidance of Stuart, we developed several
basic principles: (a) The textbook would be multidisciplinary,
with the disease chapters authored by a surgeon, a medical
oncologist, a radiation oncologist, and a pathologist; (b) the
editors would strive to make the textbook a definitive refer-
ence that would be written at the level of an expert in surgery,
medical oncology, and radiation oncology; (c) the text would
be divided into three sections: basic science, modalities of
therapy, and the disease chapters, which cover current princi-
ples of treatment; (d) we would edit the book in two sessions,
each lasting 2 to 3 days, with all the editors sitting at one table
reading the same chapter; (e) we would strive to publish an
updated edition every 3 years.

Over the next 12 years, we published four editions of the
text, the first three under the guidance of Stuart Freeman and
the last edition under the guidance of Jonathan Pine. We
appreciate the assistance and support that we received from
Lippincott Williams & Wilkins throughout. We were, and
remain, grateful for the opportunity to develop a close friend-
ship and, most important, we were satisfied that our book was
a definitive and valuable text for those physicians who treat
gynecologic cancer.

In the planning for the fourth edition, the three editors
agreed that it would be our last edition and that we should select
new editors to continue the publication of the text. As a group,
we chose Richard Barakat, MD, Maurie Markman, MD, and
Marcus Randall, MD, and they worked with us on the prepara-
tion of the fourth edition. In this fifth edition of Principles and
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FOREWORD

Practice of Gynecologic Oncology, our only involvement is to
write the Foreword. This edition and the ones to come are the
work of Rich, Maurie, and Marc. We are grateful that the cur-
rent editors have agreed to carry on the text, and we anticipate
that this text will be outstanding and uphold the tradition of pre-
senting the state of the art in gynecologic oncology.

The landscape in the management of patients with gyneco-
logic cancer has rapidly evolved in recent years. A vaccine for
human papillomavirus (HPV) is being administered worldwide,
with the expectation that it will substantially decrease the inci-
dence and mortality of carcinoma of the uterine cervix. All
aspects of the diagnosis and treatment of gynecologic cancer
have become more complex. Surgical procedures are more rad-
ical, and there are many new chemotherapeutic and targeted
agents (both cytotoxic and biologic) and new equipment and
techniques in radiation oncology. Survival rates for ovarian and
cervical cancer have improved, and survival for corpus cancer is
stable. In 2007, the 5-year survival for all stages and all races was
45% for ovary, 72% for cervix, and 83% for corpus cancers.

This text continues to be the most comprehensive and up-to-
date book for the physicians who treat women with gynecologic
cancer, and with its multidisciplinary approach still addresses the
most important aspects of basic biology, pathology, modalities of
therapy, and therapeutic options by disease site.

As the original editors of this text, we are very pleased
with this fifth edition of Principles and Practice of Gynecologic
Oncology and congratulate the new editors, Drs. Richard
Barakat, Maurie Markman, and Marcus Randall, for their
achievement. We are confident they will continue to produce
timely and up-to-date editions in the future.

William | Hoskins, MD
Carlos A Perez, MD
Robert C Young, MD
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The publication of the fifth edition of Principles and Practice
of Gynecologic Oncology marks the completion of the transi-
tion to three new editors, Richard Barakat, Maurie Markman,
and Marcus Randall. As editors and cancer specialists, we are
excited about the fifth edition and are honored to follow in
the tradition of excellence established by our three predecessors,
William J. Hoskins, MD, Carlos A. Perez, MD, and Robert C.
Young, MD, who had worked together on this textbook for
over 15 years. Without their guidance and friendship, this
seamless transition wouldn’t have been possible. We look
forward to building on their important contribution to the
medical literature.

We remain committed to the multidisciplinary theme of
the textbook, with chapters authored by teams consisting of a
surgeon, a medical oncologist, a radiation oncologist, and a
pathologist. The increasing complexity of all aspects of gyne-
cologic cancer treatment requires this type of approach. As in
previous editions, we have rotated approximately 30% of the
authors, and all chapters have been either completely rewrit-
ten or extensively updated, including the chapters on the three

PREFACE

major disease sites—ovarian, uterine, and cervical cancer—as
well as breast cancer. We are certain that this edition contains
the most up-to-date information available about the treatment
of gynecologic cancers. This textbook was designed for spe-
cialists who care for women afflicted with gynecologic cancer,
including surgeons, medical oncologists, radiation oncolo-
gists, pathologists, and nurses. It also serves as a valuable
resource for residents and fellows in training for a career in
cancer care.

Finally, we wish to thank the readers for their support in
the past and look forward to their continued support and
advice in the future. We will continually strive to improve the
content and quality of this comprehensive textbook. It is our
hope that this textbook will play a significant role in develop-
ing future treatments to benefit women afflicted with gyneco-
logic cancer.

Richard Barakat, MD

Maurie Markman, MD
Marcus Randall, MD
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CHAPTER 1 ® EPIDEMIOLOGY
OF GYNECOLOGIC CANCERS

LOUISE A. BRINTON AND MARK SCHIFFMAN

Disease-oriented texts often include a chapter on epidemiology
or etiology, which is considered perfunctory if the book is used
by therapists whose daily practice is rarely influenced by these
considerations. This is not the case for physicians who treat
patients with gynecologic cancers, because these clinicians have
frequent opportunities to interpret epidemiologic findings and
make observations of etiologic importance. Moreover, public
health measures based on epidemiologic findings influence
gynecologic practice perhaps more than any other clinical dis-
cipline. In particular, epidemiologic data are critical for the
prevention and treatment of cervical and uterine cancers.

From the observation 150 years ago of the rarity of cervical
cancer in nuns to the most recent follow-up studies of type-
specific human papillomavirus infection, determining the
cause, natural history, and prevention of this disease has
focused on sexual practices and suspect infectious agents.
Screening interventions based on natural history studies have
fundamentally altered the usual presentation of this disease,
and as more information about preceding infectious processes
becomes available, even more radical changes in presentation
and management are likely.

The probable estrogenic cause of endometrial cancer was
proposed by etiologically oriented gynecologists decades
before its demonstration by epidemiologists. Unfortunately,
this did not prevent the largest epidemic of iatrogenic cancer
in recorded history (i.e., endometrial cancer caused by estro-
gen replacement therapy). The resurgent interest in hormone
replacement therapy, effects of progestins added to this regi-
men, and associated risk-benefit questions are certain to link
the epidemiologist and the gynecologist for the foreseeable
future. The iatrogenic chemoprevention of endometrial and
ovarian cancer through oral contraception has similarly thrust
the two disciplines together around issues ranging from basic
biology to risk-benefit assessments.

The rich tradition of the mingling of epidemiology and gyne-
cologic oncology has led to better opportunities for prevention,
screening, and insights into basic mechanisms of disease than
for any other subspecialty concerned with cancer. This chapter
is written with the aim of clarifying how epidemiology is an
integral part of the effort to reduce the morbidity and mortality
from gynecologic cancers in women.

UTERINE CORPUS CANCER

Demographic Patterns

Cancer of the uterine corpus (hereafter referred to as uterine
cancer) is the most common invasive gynecologic cancer and
the fourth most frequently diagnosed cancer among American

women today. One in 40 American women will develop uterine
cancer during their lives, and it is estimated that there will
be approximately 40,100 diagnoses during 2008 (1). The
average annual age-adjusted (2000 U.S. standard) incidence
from the Surveillance, Epidemiology, and End Results (SEER)
program, a cancer reporting system involving approximately
26% of U.S. residents, was 22.7 per 100,000 women for 2000
to 2004; the corresponding age-adjusted mortality rate was
2.0 per 100,000 women, reflecting the relatively good prognosis
for this cancer (2). The 5-year survival rate is approximately
84%. It is estimated that approximately 7,470 women will die
from uterine cancer during 2008 (1).

Uterine cancer rates are highest in North America, interme-
diate in Europe and temperate South America, and low in
Southern and Eastern Asia (including Japan) and in most of
Africa (except southern Africa) (3). The disease is rare before
the age of 45 years, but the risk rises sharply among women in
their late 40s to middle 60s. The age-adjusted incidence for
whites is approximately twice the incidence for nonwhites
(Fig. 1.1). Reasons for the discrepancy remain largely unde-
fined. Within the last several decades in the United States, a
dramatic change in the incidence pattern for uterine cancer
has occurred, characterized by a marked increase that peaked
about 1975 (Fig. 1.2) (4). Considerable evidence has linked
this rise and fall with the widespread use of estrogen replace-
ment therapy in the late 1960s and early 1970s. Mortality
rates, albeit considerably lower, have generally mirrored inci-
dence rates.

Reproductive Risk Factors

Nulliparity is a recognized risk factor for uterine cancer.
Most studies demonstrate a two- to threefold higher risk for
nulliparous than parous women. The association of uterine
cancer with nulliparity has been suggested to reflect pro-
longed periods of infertility. The hypothesis that infertility is
a risk factor for uterine cancer is supported by studies show-
ing higher risks for married nulliparous women than for
unmarried women. Several studies have found that infertile
women experience a three- to eightfold increase in risk (5-7).
Mechanisms that may mediate the risk associated with infer-
tility include anovulatory menstrual cycles (i.e., prolonged
exposure to estrogens without sufficient progesterone); high
serum levels of androstenedione (i.e., excess androstenedione
is available for conversion to estrone); and the absence of
monthly sloughing of the endometrial lining (i.e., residual tis-
sue may become hyperplastic). In addition, nulliparity has
been associated with lower levels of serum sex hormone-
binding globulin (SHBG), leading to increased bioavailable
estrogen (8).
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FIGURE 1.1. Age-specific incidence of cancer of the corpus uteri by
race. Source: Data from the Surveillance, Epidemiology, and End
Results Program, 2000-2004.

It has been established for many years that the risk of uter-
ine cancer decreases with increasing parity, especially among
premenopausal women (6,9,10). More recent attention has
focused on characteristics of ages at which these births
occurred. Several investigators have found decreased risks with
either older ages at or shorter intervals since a last birth, and
have suggested that this might reflect a protective effect of
mechanical clearance of initiated cells (11,12). However, a
recent analysis, which accounted for the correlation of multiple
reproductive parameters, concluded that protection appeared
to derive more from a late age at a first birth, suggesting an
adverse effect of infertility among women who are unable to
conceive at older ages (10). Additional studies are needed to
confirm these latest findings and to shed further light on
endogenous hormonal alterations that might underlie repro-
ductive associations with uterine cancer risk.

An understanding of the effects of infertility on cancer risk
must also consider relationships according to different meth-
ods of birth control, including oral contraceptives (discussed
later in this chapter). However, it is also of interest that a num-
ber of investigations have noted reductions in risk among
users of intrauterine devices (13-16). The mechanisms
involved with this apparent protective effect have not been
elaborated, although it is possible that the devices may affect
risk by causing structural or biochemical changes that alter
the sensitivity of the endometrium to circulating hormones.

An additional area of interest is the effect of exposure to
fertility drugs, given a recent study showing that users of
clomiphene citrate are at an increased risk of developing uter-
ine cancers (17). Although this finding requires replication, it
is of interest given the structural similarity of clomiphene and
tamoxifen, which has been extensively linked with the occur-
rence of uterine cancers (discussed in more detail below).

The relationship of risk to breast-feeding remains controver-
sial. Although some recent studies suggest that prolonged lacta-
tion may offer protection (18,19), in one of these investigations
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FIGURE 1.2. Incidence and mortality trends among U.S. white
females for cancer of the corpus uteri. Source: Data from the
Surveillance, Epidemiology, and End Results Program, 1975-2004.

the reduced risk did not persist into the age range when uterine
cancer becomes common (19).

Menstrual Risk Factors

Early ages at menarche have been related to an elevated risk for
uterine cancer in several studies, although associations have gen-
erally been rather weak and trends inconsistent (5,6). Several
studies have found stronger effects of ages at menarche among
younger women, although this has not been consistently demon-
strated (6). The extent to which these relationships reflect
increased exposure to ovarian hormones or other correlates of
early menarche (e.g., increased body weight) is unresolved.



Most studies have indicated that age at menopause is
directly related to the risk of developing uterine cancer. About
70% of all women diagnosed with uterine cancer are post-
menopausal. Most studies support the estimate that there is
about a twofold risk associated with natural menopause after
the age of 52 years as compared to before age 49 years (20). It
has been hypothesized that the effect of late age at menopause
on risk may reflect prolonged exposure of the uterus to estrogen
stimulation in the presence of anovulatory (progesterone-
deficient) cycles. The interrelationships among menstrual fac-
tors, age, and weight are complex, and the biologic mechanisms
of these variables operating in the pathogenesis of uterine can-
cer are subject to substantial speculation.

Exogenous Hormones

Oral Contraceptives

Studies have demonstrated significantly higher risks in users of
sequential oral contraceptives (i.e., containing a high dose of
estrogen and a weak dose of progestin) as compared to users
of estrogen-progestin combination pills. Studies have shown
that women who used Oracon, a sequential preparation that
employed dimethisterone (weak progestogen) with a large
dose of a potent estrogen (ethinyl estradiol), had substantially
elevated risks of uterine cancer (6,21). The risk associated
with the use of other sequential oral contraceptives remains
unclear, mainly because these drugs are no longer marketed.

In contrast, the use of combination oral contraceptives may
reduce the risk of uterine cancer by 50% compared to nonuse,
and long-term use may decrease risk further (21-24). Kaufman
et al. (23) showed that the reduced risk persisted for at least
5 years after discontinuation, but Weiss and Sayvetz (21) found
that the protective effect waned within 3 years. In several stud-
ies, the greatest reduction in risk was associated with high-
progestin-dose pills, although recent findings indicate that this
may be true only among obese women (25). A number of stud-
ies indicate that the protective effect of the pill appears greatest
among nulliparous women (6,22). In other studies, the protec-
tion has been limited to nonobese women or those who have
not been exposed to menopausal estrogens (6,21).

Menopausal Hormones

It is well established that unopposed estrogens are associated
with a 2- to 12-fold elevation in uterine cancer risk (26-29). In
most investigations, the increased risk does not become appar-
ent until the drugs have been used for at least 2 to 3 years, and
longer use of estrogens is generally associated with higher risk
(26,30,31). The highest relative risks (RRs) have been
observed after 10 years of use (up to 20-fold), although it is
unclear whether risk increases after 15 years. Most but not all
studies have found that cessation of use is associated with a
relatively rapid decrease in risk, although a number of studies
have found significantly elevated risks to persist 10 or more
years after last usage (26,30-33). Although higher doses of
estrogen are associated with the greatest elevations in risk, one
study showed that even 0.3 mg of unopposed equine estrogen
can result in a significant increase in risk (34).

This large body of evidence linking estrogen use to
increases in the risk of uterine cancers has led to estrogens
being prescribed in conjunction with progestins among
women who have not had a hysterectomy. Progesterone has
been shown to cause regression of endometrial hyperplasia,
the presumed precursor of uterine cancers (35). The large
Women’s Health Initiative (WHI) clinical trial showed that
women assigned to 0.625 mg of conjugated equine estrogen
plus 2.5 mg of medroxyprogesterone acetate daily had a lower
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hazard ratio (0.81, 95% confidence interval [CI] 0.48 to 1.36)
than those assigned to placebo, but this risk was based on
relatively small numbers of endometrial cancers and short
follow-up (36). Similar observational results derive from the
Million Women Study in the United Kingdom, where usage of
continuous combined therapy resulted in a relative risk of
0.71 (95% CI1 0.56 to 0.90) (37).

It is unresolved whether protection from estrogens can be
achieved when progestins are prescribed sequentially (usually
defined as less than 10 to 15 days per month) as opposed to
continuously. Although a number of studies indicate that the
excess risk of uterine cancer can be significantly reduced if
progestins are given for at least 10 days each month
(27,38-40), several studies have shown that subjects pre-
scribed progestins for less than 10 days per month experience
some increase in risk, with only a slight reduction compared
to estrogen-only users (27,38,40,41). The sharp contrast
between the effects of <10 and =10 days of progestin use has
led to the suggestion that the extent of uterine sloughing or of
“terminal” differentiation at the completion of the progestin
phase may play a critical role in determining risk (27). It
remains questionable whether <10 days of progestin adminis-
tration per month is sufficient for complete protection, partic-
ularly for long-term users (42). Few studies have had large
numbers of long-term sequential users, and in two studies
there has been evidence that this pattern of usage may result in
some persistence of risk (27,41). Other studies, however, have
not confirmed this (43).

Studies have shown that the effects of hormonal therapy
(both unopposed estrogens as well as combination therapy)
may vary by user characteristics, most notably by a woman’s
body mass. The Million Women Study showed that the adverse
effects of unopposed estrogens were greatest in nonobese
women and that the beneficial effects of combined therapy
were greatest in obese women (37). Studies have also suggested
that effects of unopposed estrogens are strongest in nondia-
betic, normotensive, and nonsmoking women (26,31,44), but
less information is available on how these other risk factors
modify the effects of combination therapy. These findings sug-
gest either that estrogen metabolism differs among certain
women, or that risk is already high enough in women who are
obese, diabetic, hypertensive, or smokers that exposure to
exogenous estrogens has only a small additional effect.

Most data regarding effects of hormones derive from stud-
ies of users of pills. Unresolved is whether the use of estrogen
patches, creams, or injections can affect risk; given relation-
ships of risk with even low dose estrogens, it is plausible that
these regimens may confer some increase in risk.

Tumors associated with estrogen use generally demonstrate
favorable characteristics, including earlier stage at diagnosis,
lower grade, and less frequent myometrial invasion (26,33).
Estrogen users tend to be younger at diagnosis than nonusers,
and the tumors are more frequently accompanied by hyperpla-
sia or adenomyosis (45,46). The fact that estrogen remains
linked to risk in studies limited to pathologically confirmed
cases and that risk is increased for both early- and late-stage
cancers (32,47) suggests that the increased risk is not related
to pathologic overdiagnosis.

Tamoxifen

A number of clinical trials and one population-based case-con-
trol study have demonstrated an increased risk of uterine can-
cer among tamoxifen-treated breast cancer patients (48-50).
This is consistent with tamoxifen’s estrogenic effects on the
endometrium. Elevated risks have been observed primarily
among women receiving high cumulative doses of therapy, usu-
ally in the range of 15 g or greater. According to a recent inves-
tigation, the risk for malignant mixed miillerian tumors may be
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especially high (51). One study documented a poor prognosis
among long-term tamoxifen users who developed uterine can-
cer, presumably reflecting less favorable histologies and higher
stages of disease at diagnosis (52). Whether this finding is gen-
eralizable to other populations remains unclear.

Anthropometry and Physical Activity

Obesity

Obesity is a well-recognized risk factor for uterine cancer and
may account for up to 25% of cases (53-55). Very heavy women
appear to have exceptionally high risks (55,56). Although studies
have demonstrated significant positive trends of uterine cancer
with both weight and various measures of obesity, including the
Quetelet’s index (weight/height?), height has not been consis-
tently associated with risk. Obesity appears to affect both pre-
menopausal and postmenopausal uterine cancer (55).

Although initial studies hypothesized that adolescent and
long-standing obesity may be more important than adult
weight, recent studies support that contemporary weight and
weight gain during adulthood are the most important predic-
tors of uterine cancer risk (55,56). Relationships with obesity
appear stronger for postmenopausal disease and among
women not exposed to exogenous hormones (56,57).

Recent interest has focused on determining whether the
distribution of body fat predicts uterine cancer risk. A number
of studies have shown that central obesity may have an effect
independent of overall body size (56,58), although not all
studies confirm this relationship.

Physical Activity

Recent investigations have focused on the role of physical activ-
ity in the etiology of uterine cancer. A potential relationship is
biologically appealing given that physical activity can result in
changes in the menstrual cycle, body fat distribution, and levels
of endogenous hormones. Although several recent studies sug-
gest a protective effect of physical activity on uterine cancer risk
that appears independent of relationships with body weight
(59-64), the apparent relationships are not as convincing as
have been observed for breast cancer risk. For instance, recent
results from the large European Prospective Investigation into
Cancer and Nutrition (EPIC) indicate that the protective effect
of physical activity may be restricted to premenopausal women
(65). Further, other studies have not shown dose-response rela-
tionships, and the types of activities associated with risk reduc-
tions have varied across studies. Two recent reviews on the topic
emphasize the need for further investigation to determine the
types, characteristics, or time periods of physical activity that
could optimally impact risk (66,67).

Dietary Factors

Despite the fact that obesity has been consistently related to
uterine cancer, the role of dietary factors remains controver-
sial. Geographic differences in disease rates (i.e., high rates in
Western and low rates in Eastern societies) suggest that nutri-
tion has a role, especially the high content of animal fat in
Western diets. Armstrong and Doll (68) demonstrated a
strong correlation between a country’s total fat intake and
uterine cancer incidence.

Dietary Fat

Although a number of studies have assessed uterine cancer
risk in relation to consumption of dietary fat, the association
remains unclear. A clear assessment of risk depends on careful

control for effects of both body size and caloric intake
(energy). Several case-control studies have found a relation-
ship with dietary fat intake (particularly animal fat) that
appeared independent of other dietary factors (69-71).
Another case-control study (53) found that the risk associated
with fat calories was partially explained by body size. Several
other case-control studies did not confirm a relationship with
fat intake (72,73). In addition, a recent cohort study found an
opposite trend; namely, some decrease in risk with relatively
high intakes of saturated or animal fat (54).

Fruits, Vegetables, and Associated Micronutrients

A somewhat more consistent observation has been the reduc-
tion of uterine cancer related to high intakes of fruits and veg-
etables (53,69,73-75). There is some support for this relating
to consumption of fruits and vegetables that are high in either
beta-carotene (74) or lutein (53). Various other micronutrients
have been implicated in the etiology of uterine cancer,
although their independence from each other and from other
risk factors has not been fully resolved (71-73). Further, not
all studies support relationships with micronutrients, includ-
ing a large Canadian prospective study (54).

Other Dietary Factors

Given the recognized role of diabetes in the etiology of uterine
cancers, a number of studies have assessed risk in relation to
carbohydrate intake, glycemic intake, and glycemic load,
which are known to increase insulin and estrogen levels. There
are suggestions that all three factors may relate to risk
(76-79), although further studies are needed to sort out their
independence from other risk factors, including obesity, dia-
betes, and physical activity levels.

Several studies have found that consumption of phytoe-
strogens and omega-3 fatty acids (found in fatty fish) may be
protective (53,80,81), but confirmatory studies are needed. In
addition, future studies are needed to assess whether risk
reductions associated with certain dietary patterns reflect
modified hormone metabolism, as suggested in both observa-
tional and intervention studies (82-85).

Alcohol Consumption

In several studies, regular consumption of alcoholic beverages
has been linked to substantial reductions in uterine cancer risk
(86—88). Several studies suggest more pronounced effects
among premenopausal or overweight women, indicating that
an attenuation in endogenous estrogen levels may be responsi-
ble for the reduced risk (86,88). However, other studies have
failed to find a relationship between alcohol consumption and
uterine cancer risk (89-91).

Cigarette Smoking

A reduced risk of uterine cancer among smokers has been
reported, with current smokers having approximately half the
risk of nonsmokers (90,92-94). Cigarette smoking has been
linked to an earlier age at natural menopause in some popula-
tions and to reduced levels of endogenous estrogens. Reduced
risk associated with long-term smoking is more pronounced in
postmenopausal than premenopausal women (92). In addi-
tion, reduced risk associated with smoking may be most
apparent in parous or obese patients (92,95).

At present, biologic mechanisms underlying the inverse rela-
tionship of smoking to uterine cancer risk remain elusive.
Alterations in endogenous hormones or metabolites are likely
involved. In one report, the inverse association of smoking with
uterine cancer risk appeared to be more strongly related to



higher serum androstenedione levels than to lower serum estro-
gen levels, except perhaps among overweight women (96).

Medical Conditions

Numerous clinical reports link polycystic ovarian syndrome
(PCOS) with an increase in the risk of uterine cancer, particu-
larly among younger women (97-99); however, it is uncertain
whether this risk is independent of obesity. In a follow-up study
at the Mayo Clinic, women with chronic anovulation were
found to be at a threefold increased risk of developing uterine
cancer (100). Assessing histories of PCOS is challenging in case-
control studies, but it is of interest that uterine cancer has been
associated with histories of either hirsutism or acne (5,101),
which are conditions often associated with hyperandrogenism.

A number of studies have noted a high risk of uterine can-
cer among diabetics, but again the issue is whether the associ-
ation is independent of weight. Various cohort studies
(102-105) and a number of case-control studies (5,106-108)
suggest that the relationship persists when analyses are
restricted to nonobese women or are adjusted for weight.
However, in several other studies (109,110), the effect of dia-
betes on uterine cancer risk was apparent only among obese
women, suggesting the possible involvement of selected meta-
bolic abnormalities, including hyperinsulinemia. Further stud-
ies are needed to resolve the association, as well as to elaborate
on how specific types of diabetes may be involved.

A variety of other conditions have been suggested as possi-
bly predisposing to uterine cancer risk, including hyperten-
sion, arthritis, thyroid conditions, and cholecystectomy. In a
number of studies, positive findings may be partially
explained by the correlation of the diseases with other factors.
Similar to relationships with breast cancer, patients with previ-
ous fractures have been found to have a reduced risk of uter-
ine cancer (111,112), presumably reflecting the association of
lowered bone density with altered endogenous hormone levels.

Host Factors

Although studies have shown that a family history of uterine
cancer is a risk factor for the disease, particularly among
younger subjects (113), this appears to explain only a small
proportion of disease occurrence (114). In addition, subjects
with a family history of colon cancer are at increased risk, an
association that is now recognized as reflective of hereditary
nonpolyposis colorectal cancer, a dominantly inherited syn-
drome associated with mutations in the DNA mismatch repair
genes MSH2, MLH1, and MSH6.

A number of recent studies have focused on relationships of
uterine cancer risk with common genetic polymorphisms,
including those involved with hormone biosynthesis and metab-
olism (115-119), DNA repair (120), and folate metabolism
(121). Additional studies are needed to resolve effects of these
genes as well as their interactions with environmental factors.

Environmental and Occupational
Risk Factors

Geographic variation in rates of uterine cancer, with high
rates in certain industrial areas, has led to the suggestion
that certain environmental agents may affect risk. Given the
well-recognized influence of hormones on the disease, there
has been particular concern about a potential role for cer-
tain endocrine disruptors, including dichlorodiphenyl-
trichloroethane (DDT). Several studies have addressed this
issue by comparing dichlorodiphenyldichloroethylene (DDE)
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levels (the active metabolite of DDT) in the sera of cases and
controls, finding no significant differences (122,123).

Studies assessing the relationship of uterine cancer risk to
exposure to electromagnetic radiation (electric blanket or
mattress covers) have been negative (124). Data for occupa-
tional exposures are limited. Elevated endometrial cancer
rates have been found among teachers in California (125) and
individuals exposed to animal dust and sedentary work in
Finland (126). The extent to which these relationships reflect
the influence of social class is unknown.

Biologic Mechanisms Underlying Risk
Factor Associations

Many of the identified risk factors are thought to operate
through alterations in various endogenous hormones. The
majority of studies have found increased risks associated with
higher levels of circulating estrogens among postmenopausal
women that persisted after adjustment for the effects of body
mass (127-130), although in one study associations were con-
siderably reduced after adjustment for body mass (129). In
this same investigation, estrogens appeared to be less predic-
tive of premenopausal disease, suggesting that anovulation or
progesterone deficiency might be more predictive of risk.

Less well investigated is whether other endogenous hor-
mones are related to uterine cancer risk. Key and Pike (131)
suggested that uterine carcinogenesis is dependent on uterine
mitosis, which is increased by estrogens and reduced by prog-
esterone, but risk associated with progesterone levels has not
been well explored. Several studies have shown positive asso-
ciations of uterine cancer risk with serum androstenedione
and testosterone levels (128,129). It has been hypothesized
that this may reflect a role of chronic anovulation and proges-
terone deficiency in premenopausal women, whereas after
menopause, aromatase and local conversion of estrone from
androstenedione may be involved (132).

Obesity, which is hypothesized to reflect elevated estrogen
levels (131), seems to represent a key risk factor for both uterine
carcinoma and endometrial hyperplasias, but the mechanisms
mediating this are unclear. One case-control analysis of serum
estrogen levels (129) reported that the risk associated with obe-
sity was not entirely mediated by estrogen, especially among pre-
menopausal women. In another cohort study of postmenopausal
women, elevated serum estrogen levels appeared to account for
the majority of the risk associated with obesity (130). A potential
role for insulin and insulin-like growth factors (IGF) has been
suggested, although studies generally have not found support for
a role of either c-peptide (133) or IGF (134) levels.

Conclusions

A unified theory of how risk factors for uterine cancer might
operate through one common hormonal pathway has been sug-
gested. Estrogen promotes proliferation in the endometrium,
which is opposed by progesterone. Therefore, exposure to
estrogen, particularly bioavailable estrogen that is weakly
bound or unbound to plasma protein, is viewed as carcinogenic.
Functional ovarian tumors, PCOS, late menopause, and admin-
istration of exogenous estrogens and sequential oral contracep-
tives produce higher levels of estrogen exposure without the
antiproliferative effects of progesterone. Obesity could also
contribute in a variety of ways (135). Adipose tissue is the pri-
mary site for conversion of androstenedione to estrone, which is
the primary source for estrogen after menopause. Obesity is
associated with higher conversion rates and/or elevated plasma
levels of estrogen. In addition, obesity is related to lower levels
of SHBG and more frequent anovulatory menstrual cycles
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TABLE 1.1

RISK FACTORS FOR UTERINE CANCER

Factors influencing risk

Estimated relative risk?

Older ages 2-3
Residency in North America, Northern Europe 3-18
Higher levels of education or income 1.5-2.0
White race 2
Nulliparity 3
History of infertility 2-3
Menstrual irregularities 1.5
Early ages at menarche 1.5-2.0
Late ages at natural menopause 2-3
Long-term use or high dosages of menopausal estrogens 10-20
Use of oral contraceptives 0.3-0.5
High cumulative doses of tamoxifen 3-7
Obesity 2-5
Stein-Leventhal disease or estrogen-producing tumors >5
Histories of diabetes, hypertension, gallbladder disease or 1.3-3.0
thyroid disease
Cigarette smoking 0.5

aRelative risks depend on the study and referent group employed.

(i.e., less progesterone). Vegetarianism is associated with lower
plasma estrogen levels, presumably on the basis of the relation-
ship of diet composition to estrogen metabolism. The beneficial
effects of combination oral contraceptives and cyclic progestins
added to hormone replacement therapy presumably operate
through the antiestrogenic effects of progesterone. The peculiar
age incidence patterns for uterine cancer (i.e., extremely rare
under age 45 years, followed by a rapid and progressive rise
from ages 45 to 60 years) could also reflect the waning influ-
ence of progesterone. Nulliparity, hypertension, diabetes, the
absence of smoking, and race may yet be added to the unifying
scheme as knowledge of endocrinologic mechanisms in
endometrial tissue increases.

Although there are a number of identified risk factors for
uterine cancer (Table 1.1), important gaps in knowledge cur-
rently limit a full understanding of the proposed carcinogenic
process. We need to understand when in a woman’s life obe-
sity matters most and how risk is influenced by weight loss;
whether the number of adipocytes, their fat composition, or
other factors determine peripheral conversion of androstene-
dione; and the precise hormonal mechanisms associated with
vegetarianism. Perhaps the most important gap is in under-
standing the basic mechanism of estrogen carcinogenesis. It is
unclear whether estrogens are complete carcinogens, classic
“promoters” that affect initiated cells, or growth stimulants
that act on vulnerable genetic material. The epidemiologic
data are consistent with estrogens acting at a relatively late
stage of carcinogenesis. If this reflects their position as tumor
promoters, then the need to identify initiators of the process
becomes even more crucial.

OVARIAN CANCER

Demographic Patterns

Ovarian cancer accounts for 3% of all incident cancers in
U.S. women (1). Approximately 1 in 70 American women
develops ovarian cancer during her lifetime. The average

annual age-adjusted incidence for all SEER areas between
2000 and 2004 was 13.5 per 100,000 women (2). An esti-
mated 21,650 new cases will be diagnosed in the United
States in 2008 (1).

Diagnosis usually occurs at advanced stages; the overall
S-year survival between 2000 and 2004 was only 45%. The
average annual age-adjusted mortality rate is 8.9 per 100,000
women (2). The estimated 15,520 deaths due to ovarian can-
cer in 2008 will make it the fifth leading cause of cancer death
among U.S. women (1).

After rising during the mid-20th century, age-adjusted mor-
tality rates have since remained relatively constant (1).
Incidence rates show little variation over the past 30 years, but
both incidence and mortality rates may be declining for U.S.
women under age 40 years (136). U.S. blacks and whites have
nearly identical mortality rates, but incidence rates remain
higher for U.S. white women (137) (Fig. 1.3).

The highest incidence occurs in North American,
Scandinavian, and Northern European countries, whereas the
lowest rates occur in African nations and some eastern coun-
tries, such as China (3). Age-standardized rates vary 4.5-fold
across countries. Mortality data show a similar but slightly
less dramatic pattern. The estimated age-standardized mortal-
ity rates are 6.2 in developed countries and 2.8 in developing
countries (138).

Reproductive Risk Factors

Gravidity is consistently associated with a decreased risk of
ovarian cancer (139-142). Compared with nulligravidous
women, women with a single pregnancy have an RR of 0.6 to
0.8. Each additional pregnancy decreases risk another 10% to
15%. The number of full-term births seems most influential,
but several studies have also found decreased risks associated
with an increasing number of incomplete pregnancies
(143,144). Most studies that adjusted for parity report no
residual association with age at first or last birth (145), but
some investigators argue that both number of births and tim-
ing matter (146,147).
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FIGURE 1.3. Age-specific incidence of cancer of the ovary by race.
Source: Data from the Surveillance, Epidemiology, and End Results
Program, 2000-2004.

Whether these risk relationships reflect a hazardous role for
infertility or merely the protective role of pregnancy is unclear.
Comparing subfertile women with ovarian abnormalities to
subfertile women with normal ovarian function has thus far
shown no increased risk for the former, but the data are not
definitive (148). Studies with higher risks among infertile
women support some role for abnormal endocrine factors
(149). In one study (139), sexually active women who were not
using contraceptives and had not conceived for 10 or more
years were at a sixfold excess risk compared with other women.
Another large study similarly found a high risk associated with
nulliparity despite unprotected intercourse, especially in women
with long periods of ovulatory experience (149).

Although several early studies showed substantial increases
in ovarian cancer risk linked to use of fertility drugs (142,150),
subsequent studies have generally not confirmed an association
(151). The prospect that the causes of subfertility and infertil-
ity, not the associated treatments, are the causative factors
appears to be gaining support (148,151,152).

A number of studies have found a reduced risk of ovarian
cancer associated with breast-feeding, although the associa-
tion has not always been shown to be independent of parity or
to relate to risk in a dose-response relation (141,153-157). A
recent pooling of two large cohort studies showed significant
trends of risk with extended breast-feeding that were indepen-
dent of parity effects (158). Notably, each month of breast-
feeding decreased the relative risk of ovarian cancer by 2%.
Suppression of ovulation and decreased gonadotropin levels
were proposed as explanatory to the reduced risks, but further
studies are needed to confirm this.

Menstrual Factors and Gynecologic Surgery

Numerous studies have noted reduced risks among women
who have had a hysterectomy or tubal ligation (139,159-162).
These patients’ risks were 30% to 40% lower than the risks
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among women who had not undergone surgery. Surgery offers
an opportunity to remove abnormal-appearing ovaries, but
this alone is unlikely to explain the protective effect (163).
Partial devascularization and reduced ovarian function repre-
sent a possible alternative mechanism (164).

A number of studies have linked late age at natural
menopause with an increased risk of ovarian cancer (139,165),
although not all studies have confirmed this relationship
(166). The marked flattening in the age-specific incidence
curves shortly after menopausal ages is consistent with the
conclusion that early or late menopause has little effect on
ovarian cancer risk. Most studies have not found earlier ages
at menarche to increase risk, but some have reported weak
positive associations (139,165).

Hormonal Risk Factors

Oral Contraceptives

Almost all epidemiologic studies show a reduced risk of ovar-
ian cancer among women who use oral contraceptives. Their
use for only a few months introduces lasting protection, but
long-term use generates the largest risk reduction (141,167).
In one study, the protective effect of long-term use (=10
years) reached 80% (168). The protection appears to persist
for many years after their last use (167-170). The lower-dose
formulations now in use seem to reduce risk at least as effec-
tively as their higher dose predecessors (171-174). In addi-
tion, the androgenicity of the progestins used does not appear
to differentiate risks (175).

Menopausal Hormones

Accumulating evidence links use of menopausal hormones
to an increased risk of ovarian cancer (176-182). In most
of these studies, risk has been highest among long-term
users. Although most of the earlier studies focused on
effects of unopposed estrogens, more recent studies have
addressed effects of combined estrogen plus progestin ther-
apy. There are inconsistent results regarding how risk is
affected by regimen and mode of administration of hor-
mones (177-179,181), which may reflect small numbers
involved in many of the analyses. In the WHI clinical trial,
women exposed to estrogen plus progestin therapy had a
58% nonsignificantly increased risk of ovarian cancer com-
pared to those receiving a placebo (36). The recently pub-
lished Million Women Study found no variation in risk
according to type of preparation used, its constituents, or
mode of administration (176). The study did note a higher
risk of serous tumors related to use of exogenous hormones,
a finding requiring further replication.

Endogenous Hormones

Recent interest has focused on the role of endogenous hor-
mones in the etiology of ovarian cancer. Although one nested
case-control study found higher levels of androgens and lower
levels of gonadotropins among cases compared to controls
(183), this was not confirmed in a more recent investigation
(184). This latter study, however, found some suggestion that
free testosterone might play a role in early onset ovarian can-
cers. Another investigation, which pooled data from three
studies, reported null associations with estrogens, androgens,
SHBG, IGF-1, and associated binding proteins (IGFBPs)
(185,186). Despite these initial null results, the strong biologic
rationale for these hormones in ovarian carcinogenesis war-
rants further investigation.

o I
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Medical Conditions and Medications

Several studies surveyed whether certain medical conditions
predispose to ovarian cancer. Diabetes, hypertension, and thy-
roid diseases seem unrelated to risk (102,187). In line with a
number of clinical studies showing simultaneous occurrences of
endometriosis and ovarian cancer, several epidemiologic studies
have found that women with a diagnosis of endometriosis have
elevated risks for developing ovarian cancer (152,188,189). In
one of these studies, the relationship was shown to be specific
to clear cell and endometrioid ovarian cancers (189). As
reviewed by Ness (190), the two conditions share a number of
pathophysiologic processes, including estrogen excesses and
progesterone deficits, immunologic responses, and inflamma-
tory reactions. Pelvic inflammatory disease has also been found
in several studies to be a possible risk factor for ovarian cancer
(191,192). This finding supports a role for inflammation in
ovarian carcinogenesis.

Medications recently surfaced both as potential risk and
protective factors. Several studies showed increased risks
among users of psychotropic medications, particularly those
operating through dopaminergic mechanisms (193). However,
subsequent studies that employed cohort designs or improved
exposure assessment reported null associations (194-197).
Other data suggested a reduced risk among women who used
anti-inflammatory or other analgesic medications (198-201).
However, as with the psychotropic medication data, subse-
quent studies showed, at most, a weak or inconsistent associa-
tion. Chemoprevention via the use of these medications
remains a premature concept.

Anthropometry and Physical Activity

Obesity has recently received increased scrutiny as a possible
risk factor. Most studies fail to show a generalized effect
(202), although some studies have shown possible inverse
relationships (203). In those studies that do show positive
relationships, it has usually been restricted to certain sub-
groups, including premenopausal women (204,205), nulli-
parous women (206), women who never used menopausal
estrogens (207), or those who are physically inactive (208).
Further, some studies have suggested that obesity is a risk fac-
tor only for certain types of tumors. However, the histologic
subgroups identified as being increased among obese women
have varied across studies (209,210). Further complicating
assessment of effects are suggestions that increased risks may
be restricted to women who are clinically obese (211) or who
became obese when they were teenagers (212). These diverse
results regarding the effects of obesity on ovarian cancer risk
could reflect statistical chance or other systematic biases.

Studies have also examined effects of physical activity lev-
els on ovarian cancer risk, although results are inconclusive.
Case-control studies in China (213), Canada (214), and the
United States (215) have reported inverse associations with
increasing activity, but the cohort analyses published to date
(216,217) suggest that increasing activity might put women at
increased, rather than decreased, risk.

Dietary Factors

Correlations between ovarian cancer incidence and per capita
fat availability and noted increased incidence rates among
migrants who moved to areas with higher per capita fat avail-
ability have stimulated interest in dietary risk factors (68).
Initial studies in unique populations, such as ovolactovegetari-
ans (218) or meat abstainers (219), provided conflicting results.

Since then, studies have targeted a few classes of foods: lactose
and dairy foods, fats, vitamins, fiber, fruits, and vegetables.

Lactose Consumption

Findings linking higher consumption of yogurt, cottage cheese,
and other lactose-rich dairy products with an increased risk
of ovarian cancer (220) were viewed with interest given that
galactose-related enzymes can influence gonadotropin levels,
which are hypothesized to be crucial ovarian cancer risk deter-
minants. The majority of subsequent studies failed to show
increases in risk with lactose consumption or galactose metabo-
lism (221-225), although a few studies have provided some
support for the hypothesis (226,227). Recent results from the
Nurses’ Health Study suggest that further attention may be
warranted regarding effects for serous tumors (228).

Fat Intake

Although some case-control studies have reported higher risks
of ovarian cancer associated with intake of fatty foods (e.g.,
butter and meats) as well as types of fat, the data on this are
not entirely consistent (229-233). In contrast, most cohort
studies have failed to find relationships with dietary fat con-
sumption (226,229). The most recent analysis (234), a meta-
analysis of 12 cohort studies, found no overall association
with fat, cholesterol, or egg intakes, but some suggestion that
very high levels of saturated fat intake might increase risk, a
finding that merits further investigation.

Fruits, Vegetables, and Micronutrient Intake

Although some studies have suggested that ovarian cancer risk
might be reduced by higher consumption of fruits and vegeta-
bles (221,226,235) or fiber (236,237), other studies, including
a recent pooling project of 12 cohorts, fail to support these
relations (238-241). Some studies showed inverse associations
with particular vitamins, such as vitamins A, C, E, or beta-
carotene (232,242-246), although results have not been con-
sistent across studies. Further clarification of effects may
require considering effects according to other risk factors and
within histologic subgroups.

Alcohol and Coffee Consumption

A number of studies have examined effects on ovarian cancer
risk related to alcohol consumption. Most have not found any
convincing relationships (210,247-251), including a recent
pooled analysis of ten cohort studies (252). Coffee consump-
tion was linked to an elevated risk of ovarian cancer in early
studies (253,254), but more recent studies have not replicated
that association (210,248). One study actually suggested an
inverse association with coffee consumption, but concluded
that this was not due to caffeine intake since no relationship
was observed with tea consumption (255).

Host Factors

A family history of ovarian cancer is the strongest risk factor
identified to date. Which family member was affected is less
important than the total number of affected relatives or their
age at diagnosis (256). Women with two or more affected rel-
atives or whose relative was diagnosed before 50 years of age
experience the highest risks (257). Approximately 5% to 10%
of ovarian cancer patients have a first-degree relative with
ovarian cancer (256).

Inherited mutations in two autosomal dominant genes—
BRCA1 and BRCA2—are strongly linked to familial ovarian
cancer (and breast and other cancers) (258). Whereas the life-
time probability of developing ovarian cancer in most women



is 2%, the probabilities in women with a family history or
women with a BRCA1/2 mutation are 9.4% (259) and 15%
to 40% (260,261), respectively. Despite these increases,
BRCA1/2 mutations explain less than one third of the ele-
vated risk in women with familial ovarian cancer (257). Other
candidate high-risk genes have not been identified but are
almost certain to exist (256).

In addition to assessing the role of high-penetrance genes,
studies have begun to evaluate relationships of ovarian cancer
risk with the more common genetic polymorphisms, including
various genes involved in hormone metabolism. To date, no
markers have been conclusively linked with risk increases

(262,263).

Talc

Over-the-counter talc chemically resembles asbestos, a known
cause of mesothelioma, and mesothelioma histologically
resembles ovarian cancer. The published case-control studies
generally report positive associations between ovarian cancer
and perineal talc exposure. However, a lack of consistent sta-
tistical significance and inconsistent associations with differ-
ent patterns of talc use raise questions about the validity of
this association (264-268).

Cigarette Smoking

In general, cigarette smoking is not considered a major risk
factor for ovarian cancer. However, a number of studies have
found evidence that there may be an increased risk of muci-
nous tumors associated with smoking. In a recent systematic
review, smoking was found to lead to a significant doubling in
risk for mucinous tumors, but no increased risk for
endometrioid or clear cell tumors (269). The risk of mucinous
cancers increased with amount smoked but returned to that of
never smokers within 20 to 30 years of stopping smoking.
Fewer studies have evaluated effects of passive smoking on
ovarian cancer risk, with no consensus as to whether this
might alter risk or have histologic specificity (270,271).

Environmental and Occupational
Risk Factors

Certain occupations came under scrutiny when studies linked
hair dyes and triazine herbicides to ovarian cancer (272,273).
Record linkage studies in Finland (274), Norway (275),
Sweden (276), Canada (277), and the United States: (125,278)
have suggested a pattern of increased risks among certain pro-
fessions (e.g., teachers, health care workers) or with particular
occupational exposures (e.g., solvents, asbestos). Until addi-
tional data address the potential for inconsistent or chance
findings and the challenge of finding large populations with
sufficient data on other potential confounding variables, occu-
pation will likely not be considered a major risk factor for
ovarian cancer (279).

Conclusions

Much of the clinical and epidemiologic evidence concerning
risk factors for ovarian cancer implicates ovulatory activity
(Table 1.2). Conditions associated with reduced ovulation, for
example, pregnancy and oral contraceptives, consistently
reduce risk. Combining these and other menstrual factors into
single “ovulatory age” or “lifetime ovulatory cycles” indexes
has generally produced the expected associations with ovarian
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TABLE 1.2

RISK FACTORS FOR OVARIAN CANCER

Factors influencing risk Estimated relative risk?

Older ages 3
Residency in North America, 2-5
Northern Europe

Higher levels of education 1.5-2.0
or income
White race 1.5
Nulligravity 2-3
History of infertility 2-5
Early ages at menarche 1.5
Late ages at natural menopause 1.5-2.0
History of a hysterectomy 0.5-0.7
Use of oral contraceptives 0.3-0.5
Long-term use of menopausal 10-20
estrogens
Perineal talc exposure 1.5-2.0
Female relative with ovarian 3-4
cancer

aRelative risks depend on the study and referent group employed.

cancer risk; that is, older ovulatory ages (280) or higher cycle
counts (281) increase risk. However, the misclassification
inherent in these indexes is sufficient to generate different risk
estimates (282), and the magnitude of risk reduction for short-
term oral contraceptive use or a single pregnancy exceeds the
proportional decrease in ovulatory cycles that would be
expected to be associated with these exposures.

The putative mechanisms behind ovulatory inhibition and
the risk associated with “increased ovulation” (283) raise
additional questions. An early report suggested, based on the
associations with parity and infertility, that an unidentified
endocrine abnormality predisposed women to relative or
absolute infertility and ovarian cancer. The protection associ-
ated with oral contraceptives seems unlikely to fit this hypoth-
esis unless, in some improbable manner, use induces an
endocrine milieu similar to that underlying fertility.

A second popular unifying hypothesis is that ovarian can-
cer is the result of accumulated exposure to circulating pitu-
itary gonadotropins (284). Although this is consistent with the
parity, menopause, and oral contraceptive associations, a
study that directly measured gonadotropin levels failed to find
a relationship with subsequent development of ovarian cancer
(183). This theory also fails to account for the risks associated
with clinical infertility, and it predicts that menopausal hor-
mone therapy use would decrease risk, because both expo-
sures are associated with reduced gonadotropin levels.

A third explanation points to a biologic effect of ovulation
on ovarian surface epithelium. Ovulation prompts a cascade
of epithelial events, including minor trauma, increased local
concentrations of estrogen-rich follicular fluid, and increased
epithelial proliferation. Such proliferation, particularly near
the point of ovulation, can recruit inclusions into the ovarian
parenchyma. Some or all of these “incessant ovulation” events
may lie on the causal path to ovarian cancer (285,286). This is
consistent with most of the endocrine-related risk factors
except for the risks associated with clinical infertility.

No single theory adequately incorporates the available data.
A unifying hypothesis may lie in a combination of ovulation,
hormones, and local effects. Additional factors, such as genetic
alterations; androgens, progestogens, and other hormones
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(283); inflammation (191); and endometriosis (190), also
appear to be important.

Each hypothesis identifies testable possibilities. Discri-
minating between the roles of voluntary versus involuntary
infertility could identify the mechanisms underlying the role of
parity. Characterizing the specific reproductive abnormalities
associated with clinical infertility could reveal new biologic
mechanisms involved in ovarian carcinogenesis. Determining
why hysterectomy and tubal ligation reduce risk could generate
insights into the role of gynecologic conditions and ovarian car-
cinogenesis. Exploring the interactive contributions of the hor-
mones along the hypothalamic-pituitary-gonadal axis could
explain how specific hormones seem to influence risk at different
time periods. In addition, verifying that inflammation or related
conditions and pathways play an etiologic role in ovarian car-
cinogenesis could open new lines of inquiry.

Ovarian cancer epidemiology presents both simple and
complex patterns. Rates have largely remain unchanged over
the last 40 years, and virtually all studies show consistent
associations with some exposures, such as oral contraceptives,
parity, and family history. But where some uncertainty exists,
it is substantial. Other reproductive or lifestyle factors that are
consistently associated with other reproductive cancers—
smoking, obesity, menopausal hormone therapy—have been
published with such diversity that traditional attempts to
quantitatively summarize the divergent data likely will not
prove to be useful. Although it is tempting to attribute the dif-
ferences to histology-specific associations, such hypotheses
will require substantially more epidemiologic, clinical, genetic,
and transitional data before their acceptance is certain.
Careful a priori attempts to systematically assess the mecha-
nisms of histologic differences may yet prove fruitful.

So where can epidemiology contribute to increasing the
opportunities to reduce ovarian cancer’s toll? The highly pene-
trant genes account for only a small proportion (10%) of
women who develop ovarian cancer, but a better understand-
ing of the mechanisms behind those risks could introduce
immediate benefits for high-risk women. Continued close col-
laboration between geneticists and epidemiologists should pay
dividends. A clear picture has emerged for some protective fac-
tors, such as oral contraceptives and parity, but risk associated
with other important public health issues, such as smoking,
obesity, and physical activity, remains uncertain. Continued
attempts to account for the differences between studies should
help delineate the spurious associations from the etiologically
relevant risk factors. Doing so should help identify targets for
improving detection, treatment, and prevention of this deadly
tumor.

FIGURE 1.4. An epidemiologic model of the
natural history of cervical carcinogenesis. The
major steps in cervical carcinogenesis are human
papillomavirus (HPV) infection (balanced by

CERVICAL CANCER

It is now known that virtually all cases of cervical cancer and
precancerous changes can be attributed to persistent infection
with carcinogenic genotypes of human papillomaviruses
(HPV) (287). Cervical cancer has a remarkably uniform etiol-
ogy and pathogenesis worldwide. Consequently, the last two
decades have witnessed the transformation of human HPV epi-
demiology from a narrow field of research to essential knowl-
edge for gynecologists. Of the more than 100 genotypes of
HPYV, several dozen can infect the anogenital epithelium and
approximately 15 to 20 (including types 16, 18, 26, 31, 33, 35,
39,45, 51, 52, 56, 58,59, 66, 68, 73, 82) can cause anogenital
cancer, although the types differ greatly in carcinogenic risk
(287). HPV-16 is by far the most carcinogenic type, and
accounts for half of cervical cancer cases. However, cervical
infection with carcinogenic types of HPV, even HPV-16, is
extremely common compared to the relatively rare develop-
ment of cervical cancer. Thus, additional etiologic factors are
involved, in particular, variability in the human host immuno-
logic response. Other possible causal cofactors might act by
affecting immunity or via genotoxic mechanisms. These
include smoking, high parity, oral contraceptive use, and coin-
fection with other infectious agents (287, 288).

Key Aspects of HPV Natural History Related
to Cervical Cancer Epidemiology

It is possible to define new prevention strategies using HPV-
based technologies that are even more effective than cervical
cytologic screening and colposcopy. These topics, including the
pathogenesis, diagnosis, and prevention of cervical cancer pre-
cursors, are detailed by Wright in Chapter 19. Although the
current chapter concentrates mainly on the descriptive epi-
demiology of invasive cervical cancer, and broad relationships
with major demographic and behavioral risk factors, the epi-
demiology of cervical cancer is most coherently understood in
terms of the effects that factors exert on the natural history of
HPV infection, including (a) exposure/acquisition of infection,
(b) persistence of HPV infection and progression to precancer
(cervical intraepithelial neoplasia 3 [CIN 3]), and (c) develop-
ment of invasion (Fig. 1.4) (289).

Cervical HPV transmission, which is primarily sexual, is
studied best at the molecular level, because types must be dis-
tinguished for natural history studies and because most infec-
tions (more than two thirds) are not microscopically or
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with permission.
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macroscopically evident (290). Each HPV type is a separate
genetic entity and should be considered a separate sexually
transmitted infection. Because all carcinogenic types are trans-
mitted by the same sexual route, concurrent multiple-type
infections are common. The available data, which are limited,
seem to indicate that HPV types influence each other mini-
mally (291, 292). The typical age of cervical HPV infection is
similar to other sexually transmitted infections, with a large
peak following sexual initiation.

Cervical HPV infections tend to clear after 6 to 24 months,
as do warts anywhere on the body (291,293,294). Acquisition
(293-296) and clearance dynamically oppose each other in
each cohort of women to produce the characteristic age distri-
butions as infections are transmitted sexually when women
have new partners and are then cleared (297).

The immune response to HPV is an important determinant
of viral clearance versus persistence and, by extension, a
major determinant of cervical cancer risk. The key immune
responses involved in the clearance of HPV infections are
known to be cell mediated, but the specific immunological
markers of immune protection are difficult to measure and
poorly understood.

A major unresolved question of HPV natural history
relates to viral latency. In follow-up studies lasting up to
10 years, virtually all HPV infections become nondetectable
by sensitive HPV DNA tests, usually within 2 years, except
for those that lead to precancer. Little else is known about
latency, including what might cause re-emergence like that
seen in renal transplant patients and HIV-immunosuppressed
women, and what fraction of cancers (apparently small)
arises following a period of latency. Answers to these ques-
tions will greatly affect prevention strategies reliant on HPV
DNA detection.

It is the overt persistence of one of the carcinogenic types
that is strongly linked to precancer, which histologically corre-
sponds to CIN 3, including carcinoma in situ (298-302).
Persistence of carcinogenic types of HPV and development of
precancer are not identical, but thus far they are so closely
linked that epidemiologists are only beginning to disentangle
them. Part of the problem is that precancers begin as
extremely small clonal lesions that may be below the limits of
detection of microscopy. HPV type greatly affects both the
absolute risk of viral persistence, and of progression to pre-
cancer associated with viral persistence (295,296,303). The
most common carcinogenic type, HPV-16, is also the most
common type in the general population, linked to its greater
propensity to persist. However, even noncarcinogenic types
like HPV-61 can also be persistent and common, although
they do not cause malignant transformation (304).

The average time of viral persistence that leads to diagnos-
able precancer is not clear. Virgins who begin sexual activity
can develop apparent precancers within a few years of initial
HPV infection as detected by DNA. This short time period
represents the leading edge of what is typically a longer inci-
dence curve of precancer in persistently HPV infected women.
The average age at microscopic diagnosis of precancer is
approximately 25 to 30 years (305), approximately 5 to 10 years
after the average peak ages of carcinogenic HPV prevalence
and associated minor cytologic abnormalities in screening
populations.

Noncarcinogenic HPV infections are capable of producing
lesions falsely diagnosed as precancer, especially CIN2, show-
ing that this level of abnormality is not a perfect surrogate for
cancer risk (306). Still, because of the U.S. emphasis on safety
and concern over loss to follow-up, treating precancer (except
as appropriate in very young women, etc.) is a valid clinical
strategy to provide a margin of safety, given that it is not yet
possible to know which lesions pose a threat. Eventually, bet-
ter accuracy based on molecular profiling is the goal.
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Precancerous lesions (CIN 3, in particular) tend not to regress
over short-term follow-up; however, even among precancerous
lesions, risk and timing of invasion versus eventual regression are
matters of probability. The absolute risk of untreated precancer
developing into invasive disease is argued, with estimates averag-
ing about 30% but ranging from 10% to 90%.

The high ratio of precancerous lesions to cancers supports
the belief that many cases of precancer, particularly CIN2,
would not invade but rather would regress if followed for
many years. In any case, the epidemiologic risk factors for
invasive cervical cancer among HPV-infected women are the
same as mentioned above for precancer, except for age.
Screened detected cases of invasive cancer, on average, occur
approximately 15 to 20 years or more later than for precancer,
suggesting a long sojourn time in the precancerous state. The
median age moves toward even older ages as the quality of
screening decreases, and the average stage of cancer at diagno-
sis also worsens due to this diagnostic delay.

Demographic Patterns

Cervical cancer is the second most common cancer of women
worldwide, with 471,000 incident cases estimated in 2000
(307), and a S-year prevalence of more than 1.4 million cases.
Cervical cancer accounted for approximately 233,000 deaths
worldwide in the year 2000, or about one tenth of the total
number of female cancer deaths (307). The cancer burden
(incidence and mortality) is disproportionately high (~80%) in
the developing world.

The incidence rate per 100,000 women-years for invasive
cervical cancer in various geographic areas is highly variable,
linked to HPV infection and screening practices (287). The
highest age-standardized rates, more than five times the rates
in the United States and Canada, were reported from East
Africa, Central America, and the Pacific Islands. Comparing
regions without extensive effective screening, geographic stud-
ies using sensitive polymerase chain reaction (PCR) DNA test-
ing methods to detect the carcinogenic HPV types have
observed HPV prevalence rates to correlate with the popula-
tion risks of cervical cancer.

An examination of age-specific cervical cancer incidence in
countries prior to introduction of screening has demonstrated
that rates begin to increase around age 25 (when cases are still
quite rare), with an unusually early plateau or peak starting at
age 40 to 50 (308). It is unusual for incidence rates of a cancer
to plateau or fall with increasing age, and this age structure
reflects that cervical cancers originate from HPV infections
transmitted mainly in late adolescence and early adulthood.

It is estimated that 11,070 women will be diagnosed with
and 3,870 will die from cervical cancer during 2008 in the
United States (1). The corresponding average annual age-
adjusted incidence for invasive cervical cancer in all SEER
areas was 8.7 per 100,000 women for the period 2000 to
2004 (2). Previously striking regional differences in incidence,
with excesses particularly in Appalachia, are now less visible,
although high-incidence areas such as the Mexican-U.S. bor-
der still exist.

Cervical cancer rates began to fall during the early 20th
century, before the advent of cytologic screening. Reduced
parity may have contributed to this pattern, given that multi-
parity appears to be a cofactor for progression of HPV infec-
tion to cervical neoplasia. In the latter half of the last century,
effective screening contributed to a further reduction in cancer
incidence and mortality, particularly among women of 30 to
74 years because of targeting of this age group in many coun-
tries (309,310).

In the United States and many other developed nations, rates
of squamous cell carcinomas, accounting for approximately
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FIGURE 1.5. Incidence trends for cervical squamous cell carcinoma and adenocarcinoma by race.
Source: Data from the Surveillance, Epidemiology, and End Results Program, 1976-1995, and from
Wang SS, Sherman ME, Hildesheim A, Lacey JV, Devesa S. Cervical adenocarcinoma and squamous cell
carcinoma incidence trends among white women and black women in the United States for 1976-2000.

Cancer 2004;100;(5):1035-1044, with permission.

80% of invasive cervical cancers (310), have declined steadily
since the introduction of Pap smear screening, while adenocar-
cinomas (accounting for approximately 15%) have not
(311-318). In fact, rates of cervical adenocarcinomas have risen
in the past two to three decades in various countries including
the United States, both relative to rates of squamous cell carci-
noma and in absolute numbers (Fig. 1.5).

The overall incidence and stage of invasive squamous cell
cancer has declined substantially over the past 25 years, with
the pace of decline having been more pronounced in black
than white women (Fig. 1.6). Although rates for invasive car-
cinoma remain higher for blacks than whites, the difference
has narrowed over time, with major differences now being
observed only among older women.

The S-year survival rate for cervical cancer is greater than
70%, with survival being highly dependent on stage at diag-
nosis. Younger women and white women are more likely than
older women and black women, respectively, to be diagnosed
with localized cancer that carries a good prognosis.

HPV Infection

For more than a century, epidemiologic studies have suggested
an association between sexual activity and cervical cancer, but
proof that HPV is the sexually transmitted agent responsible

for this association was not achieved until sensitive methods
for detecting HPV DNA were developed. The epidemiologic
association between HPV infection and cervical cancer fulfills
all of the established epidemiologic criteria for causality. As a
result, HPV is now accepted to be the central, necessary causal
factor for virtually all cases of cervical cancer in the world.
The recognition of the key etiologic role of HPV infection has
profoundly altered the epidemiologic study of cervical cancer.
It is increasingly clear which previously “established” epi-
demiologic risk factors for cervical cancer are correlates of
HPV infection, which lead to infection, and which are HPV
cofactors operating only in the presence of infection (319,
320). For example, because HPV is transmitted by direct
physical contact, virgins (women without any sexual contact
at all) almost invariably test negative for HPV (321,322)
explaining their virtually negligible risk of cervical cancer
regardless of other behaviors.

Numerous case-control and cohort studies have now
shown that sexual behavior, specifically numbers of partners,
is the main determinant of incident HPV detection and sub-
sequent risk of cervical precancer and cancer (323-326).
HPV infections are easily transmitted with few acts of sexual
intercourse and, therefore, sexual frequency is not a major
risk factor for cervical neoplasia. The variable “age at first
intercourse” tends to weaken as a risk factor once HPV
infection is taken into account (325,327) and remains an
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uteri by race. Source: Data from the Surveillance, Epidemiology, and
End Results Program, 2000-2004.

apparent proxy for time of HPV infection (328), i.e., the
start of viral “latency” (327).

A protective effect against cervical cancer risk has been
noted for careful, consistent condom use. Condom use affords
modest protection against HPV infection and resultant exter-
nal warts (HPV-6 and HPV-11) and cervical lesions caused by
carcinogenic HPV types (329). Given that users of condoms
may not report sporadic unprotected contacts, and that the
entire skin and mucosal genital area at risk for infection is not
protected with this contraceptive method, only modest protec-
tion against transmission would be expected (330).

Historically, and still in many regions of the world, female
monogamy has been valued more than male monogamy. Thus,
cervical cancer risk from HPV infection transmitted from a
male partner to his monogamous partner can properly be seen
as “the male factor.” Confirmed associations supporting this
view include the geographic clustering of cervical and penile
cancer, the increased risk of cervical cancer among wives of
men who have penile cancer, the increased risk among partners
of men who have had a previous partner who died of cervical
cancer, and the increased risk among women whose partners
travel (331). Circumcision is associated with a reduced risk of
HPV detection in penile samples, and the wives of men with a
history of multiple partners were at lower risk of cervical can-
cer if the men had been circumcised (331). Circumcision
appears to reduce male HPV infection, but studies to under-
stand details of HPV transmission between sexual partners
have proved challenging. Contact between women and multi-
ple partners at different times, clearance of infection in one
partner but not the other, and difficulties in collecting satisfac-
tory specimens for HPV testing from men all complicate the
demonstration of concordant infection among partners (332).

Transient HPV infections are ubiquitous among sexually
active young women, but progression to a cervical cancer pre-
cursor requires persistence of carcinogenic types (296,299,
300,333,334). This has prompted epidemiologic studies to
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investigate “cofactors” that influence persistence and progres-
sion to precancer. Persistence and progression to CIN 3 occur
concurrently, complicating the independent examination of
these two processes.

Viral Factors Associated with Persistence
and Progression

HPYV type is by far the strongest predictor of risk of precancer
(see Wright, chapter 19). Persistent HPV-16 infection is an
extremely strong risk factor for subsequent diagnosis of CIN 3
and invasive cancer. HPV types, are more predictive of risk than
subtleties of minor and equivocal cytopathic effects, colpo-
scopic findings, or behavioral cofactors like smoking. However
the existence of many HPV types prevents easy-to-follow clini-
cal protocols. Furthermore, intratypic sequence variants of
HPV-16 and possibly other types have been associated with
altered risk, although these risk modifications are weaker than
the intertypic variation. The role of elevated viral load (i.e.,
HPV content in samples obtained from infected women) in pre-
dicting persistence and progression of infection is complicated
and varies by HPV type. A clear trend of increasing prospective
risk with increasing viral load has been demonstrated only for
HPV-16. Viral load assessment is not useful clinically. Although
studies suggest that women with prevalent infections may be
more likely to acquire additional infections, infection with one
HPV type does not seem to influence the risk of persistence and
development of precancer from another concurrent infection
(291,335). Finally, while the state of the virus (integrated into
human host DNA vs. episomal), methylation status, and tran-
script levels for the oncogenes E6 and E7 may be associated
with risk of persistence and subsequent neoplasia, clinically use-
ful assays and protocols are not yet available.

Host Factors Associated with Persistence
and Progression

Immunity

Whereas humoral (antibody-mediated) immunity appears to
play a central role in preventing HPV infection (leading to the
prophylactic vaccines), elimination of HPV seems more closely
related to mounting an effective cellular immune response
(336-338). Impaired cellular immunity, attributable to human
immunodeficiency virus (HIV) infection, transplantation, or
immunosuppressive drugs, has been shown to increase HPV
prevalence, persistence, warts, CIN, and cancer (339,340). In
contrast, deficiencies in humoral immunity appear unrelated to
these conditions. The U.S. Centers for Disease Control and
Prevention (CDC) has identified cervical cancer as an acquired
immune deficiency syndrome (AIDS)-defining illness among
women infected with HIV. Compared to the general popula-
tion, women with AIDS have a fivefold excess risk of carci-
noma in situ of the cervix, with risk increasing over time (341).
Although risk was similarly elevated for invasive cancers, rates
did not increase over time, suggesting that HIV infection prob-
ably has a limited impact on the transition from in situ to inva-
sive disease. Although highly active antiretroviral therapy
(HAART) improves CD#4 levels, this has not been associated
with regression of cervical cancer precursors (339).

Human Leukocyte Antigens

Human leukocyte antingens (HLAs) are important determi-
nants of the efficiency of antigen presentation to immune
effector cells and, therefore, may influence the outcome of
HPV infections. Both class I HLA genes (those that encode
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HLA molecules that are present in all nucleated cells) and
class I HLA genes (those that encode HLA molecules that are
present in lymphocytes and other immune-related cells) are
involved in immune presentation. To date, HLA class II genes
have been more extensively studied than HLA class I genes for
their association with cervical cancer. A protective association
with HLA DRB1*13 and/or DQB1%603 has been found con-
sistently among studies, whereas specific HLA class IT markers
of increased risk have not been identified. Data for risk associ-
ations with polymorphic variants of HLA class I antigens are
sparse; a protective association with HLA C*0202 was
reported in an analysis combining data from three diverse
populations (342). Since the C*0202 allele is involved not
only in acquired immune response to viruses (i.e., the antigen-
specific, memory immune responses associated with T cells of
the immune system) but also in the innate immune response to
foreign pathogens (i.e., nonspecific, inflammatory immune
responses), this finding has prompted the speculation that not
only the HPV-type specific T-cell mediated immune responses
but also nonspecific innate immune responses might be impor-
tant in the immune response to HPV infections and in cervical
cancer pathogenesis. Results regarding other genes involved in
the immune response are still inconclusive.

Familial Factors

Whatever the mechanism, studies conducted largely in
Scandinavian countries with established nationwide tumor,
twin, and other family registries clearly indicate that cervi-
cal cancer aggregates in families (343-349). In general, an
approximate twofold increase in risk of precancer or invasive
cervical cancer relative to general population risk is observed
in family members of cervical cancer patients. It is not settled
how much of this elevation in risk among relatives of individ-
uals affected with cervical cancer can be attributed to shared
environment versus genetic effects (343,347).

Behavioral Factors Associated
with Persistence and Progression

Socioeconomic Status

Internationally, women defined as low social class were found
in a recent meta-analysis to have twice the risk of cervical can-
cer compared to women defined as belonging to a high social
class (350). In the United States, the inverse relationships of
risk with income and education prevail among both whites
and blacks, and among HPV-infected women (351). In one
analysis, when adjustment was made for socioeconomic vari-
ables, the relative risk of cervical cancer among blacks com-
pared to whites was substantially reduced (352). On the other
hand, controlling for race or ethnicity, or exposure to HPV
infection does not account for the socioeconomic status (SES)
association entirely (351). The correlates of low socioeco-
nomic level that are HPV cofactors for cervical cancer are not
known. Of note, another socioeconomic variable formerly
linked to cervical cancer risk, religion, has not been reassessed
in studies incorporating accurate HPV testing.

Cigarette Smoking

Case-control and cohort studies among groups of women
infected with carcinogenic HPV have shown that smokers are
at increased risk compared with infected women who do not
smoke (288,327,353-355). Current smoking is the main risk
factor, not past smoking, with no clear trend with time since
stopping smoking. Among current smokers, evidence of
increasing risk has been found with increasing intensity and

duration (or early start) of smoking. Several investigations
have attempted to define possible mechanisms by which
smoking might alter cervical epithelium. Tobacco-derived
carcinogens are secreted into the cervix at levels higher than
in serum (356-359), suggesting possible genotoxicity. The
immunosuppressive effects of smoking (360) might enhance
the persistence of HPV infection (361). In a randomized clini-
cal trial, quitting smoking was associated with increased
regression rates of microscopically identified HPV infections,
possibly due to an effect on cell-mediated immunity (362).

Parity and Other Obstetrical and Gynecologic Events

HPV-infected women who have many live births are at increased
risk of cervical cancer and precancer. There is a dose-dependent
increase in risk with numbers of live births, most evident among
women with many live births (288,363-367). Although this epi-
demiologic association is firmly established, the explanatory
mechanism is not clear. Mechanisms underlying the association
between parity and cervical neoplasia include trauma during par-
turition, hormonal changes associated with pregnancy, immuno-
suppression, and possibly altered anatomy of the transformation
zone, specifically eversion. Other menstrual and reproductive
factors, including miscarriages, abortions, stillbirths, ectopic
pregnancies, cesarean sections, age at first pregnancy, age at
menarche, and age at menopause, are not independently associ-
ated with risk (365,368).

Oral Contraceptives

Studies examining the relationship of oral contraceptive use to
cervical cancer risk among HPV infected women are especially
complex, with questions arising about the potential for con-
founding, particularly by the duration of HPV infection and
screening behavior (288,369-373). Use of oral contraceptives
could plausibly potentiate the carcinogenicity of HPV infec-
tion, because transcriptional regulatory regions of HPV DNA
contain hormone-recognition elements and transformation of
cells in vitro with viral DNA is enhanced by hormones (374).
A recent large multi-center case-control study and meta-analysis
found an elevated risk of invasive cervical cancer among HPV-
positive women who used oral contraceptives for more than
10 years (288, 373). Shorter durations of use were not associated
with elevated risk. There is not yet prospective confirmation
of the risk of precancer among HPV-infected women taking
oral contraceptives. Evidence linking oral contraceptives to
cervical abnormalities has raised concern about long-acting
steroid preparations, notably depot-medroxyprogesterone
acetate (DMPA). Although these agents are widely used in
many countries, studies evaluating their effects, particularly
among HPV-infected women, are limited (328,375).

In sum, Bosch et al. (376) concluded that HPV infection
associated with one or more leading candidate cofactors
(pregnancy, smoking, and oral contraceptive use) might
account for about 75% of cervical cancer. This interesting
analysis has not been replicated sufficiently; thus, the search
for other cofactors continues.

Infectious Agents Other than HPV

In the 1970s, herpes simplex virus (HSV-2) was hypothesized to
be the sexually transmitted cause of cervical cancer (377). Now,
HPV infection is known to be the central, necessary cause of cer-
vical cancer, but other sexually transmitted agents could increase
the risk of cervical cancer among HPV-infected women. Of the
other agents examined, there is still some interest in HSV-2, but
most attention now is focused on Chlamydia trachomatis.
Although residual confounding by some aspect of HPV infection
has not been completely ruled out, despite adjusting for HPV
exposure using DNA tests and/or serology, C. trachomatis



seropositive women are sometimes observed to be at increased
risk compared to seronegative women (377-380) No consistent
association with cervical cancer risk has been observed for other
sexually transmitted agents (except for HIV, related to immuno-
suppression). It is interesting that the mildly immunosuppres-
sive retrovirus HTLV-1 has not been linked to an increased risk
of precancer and cancer among HPV-infected women (381).
One investigation (382) but not another (383) noted a rise in
risk of cervical cancer with multiple, concurrent infections, con-
sistent with the hypothesis and some epidemiologic evidence
(384) that long-term cervicovaginal inflammation (dominated
by neutrophils), regardless of causal agent, might increase the
carcinogenicity of HPV infection.

Nutrients

The influence of nutrient status on risk of cervical neoplasia
has received substantial research attention (385,386).
Although epidemiologists continue to suspect that diet, e.g.,
antioxidant micronutrient intake, is important in cervical
carcinogenesis, no firm associations between a specific aspect
of nutritional status and HPV infection or cervical cancer risk
has been established or completely discarded, perhaps due to
methodologic difficulties. Low folate levels or high homocys-
teine levels have been linked to risk of cervical cancer, leading
to interest in markers of one-carbon metabolism and DNA
repair (384,387). Unfortunately, seven phase 3 chemopreven-
tion trials giving folic acid or beta-carotene failed to signifi-
cantly ameliorate HPV lesions and precancers, although topi-
cal administration of retinoic acid did lead to lesion regression,
similar to its therapeutic utility on facial warts (384).

Risk Factors for Cervical Adenocarcinoma

While infection with a carcinogenic HPV is a necessary cause
of both squamous cell carcinomas and adenocarcinomas, the
distribution of carcinogenic HPV types and variants detected
in these two tumor types vary, with HPV-18 accounting for a
relatively higher percentage of adenocarcinomas as compared
to squamous cell carcinomas (388).

Interpreting increasing rates of cervical adenocarcinomas
over time poses challenges because of gradual improvements in
clinical practices (including the use of devices to obtain better
endocervical sampling), stricter criteria for adequate Pap tests,
development of cytologic criteria for recognizing adenocarci-
noma in situ (AIS), and recently, formal inclusion of the AIS
category in the new Bethesda System (314,315,389). In addi-
tion, proposed but unsubstantiated explanations for these
upward trends include increased rates of HPV infection with-
out improved cytologic detection of AlS, a specific increase in
rates of HPV-18 infection, and increased exposure to HPV
cofactors specific to adenocarcinoma.

Although our understanding of the etiology of cervical ade-
nocarcinoma is incomplete, a picture is emerging in which
adenocarcinoma seems to share some risk factors with cervical
squamous carcinomas (acquisition of HPV through sexual
contact) and others with uterine carcinoma (a tumor etiologi-
cally related to hormones). Two strongly linked factors for
squamous carcinoma, parity and smoking, have not been
shown to increase the risk for adenocarcinoma (390-392); in
fact, there is some evidence that both factors might be associ-
ated with decreases in risk. In contrast, increased weight (or
related measures) appears to be related to increases in the risk
of cervical adenocarcinomas (391,393,394). Oral contracep-
tives have been linked to an increased risk for AIS or adeno-
carcinoma in a number of studies (391,395-398). The
increased risk of cervical adenocarcinoma associated with
obesity and reduced risk with parity and smoking resemble
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the epidemiology of endometrial adenocarcinoma. However,
the relationship between cervical adenocarcinoma and oral
contraceptives is more similar to reported results for squa-
mous carcinomas of the cervix. The association between estro-
gen replacement therapy and increased risk for adenocarci-
noma has been inconsistent (399,400).

Conclusions

Knowledge of the epidemiology of HPV and its causal role in
cervical carcinogenesis has been successfully translated into
clinical practice (401-405), particularly to reduce rates of
squamous lesions. In many developed countries, women with
equivocal cytology are tested for HPV DNA; a negative result
provides strong reassurance that immediate follow-up is not
required and can reduce patient anxiety and health costs (406).
Comparison of HPV test results with cytologic interpretations
provides important quality assurance for both tests (407,408).
Repeated HPV testing is also finding application in following
women without intervention and in determining the risk of
recurrence among those treated for CIN. HPV testing as an
adjunct to primary screening has been adopted in the United
States, and screening studies are under way to develop new
optimized approaches that focus resources on at-risk women
(409). Finally, encouraging early results from vaccine trials
suggest that primary prevention of HPV infection may be pos-
sible, potentially allowing eradication of cervical cancer in
even the poorest nations of the world (410,411). Following
these accomplishments, the epidemiologic study of HPV and
cervical cancer will continue in order to target public health
strategies, improve patient management, and monitor success
in prevention.

VULVAR CANCER

Demographic Patterns and the Importance
of Pathologic Classifications

Carcinoma of the vulva is a rare genital neoplasm with an
average annual age-adjusted incidence in all SEER areas dur-
ing 2000 to 2004 of 2.2 per 100,000 women (2). During
2008, an estimated 3,460 women will develop the disease and
870 will die as a consequence of it.

Vulvar cancer is etiologically heterogeneous, and pathologic
subtypes have distinct epidemiologic features. The great major-
ity of cases are squamous, but two subclassifications of squa-
mous cancers, basaloid and warty, are more linked to HPV than
keratinizing squamous tumors (412). Most vulvar intraepithe-
lial neoplasias, similar to CIN, show risk factors that resemble
basaloid and warty carcinomas. The HPV-associated subtypes
are associated with younger age and black race (413). The non-
HPV-associated types are associated with chronic inflammatory
states such as lichen sclerosus.

Because vulvar cancer is heterogeneous, and because epi-
demiologic data usually do not separate the subtypes, com-
piled summary data must be interpreted very cautiously.
Although vulvar cancer has been noted in clinical series to
occur frequently among blacks, recent incidence data do not
support any substantial differences in overall incidence by race
(2.3 per 100,000 for white women and 1.9 per 100,000 for
black women). Although the disease occurs primarily among
older women (a mixture of HPV- and non-HPV-related
pathologies), recent analyses of SEER data indicate substantial
increases in the incidence of in situ vulvar carcinomas (mainly
HPV related), which generally occur at much younger ages
than invasive diseases (414).
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Cancer of the vulva occurs significantly more frequently
among women with primary cancers of the cervix, and the two
diseases often occur simultaneously (415,416). Approximately
15% to 20% of women with vulvar cancer have a second pri-
mary cancer occurring simultaneously or nonsimultaneously in
the cervix, vagina, or anogenital area. As many as 10% to
15% of women with cancer of the vulva have a second primary
lesion of the cervix. This association probably reflects multifo-
cal HPV infection. When multiple primaries are not diagnosed
simultaneously, cancer of the cervix usually precedes cancer of
the vulva. Many patients with vulvar cancer have multifocal
genital lesions, commonly including a mixture of condyloma
acuminatum planum and intraepithelial neoplasia. They may
also have similar changes at other anogenital sites, including
the vagina, cervix, and perianal region (417).

SEER incidence data indicate nearly a doubling in the rate of
vulvar cancer between 1973 and 1976 and between 1985 and
1987 (418). This is in contrast to rates of invasive squamous
cell carcinomas, which have remained relatively stable. Given
that in situ cancers develop on average significantly earlier
than invasive vulvar cancers, it may be that changes in certain
risk factors (e.g., increased sexual activity and HPV infection)
may have been too recent in order for effects to be seen for
invasive cancers. Alternatively, successful treatment of in situ
tumors may have prevented the occurrence of invasive disease.
Again, the most likely explanation for the patterns observed is
etiologic differences, with HPV being important for a larger
proportion of in situ cancers (412).

HPV and Smoking

Early case-control studies reported higher risks among women
reporting multiple sexual partners (419,420). Subsequent
studies postulated a role for HPV in the etiology of the
tumors, finding high rates of detection of the virus in vulvar
tumor tissue and high subsequent disease risks among patients
with seropositive tests to HPV-16 (421-423). HPV-16 appears
to be the most predominant type detected among vulvar can-
cer patients (376).

Findings of elevated risks of vulvar cancer associated with
cigarette smoking (419,423-425) have prompted several stud-
ies to examine interactions with HPV infection status. Two
studies have found particularly high risks associated with HPV
seropositivity among cigarette smokers, suggesting that the
effect of HPV may depend on smoking as a cofactor (422,423).

Social Class

Although the incidence of vulvar cancer has been discussed in
relation to social class, results from one case-control study
indicated that control for sexual factors eliminated this effect
(419). Suggestions that the risk of vulvar cancer is elevated
among nulliparous women and those with late ages at first
birth were also not confirmed in this study.

Medical Conditions

Vulvar carcinomas often arise within genital warts, but more
specific temporal associations between the two remain unclear.
Several studies have suggested that a history of vulvar warts is
associated with an elevated risk of vulvar cancer, with RRs
ranging from 15 to 23 (419,426). In one study, a particularly
high risk was associated with multiple episodes of genital warts,
possibly reflecting poor immunologic response to HPV infec-
tion among these women (419). However, the HPV types that

cause vulvar warts, HPV-6 and HPV-11, are not genetically
close to the major types in vulvar cancers and preceding vulvar
intra-epithelial neoplasia (predominantly HPV-16), so the exact
relationship between warts and cancer is somewhat obscure.

Several clinical studies have suggested that vulvar cancer
may be elevated among women with diabetes, obesity, or
hypertension, but this has not been confirmed in the one epi-
demiologic study assessing these factors (419). An excess risk
of vulvar cancer among users of oral contraceptives was found
in one study but not in another (419,425).

Host Factors

Recent attention has focused on the possible etiologic role of
genetic factors. Although it has been hypothesized that some
carcinogen-metabolizing genes might be involved, particularly
those involved in the metabolism of cigarette smoke, studies
have failed to find relationships of risk with either glutathione
S-transferase (GST) or debrisoquine 4-hydroxylase (CYP2D6)
genetic polymorphisms (427,428).

Conclusions

The cervix and vulva are covered by squamous-cell epithelium
with a common embryologic origin from the cloacogenic
membrane. These similarities have led to the theory that the
entire lower genital tract responds to various carcinogens as a
single tissue field, resulting in a relatively high proportion of
multicentric squamous carcinomas (429). The multicentric
nature of the disease; its association with cervical, vaginal,
and perianal malignancies; and several risk factors common to
it and cervical cancer suggest that the etiologic mechanisms
for a fraction of vulvar cancer and cervical cancer may be sim-
ilar, linked to HPV infection.

VAGINAL CANCER

Demographic Patterns

Cancer of the vagina is also rare, with an average annual age-
adjusted incidence of 0.7 per 100,000 women in the SEER
areas for the period from 2000 to 2004 (2). The incidence is
higher for blacks (1.1 per 100,000 for blacks vs. 0.7 per
100,000 for whites), but the reasons for the discrepancy are
unknown. During 2008 it is estimated that 2,210 women will
develop the disease and 760 will die from it (1). The average
S-year survival rate is 52% for whites (50% for all races). The
majority of vaginal cancers are squamous-cell carcinomas and
occur in the upper part of the vagina.

Vaginal cancer is primarily a disease of older women (430),
with almost 60% occurring among women 60 years of age or
older. In the past, carcinoma of the vagina was only rarely
reported in infants and children but, beginning in the late
1960s, cases of clear-cell adenocarcinoma of the vagina, an
uncommon cancer in any age group, began to be observed
with much greater frequency than expected among women
between 15 and 22 years of age. Most of these cases have been
related to prenatal exposure to diethylstilbestrol (DES).

Medical and Sexual Risk Factors

The rarity of vaginal cancer has limited the conduct of definitive
epidemiologic investigations. One case-control study of vaginal
cancer, based on relatively few cases, found associations of risk



with low socioeconomic status, histories of genital warts or
other genital irritations, and previous abnormal Pap smears
(431). A more recent and larger study linked risk with histories
of multiple sexual partners, early ages at first intercourse, and
current cigarette smoking (432). Epidemiologic studies have
also shown high risks associated with prior hysterectomies,
although this apparently is due to the predisposition of women
with anogenital cancers (particularly those with cervical cancer)
to subsequently develop vaginal cancers (432).

HPV Infection

Findings that vaginal cancer is frequently found as a synchro-
nous or a metachronous neoplasm with cervical cancer have
led to the suggestion that there may be shared etiologic fea-
tures between vaginal and cervical cancers. HPV has been
related to disease through findings of HPV antigens or DNA
in vaginal cancer tissue. In the largest study of this issue, HPV
DNA was found in tumor blocks in over 80% of patients with
in situ and over 60% of patients with invasive cancers (432).
In addition, serologic antibodies to HPV have been linked to
subsequent disease risk (421).

Diethylstilbestrol and Clear-Cell
Adenocarcinomas

In 1971, seven clear-cell carcinomas of the vagina and one
closely related endometrioid carcinoma developed in young
women (ages 15 to 22 years) (433). An epidemiologic study
found that the mothers of seven of the eight women had taken
DES during the first trimester of pregnancy as opposed to
none of the mothers of 32 matched controls. The relationship
between DES exposure in utero and adenocarcinoma of the
vagina was soon confirmed in New York State and at the
Mayo Clinic (434,435). Since then, a registry of clear-cell can-
cer of the vagina and cervix has been established, and many
more cases have been reported (436). Among these patients,
about twice as many have clear-cell adenocarcinoma of the
vagina as have clear-cell adenocarcinoma of the cervix.

Recent data from an assembly of all established DES
cohorts indicate that the majority of patients with vaginal or
cervical adenocarcinomas are diagnosed prior to age 25, with
the incidence after this age decreasing by 80% (437). The esti-
mated attack rate for clear-cell adenocarcinoma of the vagina
and cervix through 39 years of age was estimated to be 1.6 per
1,000 DES-exposed daughters. Thus, DES exposure leads to a
large relative increase in risk, but it affects only a small pro-
portion of all exposed women. It remains to be seen what risk
will be encountered by DES daughters when they reach their
50s and 60s, the peak ages of adenocarcinomas of the vagina
in women unexposed to DES.

Conclusions

Even less is known about risk factors for vaginal cancer than
is known for vulvar cancer. It has recently been suggested that
there may be two types of vaginal cancers with age-related eti-
ology (438). In young patients, the etiology may be similar to
cervical cancer and relate to HPV, smoking, and low socioeco-
nomic status, while the most common occurrences in older
women may be due to hormonal factors or trauma to the
vagina. Further attention should focus on the relative contri-
butions of these factors.

The rare occurrence of vaginal adenocarcinoma in young
women is distinctive in being essentially an iatrogenic disease
related to in utero exposure to DES and other estrogens.
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A proposed mechanism involves nests of abnormal cells of miil-
lerian duct origin, which are stimulated by endogenous hor-
mones during puberty and promoted into adenocarcinomas.

GESTATIONAL TROPHOBLASTIC
DISEASES

Gestational trophoblastic diseases (GTDs) (which include
hydatidiform moles, invasive moles, and choriocarcinoma)
encompass a range of interrelated conditions characterized by
abnormal growth of chorionic tissues with various propensities
for local invasion and metastasis (439). Hydatidiform moles
can be either complete or partial and have distinctive patholo-
gies and etiologies. Complete moles have paternally derived
nuclear DNA but maternally derived cytoplasmic DNA. In con-
trast, partial moles generally have a triploid karyotype, with the
extra haploid set of chromosomes being of paternal origin.

Demographic Patterns

Choriocarcinoma is a rare malignancy in the United States,
with a reported incidence in all SEER areas of 0.1 per 100,000
women, or approximately 1 per 25,674 live births (440).
Hydatidiform moles occur about once in every 1,000 pregnan-
cies, and approximately one of six occurrences results in inva-
sive complications (either invasive mole or choriocarcinoma).
Trophoblastic diseases have been reported to be more common
in certain parts of the world, although some of the differences
may be due to a variety of selection, detection, and reporting
biases (441), including whether risk is expressed in relation to
women at risk, conceptions, or live births. In the United States,
incidence rates have declined over time, and survival improved,
but blacks continue to have higher incidence and lower sur-
vival than women of other ethnicities (442).

The epidemiologic study of choriocarcinoma has been
complicated by its relative infrequency. Most studies have,
therefore, focused on defining risk factors for hydatidiform
moles, but it is uncertain the extent to which these findings
can be extrapolated to malignant trophoblastic disease.

Host Factors

Trophoblastic disease rates are considerably higher in Asian
and African countries, but the true extent of difference from
Western rates is difficult to decipher because of variations in
reporting practices (443). A survey in Britain showed that the
incidence of gestational trophoblastic diseases in Asians was
nearly twice as high as among non-Asians (444). One incidence
survey in the United States showed that, even after adjustment
for age and birth distribution effects, blacks had a 2.1-fold
greater risk and other nonwhite races had a 1.8-fold greater risk
than whites (445). American Indians and Alaskan natives have
also recently been shown to have high rates of GTDs (446).

One clearly established risk factor for choriocarcinoma and
hydatidiform moles is maternal age. A recent study showed
women at extreme maternal ages (either very early or late) to
have nearly twofold elevated rates, with even further age dif-
ferences noted for the occurrence of complete moles (444).

A history of hydatidiform moles is also a strong risk factor.
The risk of another molar pregnancy in a subsequent concep-
tion is about 1% and the risk appears to increase to about
25% in women who have had more than one previous hyda-
tidiform mole (447). Although two studies have reported a
higher risk of hydatidiform moles associated with a history of
a complete mole (448,449), other studies have not confirmed
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this. Hydatidiform moles are associated with a 1,000 to 2,000
times increase for development of subsequent choriocarci-
noma, with an even further enhancement after a complete
molar pregnancy (2,500 times higher than after a live birth).
One study suggested that some women might have multiple
episodes of hydatidiform moles despite different male part-
ners, suggesting either a role for oocyte defects or environ-
mental factors (450).

Two studies have found an association between blood group
A and choriocarcinoma (451,452). The combination of mother’s
group A and father’s group O generated over a 10-fold increased
risk. Blood groups A and AB were associated with elevated
risks of hydatidiform moles in one study but not in another
(453,454). These findings may support a role for genetic factors
or immunologic factors related to the histocompatibility of
maternal and trophoblastic tissues.

Menstrual, Reproductive, and
Anthropometric Risk Factors

In several studies that have adjusted for the effects of late
maternal age, parous women have remained at a substan-
tially reduced risk of GTDs compared with nulliparous
women, with some evidence of further reductions in risk
with multiple births (453,455,456). Several studies have
found an increased risk associated with a prior spontaneous
abortion, although this has not been consistently observed
(453,455-457). An increased risk of GTDs has been found
related to a history of induced abortions in a number of stud-
ies, although information was not available on reasons for
the terminations (455). A history of infertility has also been
suggested as a risk factor for gestational trophoblastic dis-
ease, although not confirmed in all studies (453,455,457). In
one study, Chinese patients reporting the use of herbal medi-
cines during the first trimester of a previous pregnancy were
at elevated risk (455).

Low body mass, unrelated to dieting or exercise, has been
reported as a risk factor for choriocarcinoma in one study
(458). Patients also had later onset of menarche and lighter
menstrual periods than controls, possibly reflecting lower
estrogen levels.

Exogenous Hormones

Several studies have found an increased risk of trophoblastic
diseases associated with long-term use of oral contraceptives
(455,459,460). Two other case-control studies, however,
found no influence of oral contraceptives on risk (453,457).
In one study, the association was considerably stronger for
partial than complete moles (461). Others have suggested
that oral contraceptives may increase the risk of malignant
sequelae after mole evacuation through a tumor-stimulating
effect (462,463). In one study, this effect was restricted to
users of high-dose estrogens, although in others there were no
effects of the pill on postmolar complications (459,464,465).

Other Risk Factors

Late paternal age was suggested in one study to increase the
risk of trophoblastic diseases, but other investigations failed to
confirm this (453,455,466). Cigarette smoking has also been
linked with the occurrence of trophoblastic disease (457). One
study suggested that low carotene intake affected the risk of
hydatidiform mole, but no specific dietary associations were
observed in another study (455,459).

Conclusions

Although a genetic role in the development of hydatidiform
moles is now certain, little is known about genotypes that pre-
dispose to hydatidiform moles or environmental factors that
may increase the risk of defective ova. Except for the possible
role of oral contraceptives, few potential environmental pro-
moters have been identified.

The trophoblast plays an active role in pregnancy, includ-
ing metabolizing and detoxifying xenobiotic substances, regu-
lating nutrient and waste product transfer, synthesizing steroid
and protein hormones, and controlling the immune response
of the maternofetal unit. Injury to the trophoblast can occur in
pregnancy as a result of environmental exposure (e.g., heavy
metals and polycyclic hydrocarbons), resulting in the break-
down of trophoblastic processes. When the trophoblast mal-
functions, mutagenic, teratogenic, lethotoxic, and carcino-
genic compounds may gain access to the developing embryo,
causing injury and death. The genotype of hydatidiform moles
results in a trophoblast that malfunctions, and exposure to
certain environmental agents during the molar pregnancy may
promote choriocarcinoma. Before implantation, the tro-
phoblast forms most of the embryonic tissue, which already
metabolizes environmental agents. Even preimplanted moles,
with their impaired metabolic capabilities, may increase the
toxicity of environmental agents and promote carcinogenesis.

Recent advances in identifying genetic and molecular
markers involved with partial versus complete moles (439)
open a number of avenues for assessing the interaction of
these markers with a variety of proposed environmental risk
factors. This could include a focus on early stages in the dis-
ease process or on factors involved in the progression of molar
pregnancies to more invasive complications.

SUMMARY

The goal of both medical practice and epidemiology is to
reduce morbidity and mortality. For many diseases, the focus
has turned to the ultimate aim of prevention. The link
between identification of etiologic factors and possibilities for
prevention is well illustrated for tobacco- and alcohol-related
tumors and for those associated with specific pharmaceutical,
radiogenic, and occupational exposures. Fortunately, for
gynecologic cancers, there are a number of identified etiologic
factors that are also amenable to preventive approaches.
Undoubtedly, the prospects for prevention are best for cervi-
cal cancer. For some time, secondary prevention in the form of
screening for pathologic precursors of invasive disease has been
the hallmark of the public health approach to this malignancy.
The establishment of HPV as a central etiologic agent for the
disease presents other avenues for prevention, including applica-
tion of recently developed vaccines against the virus (410).
Knowledge of when and how infection and other factors operate
in the natural history of the disease has revolutionized screening
strategies and shifted treatment from cell ablation to antiviral
therapies. As always, combined laboratory, clinical, and epi-
demiologic research is needed to realize these propositions.
Many believe that more is known about the cause of
endometrial carcinoma than for almost any other tumor. A uni-
fied theory of how all risk factors may operate through a final
common estrogenic pathway is popular and well supported. A
woman’s hormonal milieu may prove to be favorable to modifi-
cation at a practical level. There is substantial evidence that elim-
ination of obesity an intervention actively promoted for other
reasons—should also reduce endometrial cancer risk. After the
epidemic of endometrial cancer due to estrogen replacement
therapy, changes in the management of menopause occurred,
resulting in a marked decline in the rates of endometrial cancer.




More care is devoted to identifying women who truly need
estrogen therapy, treatment of menopausal symptoms is for a
much shorter period of time, the use of cyclic progestin in com-
bination with estrogen is advised if indicated, and regular
endometrial sampling is frequently practiced for long-term
estrogen users.

Although past alterations in patient management led to a
decline in endometrial cancer, current events make future pat-
terns less clear. Previous enthusiasm for 1ong-term treatment of
large segments of the population of menopausal women with
hormones to control symptoms and prevent osteoporosis and
heart disease may have implications for endometrial cancer in
the future. On the other hand, current patterns of use of oral
contraceptives could lead to reductions in endometrial cancer
rates in the general population. The impact of widespread oral
contraceptive use at young ages on endometrial cancer risk at
older ages is not well studied. However, if it is anywhere near
the reduced risk seen at young ages, the resulting reduction in
endometrial cancer overall could be substantial.

With further research, it is also possible that pharmacologic
interventions aimed specifically at groups at high risk for
endometrial cancer due to endogenous hormonal factors could
be justified. More must be learned about the associations of risk
for endometrial cancer and the quantitative levels of estrogens
and other hormones and their relative proportions. Once these
factors are known, women with PCOS, diabetes, morbid obesity,
or other predisposing conditions could be evaluated for unfavor-
able hormone profiles and appropriately targeted for treatment.

Although a substantial amount has been learned about
ovarian cancer risks, the prospects for meaningful preventive
measures aimed at this tumor are probably worse than for the
other gynecologic malignancies. Although several ovarian can-
cer risk factors seem to indict ovulatory activity as a common
pathway to increased risk, the mechanism by which this occurs
is unknown. Even if some of the hypothesized mechanisms
prove to be correct (e.g., levels of circulating gonadotropins), it
is unclear how reasonable any interventions may be. However,
if the long-term effect of oral contraceptive use on ovarian can-
cer risk is similar to its short-term effect, a substantial decline
in ovarian cancer rates should result from pill use patterns of
the past 40 years. Another reason for the limited prospects for
prevention is that for several risk factors (e.g., protection asso-
ciated with hysterectomy), no credible mechanism has been
suggested. The associations promising the greatest opportuni-
ties for preventive actions are several recently suggested dietary
relationships, specifically, decreased risks with consumption of
diets high in fruit and vegetable and certain micronutrients.
However, these observations need to be replicated in additional
studies. Because of the preventive implications, attempts at
confirmation should have high priority.

For cervical cancer, endometrial cancer, and ovarian cancer,
much is known about the risk factors. Less is known about the
precise biologic mechanisms through which the known risk
factors operate. There is substantial enthusiasm for current
interdisciplinary studies that incorporate state-of-the-art labo-
ratory assays into robust epidemiologic research designs
focused on answering these mechanistic questions. Even
among some of the more conservative etiologists, there is a
belief that the gynecologic oncologist may soon be able to
intervene much earlier in the natural history of these diseases
and, in some instances, engage in primary prevention.
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CHAPTER 2 B CLINICAL GENETICS
OF GYNECOLOGIC CANCER

STEVEN A. NAROD

GENETICS IN CLINICAL PRACTICE
OF GYNECOLOGIC ONCOLOGY

The identification of BRCA1 in 1994 and BRCA2 in 1995 has
introduced a new component to the practice of gynecologic
oncology. Genetic testing for predisposition to ovarian cancer
became available by 1996 and is now well established. There
are five genes for ovarian cancer susceptibility that are now in
clinical use (BRCA1, BRCA2, MLH1, MSH2, and MSH®6).
BRCA1 and BRCA2 are responsible for the hereditary breast-
ovarian cancer syndrome (13% of all ovarian cancers) and
MLH1, MSH2, and MSH6 are responsible for the hereditary
nonpolyposis colon cancer syndrome (2% of ovarian cancers).
Our ability to use laboratory testing to predict the later devel-
opment of ovarian cancer requires that clinicians have a clear
understanding of the role of genetic testing in risk assessment
and in patient care. Advances in preventive oncology have had
the effect of increasing the number of healthy women who
seek advice from a gynecologic oncologist. Increasing num-
bers of prophylactic salpingo-oophorectomies are performed
on healthy women by surgeons who, for the most part, had
previously treated patients for cancer. Information is now
available to support the practice of genetic testing for BRCA
mutations as a means to prevent ovarian cancer in high-risk
women. Current strategies for prevention include prophylactic
surgery and chemoprevention with oral contraceptives.
Screening for ovarian cancer is widespread, but its utility has
not been proven.

OVARIAN CANCER

Genetic Epidemiology

Approximately 13% of all women with invasive ovarian cancer
carry a BRCA1 or BRCA2 mutation (1-3) and it is reasonable
to offer genetic testing to all women diagnosed with invasive
epithelial ovarian cancer (women with mucinous cancer may
be exempted). In the event of a positive genetic test, testing is
extended to unaffected female relatives. However, if there is no
living affected relative, then testing may begin with an unaf-
fected woman.

The frequency of BRCA mutations among ovarian cancer
patients is not the same for all ethnic groups. In some popula-
tions, there are recurrent (founder) mutations. In these popu-
lations, the overall frequency of BRCA1 mutations tends to be
high and a large proportion of mutations will be accounted
for by one, or a small number, of specific mutations. For
example, approximately 30% to 40% of Jewish women with

ovarian cancer carry one of three founder mutations (two in
BRCA1 and one in BRCA2) (4,5). Moslehi et al. (4) found
that 41% of Jewish women with ovarian cancer from North
America carried a mutation, including the majority of those
diagnosed between the ages of 40 and 60. Modan et al. (5)
found one of the three mutations in 29% of 840 Jewish
women with ovarian cancer in Israel. In Poland, 13.5% of
unselected patients with ovarian cancer carry one of three
common BRCA1 mutations (6) (one of these [5382insC] is
also one of the Jewish founder mutations). Three mutations
account for 86% of all BRCA mutations found in Poland (7).
The frequency of BRCA mutations has been estimated at 1 in
12 cases of ovarian cancer in French-Canadians (8) and one in
six cases in Pakistan (9). In these populations, it may be possi-
ble to offer testing for a limited number of mutations.

The excess risk of ovarian cancer in Jewish families with
multiple cases of breast or ovarian cancer appears to be
almost entirely due to the three Jewish founder mutations.
Liede et al. studied a cohort of 290 Jewish women undergoing
surveillance for ovarian cancer because of a family history of
breast or ovarian cancer (10). Among women with a BRCA
mutation, the ovarian cancer incidence was 32 times greater
than expected. However, among women who did not carry a
mutation, no excess risk of ovarian cancer was observed.
Kauff et al. followed 199 women from site-specific BRCA-
negative breast cancer families (11). They observed an elevated
risk for breast cancer (standardized incidence ratio [SIR] = 3.1;
p < 0.001), but not for ovarian cancer (SIR = 1.5; p = 0.5)
(11). Phelan et al. screened 160 Jewish families with site-specific
breast cancer or the breast-ovarian cancer syndrome (12).
These families had previously been found to be negative for the
three Jewish founder mutations. Only a single nonfounder
mutation was identified. Together, these studies indicate that if
a founder mutation is not identified through screening of a
Jewish family, it is exceedingly unlikely that a different muta-
tion will be found. This also implies that a Jewish woman with-
out one of the three mutations should not be considered to be at
increased risk for ovarian cancer (although she may be at higher
than average risk for breast cancer). Testing for mutations other
than these three in Jewish women should be conducted in
exceptional circumstances—an example would be a family
with four or more cases of early-onset breast cancer or invasive
ovarian cancer.

In the ethnically mixed populations of North America,
approximately 13% of all patients with invasive ovarian can-
cer carry a mutation in BRCA1 or BRCA2 (1-3). However, the
range of mutations is wide and genetic testing must be compre-
hensive (full genomic screening). In Ontario, Canada, a mutation
was found in 129 of 977 (13.2%) unselected cases of ovarian
cancer (2). There were 75 BRCA1 mutations and 54 BRCA2
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TABLE 2.1

LIFETIME RISKS OF CANCERS ASSOCIATED
WITH SPECIFIC GENES

BRCA1 BRCA2 MMR?
Breast 50%-85% 50%-85% NI
Ovarian 30%—-40% 15%-25% 5%-10%
Endometrial NI NI 40%-60%

NI, not increased.
aMismatch repair genes MSH2, MLH1, and MSH6.

mutations. Women with BRCAT mutations were diagnosed
with ovarian cancer at an average age of 52.6 years, compared
to 58.8 years for carriers of BRCA2 mutations and 57.3 years
for the nonhereditary cases. BRCA1 mutations represented
71% of the mutations found in women diagnosed under age
50 and BRCA2 mutations represented 62% of those diagnosed
after age 60.

Among BRCAT carriers, the risk of ovarian cancer is sig-
nificant in women above the age of 35 (13) (approximately
1% per year) and preventive measures must be initiated early.
Women who carry a pathogenic mutation in the BRCA1 gene
have a lifetime risk of approximately 40% for developing
invasive ovarian cancer (14-18) (Table 2.1). Among BRCA2
carriers, the risk is much lower and ovarian cancer rarely occurs
below age 50. Antoniou et al. estimated the lifetime risk for
BRCA2 carriers to be 11% (15); Satagopan et al. estimated the
risk of ovarian cancer to be 21% (17). A recent meta-analysis
(which included these two studies) estimated the risk of ovarian
cancer to be 16% (18). Also, among BRCA2 carriers, the risk
of ovarian cancer varies with the position of the mutation.
Thompson et al. (16) estimated that the risk of ovarian cancer
to age 70 was 20% for carriers of BRCA2 mutations within the
Ovarian Cancer Cluster Region (OCCR: nucleotides 4075-6503)
and was 11% for mutations outside of this region. This
assignment was confirmed by Lubinski et al. in 2004 (19).
These investigators studied 440 families with a BRCA2 muta-
tion. They found that families with a mutation in the OCCR
(nucleotides 3035-6629) were twice as likely to contain one
or more cases of ovarian cancer than were families with a
BRCA2 mutation located outside of this region (odds ratio
[OR] = 2.2;p = 0.0002).

Metcalfe et al. followed a cohort of women with breast can-
cer and a BRCAT or BRCA2 mutation (20). In the ten-year
period following the cancer diagnosis, the risk of ovarian can-
cer was 13% for BRCAT carriers and 7% for BRCA2 muta-
tion carriers. In this study, 25% of the deaths in women with
stage I breast cancer were due to subsequent ovarian cancer.

Pathology and Surgical Presentation
of Hereditary Ovarian Cancer

Ovarian cancers that occur in women with a BRCA mutation
appear to be similar to their sporadic counterparts (1,2,21,22),
with the exception that mucinous tumors and tumors of low
malignant potential (or “borderline” tumors) are rarely
observed in women with a BRCA mutation. The great majority
of BRCA-linked ovarian cancers show moderate to poor differ-
entiation. Most hereditary ovarian tumors present at an
advanced surgical stage (4,21), but stage I or II tumors are now
being discovered in the context of high-risk screening programs,
or as an incidental finding associated with a prophylactic

oophorectomy in an asymptomatic woman. Several studies
have reported on the presence of early ovarian cancers among
pathology specimens obtained at the time of prophylactic
surgery (23-30). In one study (23), 4 of 33 women (12%) at
high risk were found to have clinically unsuspected ovarian can-
cer at the time of prophylactic oophorectomy. In a second study
(24), two of eight women with germ-line BRCA1 mutations
had ovarian cancer at the time of prophylactic oophorectomy.
Salazar et al. (25) reviewed the ovaries of 20 women who had a
prophylactic oophorectomy and found two cases of micro-
scopic cancer. Finch et al. described a series of 159 female
BRCA1 or BRCA2 carriers who underwent prophylactic
oophorectomy (26). Six of 94 BRCAT1 carriers were found to
have an occult cancer (6.4%). In contrast, only one of the 65
BRCA2 carriers was found to have an occult cancer (1.5%).
Three of the seven cases of occult malignancy involved the fal-
lopian tube and not the ovaries.

In a study from Boston, 122 of BRCA1 and BRCA2 carri-
ers underwent preventive ovarian surgery (27). Seven cancers
were found (6% of total). All cancers were found in the distal
portion of the fallopian tube. Powell et al. found seven cancers
among 67 women who underwent a prophylactic oophorec-
tomy (28). Seven cancers were found: four in the fallopian
tubes and three in the ovaries. These studies support the the-
ory that the distal fallopian tube is the site of origin of the
majority of ovarian/fallopian cancers in high-risk women
(30-32). Carcinoma of the fallopian tube has also been noted
in several BRCA-linked breast and ovarian cancer kindreds. In
a population-based study of unselected cases of carcinoma of
the fallopian tube, 7 of 44 (16 %) tested patients were found to
harbor a germ-line BRCA mutation: five in BRCA1 (11%)
and two in BRCA2 (5%) (33). It is necessary that the fallopian
tube be completely removed and serially sectioned when a
prophylactic oophorectomy is performed.

Several study groups have asked whether morphologic
alterations of the ovarian surface epithelium are prevalent in
women with ovarian cancer (34-37) or who are at high genetic
risk for ovarian cancer (38). Alterations of these types are com-
mon and it has not yet been proven that they are present at a
higher frequency than expected in cancer-prone ovaries.

Clinical Outcome and Treatment Effects

Several studies have reported that the survival of patients
with BRCA-associated ovarian cancer is improved, compared
to women with sporadic ovarian cancer (21,39-43). A study
of consecutive cases of ovarian cancers, which compared
BRCA-associated to sporadic ovarian cancers from the same
institution, found that BRCA mutation status was a favor-
able and independent predictor of survival for women with
advanced disease (21). It is not yet clear if the improved
survival rate is the result of a difference in the natural history
of ovarian cancer in the two subgroups or a better response
of BRCA-associated tumors to current therapies. Cass et al.
reported that BRCA1 carriers with ovarian cancer had a
higher response rate to primary therapy than did matched
noncarriers, and carrier patients with advanced disease had
improved survival (91 months for BRCA1 carriers vs. 54 months
for noncarriers; p = 0.05) (41).

Prophylactic Oophorectomy

In 19985, a consensus panel of the National Institutes of Health
(NIH) recommended prophylactic oophorectomy for high-risk
women at age 35 years, or after childbearing is complete (44).
It seems logical that prophylactic oophorectomy should elimi-
nate the incidence of ovarian cancer, but there are two reasons



for potential failure of prophylactic oophorectomy. First, it is
possible that the removed ovaries or fallopian tubes contain
foci of occult carcinoma and that the cancer has spread locally
to the peritoneum at the time of the resection. In this case, the
peritoneal cancer is not, in fact, a primary cancer, but a
metastatic ovarian cancer. Second, it is possible that de novo
cancer arises in the peritoneum after oophorectomy. The peri-
toneum is derived from coelomic epithelium, of the same
embryologic origin as the surface epithelium of the ovary.

Liede et al. (10) followed a cohort of 33 Jewish women
with BRCA mutations for a mean of eight years. Five cases of
primary peritoneal cancer were diagnosed. The ten-year risk
of peritoneal cancer was 16%. However, the women in this
study had both ovaries intact and the peritoneal origin of the
tumors was not definite. It is difficult to measure the risk of
peritoneal cancer in women with intact ovaries. Peritoneal,
fallopian, and serous ovarian cancers are histologically indis-
tinguishable, and symptomatic women often present with
multiple foci of cancer involving the peritoneum, tubes, omen-
tum, and ovary. Tubal cancer is difficult to discriminate from
ovarian cancer and is often misclassified as ovarian cancer
(45). Tt is easier to make the diagnosis of primary peritoneal
cancer in women without ovaries. New serous cancers that
arise in the abdominal peritoneum, following an oophorec-
tomy, and with normal ovaries on pathological examination
are generally considered to be primary peritoneal cancers.

Piver et al. (46) reported that 6 of 324 women who under-
went prophylactic oophorectomy experienced primary peri-
toneal cancer. The mutation status of these women was
unknown and there was no standard period of follow-up.
Struewing et al. (47) reported that the cancer risk in women
after prophylactic oophorectomy was 13 times greater than
that expected from population-based rates, but this was based
on only two observed cases of peritoneal cancer. Kauff et al.
(48) followed 170 BRCA carriers for an average of two years.
They observed one peritoneal cancer among 98 women who
chose salpingo-oophorectomy, versus five ovarian/peritoneal
cancers in 72 women with intact ovaries. In a historical cohort
study of 551 BRCA1 and BRCA2 carriers, Rebbeck et al. (49)
reported that the incidence of ovarian or peritoneal cancer
was diminished by 96% (95% confidence interval [CI], 84%
to 99%) in women who underwent prophylactic oophorec-
tomy, compared to those with intact ovaries.

Finch et al. followed 1,045 women with a mutation who
underwent a bilateral prophylactic salpingo-oophorectomy and
compared the cancer risk with 783 women who did not
undergo the procedure (13). After a mean follow-up of 3.5
years, 50 incident ovarian, fallopian tube, or peritoneal cancer
cases were reported in the cohort. There were 32 incident can-
cers diagnosed in women with intact ovaries. Eleven cancer
cases were identified at the time of prophylactic oophorectomy,
and seven were diagnosed following prophylactic oophorec-
tomy. The overall reduction in cancer risk associated with bilat-
eral oophorectomy was 80% (hazard ratio = 0.20; 95% CI,
0.07 to 0.58; p = 0.003). The estimated cumulative incidence
of peritoneal cancer was 4.3% at 20 years after oophorectomy.

An additional benefit of prophylactic oophorectomy is a
marked reduction in the risk of breast cancer (48-50).
Oophorectomy performed at a relatively early age (<40) is
associated with a greater degree of protection than surgery
performed near the age of menopause. In the largest study to
date, Eisen et al. found that oophorectomy was associated
with a significant reduction in breast cancer risk of 56% for
BRCAT1 carriers and 46% for BRCA2 carriers (50). The risk
reduction was greater if the oophorectomy was performed
before age 40 (OR = 0.36) than after age 40 (OR = 0.53) and
the protective effect was evident for 15 years postoophorec-
tomy. Reductions of similar magnitude have been reported in
other studies (48,49).
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Hormone Replacement Therapy

Premenopausal oophorectomy is associated with the induc-
tion of acute menopause. There is concern that the use of hor-
mone replacement therapy in these women may be associated
with an increased risk of breast cancer, or may offset the pro-
tective effect of the oophorectomy itself. There is one study of
hormone replacement therapy in BRCAI and BRCA2 carri-
ers. Rebbeck et al. estimated the effect of oophorectomy on
breast cancer risk in a study of 462 BRCA1 and BRCA2 car-
riers (51). They found that the odds ratio for breast cancer
associated with oophorectomy in the entire study group was
0.40 (95% CI, 0.18 to 0.92) and was 0.37 (95% CI, 0.14 to
0.96) in the subgroup of women with oophorectomies who
used hormone replacement therapy. This single study suggests
that it is safe to offer hormone replacement therapy, but this is
a relatively small sample and additional studies are required.

Oral Contraceptives and Tubal Ligation

A protective effect of oral contraceptives against ovarian can-
cer has been reported in BRCA carriers (52-54). In a recent
matched case-control study of 799 ovarian cancer cases and
2,424 controls, three to five years of oral contraceptive use
was associated with a 64% reduction in the risk of ovarian
cancer (p = 0.0001) (53). In a second, smaller study (54), six
or more years of use of oral contraceptives was associated
with a decrease in risk of 38% (OR = 0.62; 95% CI, 0.35 to
1.09). Tubal ligation has been found to be protective against
ovarian cancer in the general population. There is some evi-
dence that it is also effective among BRCAT1 carriers (53).
McLaughlin et al. reported an adjusted relative risk of 0.78
(95% CI, 0.61 to 1.0) for tubal ligation and subsequent ovar-
ian cancer (a risk reduction of 22%) (53).

Screening for Hereditary Ovarian Cancer

Screening for ovarian cancer using serial CA-125 levels and
abdominal ultrasound has been proposed as a method of
reducing mortality through early detection. There have been
no randomized trials of screening in BRCA1 carriers, but
observational cohort studies have been disappointing. Liede
et al. (10) identified seven incident ovarian/peritoneal cancers
in a historical cohort of 33 BRCA carriers who underwent
regular screening examinations. Six of the seven cases were
stage III at the time of diagnosis. For the majority of cases,
the ultrasound findings were normal prior to diagnosis and
the women presented with pain or abdominal distension. In a
randomized trial of CA-125 and ultrasound in women at
average risk, Jacobs et al. (55) identified 16 ovarian cancers
in the screened group. Eleven of the 16 tumors were diag-
nosed at stage III or IV. Neither CA-125 nor ultrasound has
proven to be a sensitive means of detecting stage I and stage II
ovarian cancers.

ENDOMETRIAL CANCER

The most important factor in the etiology of endometrial cancer
is prolonged estrogen exposure, but inherited factors are impor-
tant for a small proportion of cases as well. Susceptibility genes
for endometrial cancer include BRCA1, PTEN, and the three
mismatch repair genes MSH2, MLH1, and MSH6 (Table 2.2).
These genes are responsible for the hereditary breast-ovarian
cancer syndrome, Cowden syndrome, and hereditary nonpoly-
posis colon cancer, respectively (discussed later).
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TABLE 2.2
GENES ASSOCIATED WITH COMMON CANCERS

Breast Ovary Colon Endometrial
BRCA1 BRCA1

BRCA2 BRCA2 APC

ATM MSH2 MSH?2 MSH?2
CHEK2 MLH1 MLH1 MLH1
NBS1 MSH6 MSH6 MSH6
TPS3 PTEN

The Breast Cancer Linkage Consortium reported that some
endometrial cancers were due to mutations in BRCA1 (56)
but none were due to mutations in BRCA2 (57). Among
BRCAT1 carriers the risk for endometrial cancer was reported
to be 2.6 times higher than expected (95% CI, 1.7 to 4.2).
However, two smaller studies (one of patients with papillary
serous endometrial tumors [58] and one on patients with
endometrial carcinomas in general [59]) concluded that the
risk of endometrial carcinoma in women with a germ-line
BRCA1T mutation was not increased. These findings suggest
that it is likely that some cases of endometrial carcinoma are
due to an inherited BRCA1 mutation, but the penetrance of
BRCA1 mutations for endometrial carcinoma is low and the
hereditary fraction is small.

Beiner et al. prospectively followed a cohort of BRCA1 and
BRCA2 carriers who had an intact uterus (60). After an average
follow-up period of 3.3 years, six women were diagnosed with
endometrial cancer, compared to 1.1 cancers expected (SIR =
5.3,p = 0.001). Four of the six patients had used tamoxifen in
the past. Among the 226 participants who had used tamoxifen
(220 as treatment and six for the primary prevention of breast
cancer) the relative risk for endometrial cancer was 12 (p =
0.0004). The risk among women who were never exposed to
tamoxifen treatment was not significantly elevated. These data
suggest that the excess risk of endometrial cancer among BRCA
carriers can be attributed to past tamoxifen use, and not to the
effect of the gene.

Somatic mutations in PTEN are common in endometrial
cancers (61) and, rarely, inherited constitutional mutations in
PTEN are present in women with endometrial cancer. In the
latter case, endometrial cancer is seen in the context of
Cowden syndrome—a rare dominant disease of the skin that is
associated with increased risks of cancer of the breast, thy-
roid, and endometrium (62).

Women in families with the syndrome of hereditary famil-
ial nonpolyposis colon cancer (HNPCC) are also at elevated
risk for endometrial and ovarian cancer (63). This syndrome
is characterized by an autosomal dominant inherited tendency
to develop colon and other cancers. The colon cancers tend to
be of young onset, are right-sided, and are often multicentric.
Adenomatous polyps are seen, but florid polyposis is rare.
Individuals in families with HNPCC are at risk for a range of
cancer types, and endometrial cancer is the second most fre-
quent site of cancer among women (63,64). Genes that are
responsible for the repair of mismatched DNA (mismatch
repair) are defective in families with this syndrome. MSH2,
MLH1, and MSH6 are the three major genes responsible. The
risk of colon cancer is high in families with a mutation in any
of these genes, and the lifetime risk for endometrial cancer in
women from these families is reported to be from 40% to
60% (63,64). The risk of endometrial cancer also depends on
which gene carries the mutation. Mutations in MSH2 and

MSH6 have been implicated in most HNPCC families with
endometrial cancer, but families with MSH1 mutations have
been reported as well. Germ-line mutations in MSH6 are rela-
tively rare in HNPCC but are overrepresented in families with
multiple cases of endometrial cancer (65). Goodfellow et al.
reported that an inactivating germ-line MSH6 mutation was
present in 7 of 441 women with unselected ovarian cancer
(1.6%) (66). Cancers were diagnosed in women with muta-
tions on average ten years earlier than in women without
mutations. Malander et al. studied 128 women with ovarian
cancer, unselected for age of diagnosis or family history (67).
They found one mutation in MLH1 and one mutation in
MSH?2. This small study suggests that about 2% of unselected
cases of ovarian cancer are due to mutations in the mismatch
repair genes.

It is possible that other genetic variants in the genes in the
mismatch repair pathway may also contribute to ovarian can-
cer. This may be due to the effect of common variants associ-
ated with lower penetrance. To test this hypothesis, Beiner et al.
studied 672 unselected cases of endometrial cancer for a variant
in the MLH1 gene (nt-93 A) (68). They found that women who
carried this variant were at 1.5-fold increased risk of endome-
trial cancer (OR = 1.5;95% CI, 1.2 to 2.0). A positive associa-
tion was also seen for ovarian cancer (OR = 1.5; 95% CI, 1.3
to 3.9) (69). A similar association has been seen for colon can-
cer with microsatellite instability (70).

The majority of tumors in individuals from HNPCC fami-
lies demonstrate microsatellite instability. Microsatellite insta-
bility is a feature of tumors that are genetically unstable, i.e.,
that are associated with error-prone DNA replication during
cell division. Microsatellite instability is limited to tumor
DNA and the phenotype is visualized in the laboratory by
comparison of tumor and lymphocyte DNA from the same
individual. Microsatellite instability is highly predictive of
colon and endometrial cancers that are attributable to muta-
tions in one of three mismatch repair genes (MSH2, MLH1,
and MSHG6). These mutations may be germ-line (inherited),
but are more often somatic (restricted to tumor tissue only).
Approximately one quarter of women with nonhereditary
endometrial cancer (sporadic cancer) have tumors that
demonstrate microsatellite instability (71). If the mutation is
present in the germ line, it may be transmitted from the carrier
parent to child. In this case, genetic counseling is warranted.
Counseling should include a full pedigree review, and may
involve predictive genetic testing for unaffected individuals.
Other individuals found to carry the family mutation should
be apprised of the risks and the range of tumor types involved.
It is not necessary that genetic counseling be undertaken when
the mutation is limited to the tumor tissue only, as this situa-
tion does not pose a risk to relatives. The gene may also be
silenced by methylation of the gene regulatory regions. The
MLH1 gene is usually silenced through methylation in the
tumor tissues (72).

Individuals with an inherited mutation in one of the mis-
match repair genes are also at risk for additional cancers,
including ovarian, gastric, urologic tract, and small bowel
cancers, but the risk for these is much less than the risk for
colon or endometrial cancer. Members of the International
Collaborative Group on HNPCC collected information on 80
women with ovarian cancer who were members of HNPCC
families (64). The mean age of diagnosis was 43 years. The
majority of cancers were moderately or well differentiated and
85% were stage I or II. Synchronous endometrial cancer was
reported in 22% of cases.

There is currently no consensus on the screening and man-
agement of women with inherited mutations in the mismatch
repair genes. Annual endometrial ultrasound surveillance has
been recommended by the International Collaborative Group
on HNPCC, but the effectiveness of this screening regimen has



not been established. Although there are no data on the effec-
tiveness of hysterectomy as a preventive measure for heredi-
tary endometrial cancer, there have been no reports of failures
of hysterectomy to prevent endometrial cancer. Because of the
high lifetime risk of endometrial cancer in women with muta-
tions in the mismatch repair genes, preventive hysterectomy
may be warranted.
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CHAPTER 3 B THE BIOLOGY
OF GYNECOLOGIC CANCER
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INTRODUCTION TO THE
BIOLOGY OF GYNECOLOGIC
NEOPLASIA

A neoplasm represents new growth and may be defined as an
abnormal mass of tissue, the growth of which exceeds and is
uncoordinated with that of the normal tissues. Growth persists
in the same excessive manner after cessation of the stimuli that
evoked the change (1). Neoplasia traditionally has been classi-
fied as benign or malignant on the basis of structural and
growth characteristics. Most benign tumors mimic their tissue
of origin in both cellular form and function. Cancerous
tumors exhibit a spectrum from well differentiated to anaplas-
tic (undifferentiated, characterized by both cytologic pleomor-
phism and architectural disorganization). Benign masses are
typically well demarcated, with a broad, expansive front, and
do not invade local normal tissues. Although some malignan-
cies grossly appear to be encapsulated, they may infiltrate
adjacent noncancerous tissue. In addition, malignancies tend
to have a faster growth rate that is, in general, inversely
related to the degree of differentiation. Finally, the ability to
metastasize, a behavior that many malignant tumors exhibit,
is a feature that benign tumors uniformly lack (2).
Nonneoplastic processes can alter the structure and/or func-
tion of a tissue, but are usually reversible. These conditions rep-
resent an adaptation to stress, such as an injury or infection, or
a physiologic response to biochemical (e.g., hormonal) stimula-
tion. Hypertrophy refers to an increase in cell size within a tis-
sue, whereas hyperplasia is an increase in cell number.
Metaplasia describes the process by which one differentiated
cell type is replaced with another. Dysplasia is disordered cellu-
lar proliferation characterized by structural variability and dis-
organization of tissue architecture. When the full thickness of
an epithelium is involved through this process, it is termed car-
cinoma #n situ, and is considered to be a preinvasive process (2).

Biologic Properties of Transformed
Cells and Tumors

Our understanding of the biologic behavior of malignant cells
has been derived from in vitro comparisons of normal and
transformed cells, the study of cell lines established by cultur-
ing human cancer cells, and the evaluation of tumors trans-
planted or induced in animals. Normal human cells display a
finite ability to proliferate in cell culture, stopping after about
50 generations of cell division. These cells have specific
requirements for growth, including the availability of nutrients
and growth factors, attachment to a substratum, and lack of

contact with other cells. In the event of temporary nutritional
deprivation, they will arrest in a nonproliferative state but
retain the capacity to resume replication with replenishment of
growth-promoting substances.

Malignant cells, in contrast, demonstrate decreased reliance
on exogenous growth factors, anchorage independence, and a
lack of contact inhibition. As a result, transformed cells gener-
ally require less serum and supplements to grow, demonstrate
nonadherent growth (such as growth in suspension or in a
semisolid medium), and exhibit greater cell-population density.
Cellular transformation produces disorganization of actin fila-
ments, which results in more rounded, refractile cells.

Depending on location and accessibility to physical exami-
nation or imaging techniques, most tumors become clinically
detectable at a mass of 1 to 10 g (10% to 1019 cells). A tumor
mass of 1 kg (1012 cells) represents approximately 40 dou-
blings and is generally lethal to the host in animal models. The
time it takes for a given human malignancy to double in vol-
ume is usually constant, consistent with an exponential
growth pattern (Fig. 3.1). Tumors frequently demonstrate a
growth deceleration generally attributed to inadequate nutri-
tion as they enlarge. Extrapolation into the preclinical phase
reveals a slower rate of growth during this portion of the
tumor’s life span as well, which may be related to the early
growth requirements of establishing a supporting vascular
network and overcoming the host’s immune surveillance.

Doubling times for human malignancies range from a few
days for certain lymphomas and leukemias to up to several
months for epithelial tumors such as lung and colorectal carci-
nomas. The growth rates for tumors of identical origin and his-
tology may also be quite variable. A formula that includes the
growth fraction and duration of DNA synthesis may be used to
estimate the theoretical doubling time for a given tumor. This
potential tumor doubling time is often considerably shorter
than the actual doubling time seen clinically (3). Reasons for
this discrepancy include tumor cell death (apoptosis or necro-
sis) or lowered growth fraction due to cellular senescence, in
part due to the lack of an adequate vascular supply.

Cell Cycle, Senescence, Apoptosis,
and Necrosis

Cell Cycle

During the process of replication, a cell passes through a series
of phases beginning with DNA synthesis (S phase) and culmi-
nating in mitosis (M phase), the process by which the cell
actually divides (Fig. 3.2). These two periods are separated by
the presynthetic (G;) and premitotic (G,) phases. Cells that
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FIGURE 3.1. An exponential growth curve with preclinical lag and
terminal growth deceleration. The abscissa represents time of tumor
growth in days. The ordinate displays tumor volume in square cen-
timeters. A slower rate of tumor growth is shown during the tumor’s
preclinical phase as well as when it attains a large volume.

are not actively proliferating are in the G, phase. Some of
these nonproliferating cells retain the ability to progress
through the cell cycle given the appropriate stimulus and envi-
ronmental conditions. Others have lost the capacity for repli-
cation, which occurs secondary to terminal differentiation or
damage sufficient to result in eventual cell death. The propor-
tion of cells in a tumor that are actively proliferating is known
as the tumor’s growth fraction (3).

Entry into and transit through the cell cycle appear to be
controlled by a number of regulatory proteins (3). Events nec-
essary for G/G; cells to enter the S phase include the transduc-
tion of growth factor signals to the nucleus and the activation
of “early response” genes, whose products bind to DNA and
regulate the expression of other genes necessary for progres-
sion through the cell cycle (Fig. 3.3). The proteins necessary for
this progression include the cyclins, cyclin-dependent kinases
(CDKs), and the CDK inhibitors (4,5). It is now abundantly
clear that progression through the cell cycle requires the inter-
action of these proteins in a coordinated fashion.

The cyclins are a group of proteins that are synthesized and
degraded during the cell cycle. They can be divided into two
major classes depending on where in the cell cycle they are
active: the G, cyclins include cyclins D, A, and E, whereas the
mitotic cyclins include cyclins A and B. The cyclins bind to and

Cells with capacity
to proliferate

Go G,

Cells that have lost
proliferative ability
due to differentiation
or damage

FIGURE 3.2. The cell cycle. The normal cell cycle, with relative time
spent in each phase, is illustrated. G cells are “resting,” with an abil-
ity to replicate given the appropriate conditions and stimulus, or they
have lost the ability to proliferate secondary to damage, death, or dif-
ferentiation. G, represents the presynthetic phase; DNA synthesis
occurs during the S phase; G, is the premitotic phase; and M repre-
sents mitosis, the briefest portion of the cycle.

activate the CDKs. The cyclin/CDK complex is critical for the
phosphorylation and activation of proteins and enzymes
involved in DNA replication. For instance, the cyclin D/CDK4,
cyclin D/CDKG6, cyclin E/CDK2, and cyclin A/CDK2 complexes
phosphorylate the retinoblastoma gene product (pRb) (6). pRb
is a protein with tumor-suppressor function. The Rb protein and
a structurally related protein, p107, are modified by a variety of
different cyclins and CDKs (7). Their phosphorylation results in
the release of transcription factor E2F, which then drives the
transcription of “growth genes” (8-10). Another example is the
activation of the protein kinase p34°4<2 by dephosphorylation
and binding to a regulatory cofactor, which appears important
for cell cycle transit. Kinase activity is maximal during mitosis,
when p34<42 is bound to the protein cyclin B.

The stimulatory activity of cyclin/CDK complexes is
opposed by CDK inhibitors (4). The CDK inhibitors are a
group of small proteins that are able to directly inhibit the
activity of the cyclin/CDK complex. The G, cyclin/CDK com-
plexes are inhibited by p15, p16, and p27.

The interaction of cyclins, CDKs, and CDK inhibitors pro-
vides for a regulated progression through the cell cycle (5).
The cell passes through a number of checkpoints where assur-
ance of proper completion of prior phases is required (11,12).
If this assurance is not achieved, the cell arrests. The p53 pro-
tein mediates two of these checkpoints (13). Overexpression
of wild-type (nonmutated) p53 arrests cell cycle progression in
G, at or near a restriction point regulating the G,/S transition,
in part by transcriptionally activating the expression of the
CDK inhibitor p21 Waf1/Cip1 (13). Although routine cellular
functions may not require the presence of p53, conditions
such as DNA damage and cellular stress stimulate the expres-
sion of p53 and produce a G, arrest (5). If the DNA damage is
minor, it is repaired during this arrest; extensive damage
causes the cell to undergo apoptosis (discussed below) (14).
Elevated levels of p53 can also produce a G,/M arrest, provid-
ing another period of rest for the cell during which it can
repair damaged chromosomes. Although the mechanism for
G, arrest is less clear than that involved in the G; checkpoint,
it appears to involve the inactivation of mitotic cyclins A and
B (15-17). The formation of a functional mitotic spindle is
critical for successful cell division. It is not surprising, there-
fore, that a checkpoint exists during mitotic spindle formation
(18). The genes involved in this process have only recently
been characterized, but some appear to be involved in human
cancers (19).

Senescence

Cell growth slows as the finite number of cell doublings,
known as the Hayflick limit, approaches (20). This process is
governed by the loss of telomeres on chromosomal ends.
Telomeres are protective DNA sequences rich in TTAGGG
repeats that are shortened with successive replications. When
the ends become critically shortened, the cell enters replicative
senescence or mortality stage 1. In epithelial cells, the first bar-
rier appears to be mediated by stress-induced cyclin-dependent
kinase inhibitors (CKIs) (p16, p21) inhibiting Rb inactivation
(21). Some cells escape senescence and continue to divide until
they undergo crisis, which is also known as mortality stage 2.
The rare cell that emerges from this stage still able to replicate
is considered to be immortalized because it has acquired the
ability to proliferate indefinitely. Continued telomere erosion
in cells that overcame the first barrier eventually leads to
unprotected telomeric ends generating widespread genomic
instability. Immortalized cells are able to continue dividing
because they maintain telomere length, usually through reacti-
vation of telomerase (21,22). Telomerase is an RNA-dependent
DNA polymerase that synthesizes the telomeric DNA
sequences. It consists of an RNA template, which is universally
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FIGURE 3.3. Signal transduction, regulation of the cell cycle, ubiquitin proteasome protein degradation,
and apoptotic pathways. The covalent modification of intracellular constituents is illustrated by receptor
and nonreceptor protein tyrosine kinases. Input from tyrosine kinases results in increased generation of
activated ras bound to GTP, which in turn associates with ras effectors: raf, Rho, Rac, and RassF1. Raf
(MAPKKK) propagates the signal to microtubule-associated protein kinase kinase (MAPKK), which acti-
vates MAPK. MAPK phosphorylates a host of substrates, including cytoplasmic phospholipase A,,
cytoskeletal components, protein synthesis machinery, and, most importantly, transcription factors such as
myc, cJun, and ATF. Parallel pathways exist that use different MAPKKKs, MAPKKs, and MAPKs.
Different MAPKs, such as ERK, JNK, and p38, phosphorylate and activate downstream targets that ulti-
mately drive the cell cycle. The upstream activators of the MAPKKK are not as well characterized as other
portions of the cascade; as such, only ras, PAK 1, and rac have been listed for simplicity. Although the
MAP kinase cascades are parallel in nature, there is extensive cross talk between these pathways. The gen-
eration of “secondary messengers” that act upon intracellular receptor sites is exemplified by G-protein-
coupled receptors. G-proteins interact with adenylate cyclase and certain phospholipases. Consequent
hydrolysis of membrane phosphatidylinositol 4,5-bis-phosphate yields inositol 1,4,5-tris-phosphate (IP 3),
which releases Ca2, from internal stores, and diacylglycerol (DAG), which activates protein kinase C
(PKC). Activation of PI3K by tyrosine kinases increases IP 3 levels, allowing cross talk between growth
factor and G-protein-coupled receptors. The ultimate effect of growth factors is to trigger the enzymatic
cascade involving cyclins and cyclin-dependent kinases (CDKs) that play critical roles in stimulating cells
to enter and transit through the cell cycle. The protein levels of cyclins and CDKs are controlled by ubig-
uitylating enzymes. Ubiquitin (Ub) is a small 8-kDa protein, which is covalently attached to the target pro-
tein by E3 ubiquitin ligase, leading to the formation of a polyubiquitin chain. The polyubiquitylated pro-
tein is recognized by the 26S proteosome, and is destroyed in an ATP-dependent manner. Extrinsic
apoptotic pathways are triggered by activation of a variety of receptors (Fas, TNF-R) containing death
domains, which leads to the activation of caspases and programmed cell death (apoptosis). Intrinsic apop-
totic pathways are activated by a wide range of stress stimuli and result in an up-regulation of proapop-
totic mediators (BCL-2 members) on the outer mitochondrial membrane, with subsequent apoptosome
assembly and activation of caspases and apoptosis. These pathways have extensive cross talk with other
cellular pathways, including the one depicted here. Elevated activity of PI3K leads to activation of AKT,
which in turn phosphorylates Bad, leaving its protein partner Bcl-2 available to inhibit apoptosis.
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expressed, and a catalytic component termed hTERT, whose
expression is usually repressed after embryogenesis is com-
plete. Approximately 90% of human tumors, however,
express telomerase as a result of the upregulation of hTERT.
Other tumors undergo a process independent of telomerase
activation known as alternative lengthening of telomeres,
which is less well understood. Although immortalized, these
cell lines are generally not tumorigenic when implanted into
animals. Further genetic alterations are required to convert
these into tumor-forming cell lines.

Apoptosis

Apoptosis is an active and intricately regulated process in
which cells undergo programmed cell death. It is a normal
physiologic condition that is associated with involution and
tissue remodeling during morphogenesis and a number of
immunologic responses (23,24). Apoptosis consists of three
phases known as the initiation, effector, and degradation
phases. In the initiation phase, the cells receive a stimulus that
triggers the apoptotic process. Hypoxia, ionizing radiation,
chemotherapeutic agents, and viral infection can induce the
process (25-28). Additionally, cytotoxic lymphocytes, medi-
ated by the Fas ligand, and p353, mediated by bax, can induce
apoptosis (29-33). The entire process is regulated by a num-
ber of oncogenes and tumor-suppressor genes (p53, Rb, ras,
raf, and c-myc) (34). Apoptosis is still reversible in the effector
phase; once degradation begins, though, the process is no
longer reversible and cellular death ensues (24, 28).

Histologically, apoptotic cells are characterized by cell
shrinkage, chromatin condensation, and internucleosomal
degradation of cellular DNA. This appearance differs from
that of hypoxic necrosis, which is characterized by cellular
swelling. The swelling is attributed to the loss of selective cell
membrane permeability and to mitochondrial swelling, result-
ing in plasma membrane rupture with DNA, RNA, and pro-
tein degradation from the release of lysosomal hydrolases. The
enzymatic degradation leads to an intense inflammatory
response in the surrounding tissue, resulting in cellular necro-
sis (23,24,35). In contrast, this inflammatory response does
not occur with apoptosis. During the final stages of apoptosis,
the cell becomes convoluted and breaks into several mem-
brane-bound vesicles containing intact organelles and nuclear
fragments. Typically 180 to 200 base pairs in length, DNA
fragments are the biochemical hallmark of apoptosis and can
be used for morphologic analysis (24,35). Although apoptotic
cells can be visualized and quantified with routine staining of
tumor material, techniques using labeling of the 3’ free ends of
the DNA fragments by radioactive or nonradioactive means
allow for accurate identification of single apoptotic cells and
quantification of the extent of apoptosis in tumor material via
an apoptotic index (24,36,37). The index commonly measures
either the number of apoptotic cells per 1,000 tumor cells or
per ten high-power fields (24,38,39).

Apoptosis can be induced by cytotoxic lymphocytes (CD8*
T lymphocytes) via the Fas ligand/receptor pathway (30,31).
Fas (or Apo-1) is a glycosylated transmembrane receptor
belonging to the tumor necrosis factor (TNF) receptor family.
The binding of Fas receptor to Fas ligand (FasL), a transmem-
brane protein present on cytotoxic T lymphocytes, activates a
pathway eventually leading to apoptotic cellular death (30,31).
Downstream of the Fas receptor is FADD (Fas-associated death
domain), which binds to a conserved amino acid sequence
known as the “death domain” of the cytoplasmic end of the Fas
receptor. Together, these two proteins form an apoptotic signal-
ing complex with FLICE (FADD-like interleukin-2 converting
enzyme [ICE], also known as caspase-8). Recently, caspases
have been identified as the “common final pathway” in the exe-
cution of apoptosis in highly divergent systems (31). Caspase

assays have been developed that, as with the DNA fragmenta-
tion index, provide a method of identifying cells undergoing
apoptosis.

The bcl-2 family of proteins has been shown to play a
major role in apoptosis. The bcl-2 protein was initially dis-
covered as an overexpressed protein in B-cell lymphomas.
For this reason, bcl-2 is considered to be an oncogene.
Members of the bcl-2 protein family are both apoptosis
inhibiting (bcl-2, bel-x1, bel-w, bfl-1, brag-1, mcl-1, and A1)
and apoptosis promoting (bax, bak, bcl-xS, bad, bid, bik,
and Hrk) (24,40-45). Their actions can be independent of or
in competition with one another. For instance, when bax is
in excess, the bax homodimers predominate, favoring apop-
tosis. However, an excess of bcl-2 leads to bcl-2/bax het-
erodimers that inhibit apoptosis. In other examples, bcl-x1
inhibits apoptosis by binding and sequestering bax, whereas
bad promotes apoptosis by binding bcl-2 and bel-xl, thereby
releasing bax (24,43,44). The exact mechanism of action of
each family member is currently under investigation.
However, bcl-2, bel-x1, and bax appear to exert their effects
on the cell mitochondria either as ion channel or
adapter/docking proteins. As these proteins form ion channel
pores on the membrane surface of the mitochondria, disrup-
tion of the transmembrane potential releases caspase-activat-
ing substances, thereby activating the final common pathway
in apoptosis (23,24,46).

Tumor-suppressor genes as well as other oncogenes besides
bcl-2 are associated with the regulation and execution of
apoptosis, including p53, Rb, ras, raf, and c-myc (24,34). As
discussed previously, p53 monitors the status of DNA (Fig.
3.3). With DNA damage, p53 stalls the cell cycle through the
induction of CIP/WAF/p21, a protein that prevents phospho-
rylation of CDKs (24,34,47,48). CDKs are positive regulators
of the cell cycle. In the absence of this phosphorylated (active)
CDK, Rb will remain unphosphorylated, and the cell cycle
will halt until the DNA is repaired. If the DNA is not repaired,
p353 can promote apoptosis through the upregulation of bax
and the downregulation of bcl-2 (24,34,49,50). Cells lacking
p33 are resistant to some apoptotic induction events, such as
ionizing radiation, chemotherapeutic agents, loss of Rb, and
expression of c-myc. The effect of c-myc on the apoptotic
process is growth-factor dependent. It induces proliferation in
the presence of growth factors, but in their absence has apop-
totic effects (24,51). Overexpression of ras may lead to
increased or decreased apoptosis (24,52-54). Additionally,
ras-induced apoptosis is inhibited by bcl-2. However, phos-
phorylation of bcl-2 negates its capacity to protect cells from
ras-induced apoptosis (24,55).

Several investigators have examined differing aspects of
apoptotic mechanisms in gynecologic malignancies (56-61).
In general, overexpression of the oncogenes bcl-2 and bcl-x!
protects many cell types against inducers of apoptosis (hypoxia,
ionizing radiation, chemotherapeutic agents, and viral infec-
tion), and therefore promotes tumorigenesis. Additionally,
downregulation of the p53 tumor-suppressor gene or of the
proapoptotic bax gene also promotes tumorigenesis. In gyne-
cologic malignancies, bcl-2 is strongly expressed in normal
endometrial epithelium and is downregulated in atypical
hyperplasia and endometrial adenocarcinoma. However, the
use of bcl-2 expression as a prognostic factor is not well estab-
lished (59). With respect to p53, immunohistochemical detec-
tion of p53 in tissue correlates closely with the presence of
mutations in the gene, which is attributable to a much longer
half-life of the mutated protein. Mutations of p53 are absent
in normal endometrium but present in endometrial cancer,
particularly the endometrioid subtype; p53 expression in
endometrial cancer has been shown to correlate with tumor
type, stage, and grade but not significantly with prognosis
(57,60,62-66).



Necrosis

Historically, three types of cell death have been distinguished in
mammalian cells by morphological criteria. Type I cell death,
better known as apoptosis, is defined by characteristic changes
in the nuclear morphology, including chromatin condensation
(pyknosis) and fragmentation (karyorrhexis) (67). All of these
changes occur before plasma membrane integrity is lost. Type
II cell death is characterized by a massive accumulation of two-
membrane autophagic vacuoles in the cytoplasm. Type III cell
death, better known as necrosis, is often defined in a negative
manner as death lacking the characteristics of the type T and
type II processes, and is usually considered to be uncontrolled
(67). Necrosis can include signs of controlled processes such as
mitochondrial dysfunction, enhanced generation of reactive
oxygen species, adenosine 5'-triphosphate (ATP) depletion,
proteolysis by calpains and cathepsins, and early plasma mem-
brane rupture (67). Recent research suggests, however, that the
process of necrosis might be tightly regulated. Specific
processes thought to be involved in the regulation of necrosis
include receptor-induced necrotic cell death through receptor
interacting protein RIP1 and cyclophilin D. RIP kinases consti-
tute a family of seven members and are crucial regulators of
cell survival and death (68). RIP kinases are classified as ser-
ine/threonine kinases and are closely related to members of the
interleukin-1 receptor-associated kinase (IRAK) family. RIP1
and RIP2 (CARDIAK/RICK) also bear a C-terminal domain
belonging to the death domain, allowing recruitment to large
protein complexes initiating different signaling pathways
(68). Cyclophilin D is a mitochondrial matrix protein that
can interact with inner membrane proteins and participate in
the opening of nonspecific channels, causing dissipation of
the inner mitochondrial transmembrane potential (67).
Knockout of the cyclophilin D gene induces resistance to
necrotic cell death.

In Vivo Biology

Proliferation Indices

Various methods have been developed to measure the percent-
age of cells actively proliferating, the percentage of cells in
specific phases of the cell cycle, the duration of different
phases, and the total cell-cycle time. The labeling index (LI) is
a crude estimate of the percentage of proliferating cells within
a tumor. The LI identifies the proportion of cells that have
completed S phase during the assay by using autoradiography
to detect SH-thymidine that has been incorporated into cellu-
lar DNA. Another crude estimate of proliferation is given by
the mitotic index (MI), which relies on enumeration of mitotic
figures. This measure is limited by the relatively short dura-
tion of mitosis and the ability to correctly identify cells in
mitosis. The percent labeled mitosis (PLM) method is used to
estimate the duration of the cell cycle and its component
phases. Serial biopsies are obtained after thymidine injection
to follow the labeled cohort of cells as it passes through the
cell cycle. Ideally, waves of labeled mitoses of width Tg
(S-phase duration) are separated by T, (cell-cycle duration).
Phase duration variability, however, causes dampening of
these waves. Computer models are required to generate
approximations of the phase and cycle times. Drawbacks of
the PLM method include the preferential collection of data
from the cells with shorter cycle times and the inability to dis-
tinguish nonproliferating from slowly proliferating cells (3).
Flow cytometry has been used to analyze the cell cycle and
growth fraction. The histogram generated by fluorescent emis-
sion allows estimation of the proportion of cells with DNA
content that is diploid (G, and G, cells), tetraploid (G, and
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M cells), or intermediate (S-phase cells). The S-phase fraction
(SPF) provides an approximation of the growth fraction.
Phase determination may be complicated by background con-
tamination due to cellular debris and by the imprecision
involved in interpreting DNA distribution, especially in the
presence of aneuploidy. A more specific method for estimating
the SPF involves the administration of a nonradioactive DNA
precursor, such as 5-bromodeoxyuridine or 5-iododeoxyuri-
dine, followed by treatment with a DNA-intercalating fluores-
cent dye. The precursor may be recognized in denatured DNA
by a fluorescent-labeled monoclonal antibody. Two-parameter
flow cytometry is used to follow the labeled cohort of cells as
it traverses the cell cycle. This method can generate estimates
for T¢ and LI from a single biopsy performed at a known
interval after administration of the precursor. Similar to the
PLM method, however, these flow cytometric measurements
favor data collection from the most rapidly dividing cells.
Another application of flow cytometry is the estimation of
growth fraction via fluorescent-labeled antibody recognition
of cellular antigens expressed only by actively proliferating
cells (proliferation-dependent antigens) (3).

Estimates for the LI or SPF of solid human malignancies
are generally in the range of 3% to 15%, a proliferation rate
lower than that of normal bone marrow and intestinal epithe-
lium, but higher than that of other normal tissues such as liver
and lung (31). Typical values for tumor Tg and T are 12 to
24 hours and 2 to 3 days, respectively. These values are some-
what longer than comparable estimates for nonmalignant,
rapidly proliferating tissues. Many studies have addressed
indices of proliferation for gynecologic malignancies. The PI
(proliferation index, generally defined as %S + G, cells) and
SPF are the measures that are commonly used. SPF and PI
have been used as both discrete and continuous variables
when establishing levels of significance.

Some retrospective investigations of epithelial ovarian cancer
have found the SPF or PI to be prognostic indicators, while
others have not (69-72). A prospective evaluation of 47 cases of
ovarian carcinoma of all stages assessed SPF and expression of
Ki-67, a proliferation-dependent nuclear antigen. Expression
of Ki-67 and elevated SPF were both found to confer an adverse
prognosis. When the cases were stratified by disease dissemi-
nation, stage I/Il versus stage II/IV, the SPF retained its signifi-
cance within both groups (73).

Increasing SPF and PI have been noted to accompany
increasing severity of endometrial hyperplasia (74); several
investigators have also found a correlation between advanced
grade and elevated indices in endometrial carcinoma (75-77).
Two prospective studies, including 304 evaluable clinical stage
I/Il patients and 101 patients of all stages of endometrial can-
cer, reported SPF to be of independent prognostic significance
in multivariate analyses (75,77). Another prospective study of
209 clinical stage I/Il cases, however, found a high PI not to
have adverse implications (78).

Increasing proliferative activity, as measured by mitotic
index, has been reported to correlate with increasing degree of
cervical dysplasia (79). One prospective evaluation of 242
squamous cell carcinoma patients of all stages found SPF to be
significantly related to survival in both univariate and multi-
variate analyses, whereas another prospective study of 195
similar cases determined that SPF alone did not predict sur-
vival (80,81). A few investigators have noted the subset of
diploid cases with high proliferative indices to have a signifi-
cantly worsened prognosis (81-83).

Some studies of proliferation have assessed the less com-
monly occurring gynecologic malignancies. Retrospective
analyses of uterine sarcomas have revealed the mitotic index
or SPF to be useful for predicting clinical outcome (84-86).
For discriminating molar versus nonmolar hydropic gesta-
tions, elevated SPF was found to be useful in one study, but
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not in another (87,88). In an evaluation of 51 complete mole
patients with available follow-up, no significant difference
was noted in the SPF for those with persistent disease versus
those without (88). A retrospective evaluation of 42 cases
with all stages of squamous cell carcinoma of the vulva failed
to show a significant association between SPF and recurrence
or overall survival (89).

Precursor Lesions

A wide range of neoplasia is encountered in gynecology.
Squamous cell carcinoma of the cervix has the most well-
defined precursor lesion among the gynecologic malignancies
in the form of cervical dysplasia. High-grade cervical dysplasia
has a known high propensity for eventual infiltration into the
subepithelial tissue, whereas most low-grade dysplasia will
spontaneously regress (90). Endometrial cancer has two forms
of precursor lesions: endometrioid endometrial cancer is asso-
ciated with atypical hyperplasia arising in a setting of estrogen
excess, whereas serous and some clear cell endometrial cancer
arises from endometrial intraepithelial neoplasia (EIN) in a
setting of atrophy (91). A precursor lesion for epithelial ovar-
ian cancer has not been identified consistently, although some
researchers have found dysplasia of the ovarian surface epithe-
lium, particularly in ovarian inclusion cysts, to be associated
with ovarian cancer (92). Atypical endometriosis appears to
be a preinvasive lesion for 28% of endometrioid and 49% of
clear cell ovarian cancers (92). Further evaluation of all of
these precursor lesions is under way to define the critical
events that cause a small fraction of them to progress to overt
cancer while the rest remain premalignant or even regress.

Gynecologic neoplasms range from noninvasive benign
tumors, such as uterine leiomyomata, to aggressive malignan-
cies, such as high-grade epithelial ovarian carcinoma. Ovarian
tumors of low malignant potential (LMP, also called border-
line tumors) are relatively unique with respect to the criteria
distinguishing benign from malignant neoplasia. Although
originally thought to represent a preinvasive stage in ovarian
malignancy, recent molecular evidence suggests a more com-
plicated relationship between LMP and invasive tumors.
Serous LMP tumors do not have p53 mutations and display
loss of heterogeneity (LOH) on the long arm of the inactivated
X chromosome, whereas invasive serous ovarian cancer fre-
quently displays p53 mutations and has a different pattern of
LOH involving multiple chromosomes (93). Mucinous LMP
tumors, on the other hand, have similar patterns of K-ras
mutation and LOH as invasive mucinous ovarian cancer (92).
These results suggest that, whereas mucinous LMP tumors
may progress to invasive cancer, serous LMP tumors do not
and, in fact, likely represent a distinct disease process. Other
gynecologic neoplasms such as advanced endometriosis, with
its ability to invade structures such as the bowel and ureter
despite being a benign lesion, and pseudomyxoma peritonei,
with an indolent but nevertheless potentially lethal course,
also blur the boundaries between the behavior of benign and
malignant tumors.

Stem Cells

Stem cells are a recent focus of intense research that ultimately
may contribute to our understanding of the pathogenesis of
ovarian cancer, as well as strategies for its prevention and
treatment. Somatic stem cells divide asymmetrically, giving
rise to a cell that can replace normal differentiated tissue cells
and another stem cell. Somatic stem cells are thought to play a
role in the normal function of organs and in normal tissue
repair. Because of these repeated cycles of division, the stem
cells are prone to accumulating genetic mutations over time.
Cellular transformation may occur, creating a population of
cancer stem cells (reviewed in Ref. 94). The properties of stem

cells may explain some of the clinical features of tumors; their
ability to differentiate may explain the heterogeneous nature
of many tumors, while their ability to remain quiescent in a
niche until stimulated to undergo potentially limitless self-
renewal may help explain the process of recurrence.

Cancer stem cells, also referred to as “side population”
cells, were described first in leukemia and breast cancer.
Goodell et al. first identified a subset of cells in murine bone
marrow on the basis of their ability to efflux the Hoechst
33342 vital dye with dual-wavelength flow cytometry. These
side population cells were found to have the features of
hematopoietic stem cells (95). Recent work has identified side
population cells in epithelial ovarian cancer animal models,
cell lines, and patients. Animal models for ovarian cancer have
progressed significantly with the identification of the miiller-
ian inhibiting substance type II promoter in a mouse model of
serous ovarian cancer as well as the Kras/PTEN Cre recombi-
nase mouse model for endometrioid ovarian cancer (96,97).

Szotek et al. utilized these two models to identify side pop-
ulation cells. One cell line derived from each model was found
to have side population cells based on a sort using Hoechst
33342. These cells, in turn, were capable of forming tumors
when injected into the dorsal fat pad of nude mice. In addi-
tion, side population cells were identified in three of four
human ovarian cancer cell lines and the ascites from four of
six patients with ovarian cancer (98).

Bapat et al. also examined the tumor cells in ascites from a
patient with advanced ovarian cancer for evidence of cancer
stem cells. Initially, one tumorigenic clone was identified, but
another spontaneously transformed in culture. Both clones
were capable of producing anchorage-independent spheroids
that self-renewed. They also induced serous tumors when
injected subcutaneously or intraperitoneally into nude mice.
These features suggest that the clones represent true cancer
stem cells (99).

Genetic Alterations

Chromosomal Abnormalities

Karyotypic and molecular biologic analyses have provided
evidence that most cancers arise in association with clonal
genetic changes. Multiple genetic alterations appear necessary
for conversion from the normal to the cancerous state, with
primary events that are responsible for tumor initiation and
secondary changes that account for tumor progression and
heterogeneity. Gross chromosomal abnormalities include
translocations, deletions, inversions, and amplifications
affecting entire sections of a chromosome (100). Most forms
of malignant neoplasia demonstrate both intertumoral and
intratumoral heterogeneity with respect to chromosomal
aberrations. Molecular chromosomal abnormalities in cancer
consist of point mutations affecting a specific locus on the
chromosome, frequently involving dominant (e.g., ras) or
recessive (e.g., pS3) oncogenes (101).

Classic examples of chromosomal abnormalities found in
cancer are the reciprocal translocations that occur in chronic
myelogenous leukemia (CML) [t(9;22)] and Burkitt’s lym-
phoma [t(8;14)] and the inherited deletions of 13q14 in
retinoblastoma (102). In CML, the protooncogene abl is
translocated from chromosome 9 to 22. This results in the for-
mation of a new protein that represents a fusion of the abl and
ber gene products. Experimental infection of mice with retro-
viruses carrying the gene encoding this fusion protein has
produced a CML-like condition in these animals. In Burkitt’s
lymphoma, the myc protooncogene is repositioned near genes
encoding the immunoglobulin heavy or light chains and is
constitutively activated. Deregulated expression of the myc



gene results in cellular proliferation. Characterization of chro-
mosomal abnormalities at 13q14 in hereditary retinoblastoma
resulted in the identification of the retinoblastoma gene (Rb).
The identification of allelic loss in tumors from patients het-
erozygous at this locus (loss of heterozygosity or LOH analy-
sis) has provided evidence that similar molecular mutations
appear to be operating in the hereditary and sporadic forms
of the disease. The Rb protein appears to have a major role
in regulating cell division; the consequences of alterations
at the Rb locus have led to its characterization as a tumor-
suppressor gene.

Gross chromosomal alterations have been described in
both benign and malignant gynecologic neoplasia, but are
more frequent and generally more extensive in the latter. In
uterine leiomyomata, clonal chromosomal aberrations have
been reported in 15% to 54% of tumors studied, with abnor-
malities involving chromosomes 12 and 14 being most fre-
quently detected (103,104). In uterine sarcomas, up to 71% of
tumors have demonstrable and often multiple abnormalities,
with chromosomes 1, 7, and 11 most commonly involved,
especially 1122 (105,106). Cervical carcinoma is character-
ized by chromosome 1 alterations in greater than 90% of
tumors, as well as by frequent deletions involving 3p, 11q,
and 17p (107-110), while karyotypic analysis of epithelial
ovarian cancers reveals frequent abnormalities of chromsomes
1,3,7,11,and 12 (111-113).

In general, less aggressive malignancies are associated with
less complex karyotypic changes. Simple chromosomal
abnormalities have been reported for some granulosa cell
tumors, tumors of low malignant potential, low-grade epithe-
lial ovarian cancer, and early-stage endometrial and ovarian
carcinomas, whereas advanced epithelial ovarian carcinoma
frequently demonstrates complex chromosomal changes
(112-118). In addition, specific changes for certain tumors
may represent a later event in tumorigenesis or may confer a
worse prognosis. The frequency of polysomy for chromosome
1 increases as the severity of cervical intraepithelial neoplasia
increases (109). Gallion et al. detected LOH on 17p in benign,
borderline, and invasive epithelial ovarian tumors, but found
allelic loss on 11p in the invasive cancer cases only (119).
LOH on 13q was noted in 58% of informative cases overall,
including 80% of stage I tumors. Worsham et al. analyzed six
squamous cell carcinomas of the vulva, each containing multi-
ple chromosomal rearrangements (120). Two specific dele-
tions, 10g23-25 and 18q22-23, were present in all four of the
patients who died of disease but in neither of the long-term
survivors.

Somatic Versus Germ-Line Mutations

In addition to the above classification, genetic changes may be
characterized as germ-line versus somatic. Whereas all of the
cells in an individual with a germ-line mutation will manifest
the genetic alteration, somatic mutations occur in a single cell
and are detectable in tumors secondary to clonal proliferation.
Germ-line genetic changes have been shown to be the basis of
the hereditary cancers seen in syndromes such as BRCAI,
BRCA2, and hereditary nonpolyposis colon cancer (HNPCC).
In general, these hereditary syndromes are thought to account
for only a minority of gynecologic cancers. Somatic mutations,
on the other hand, occur in the majority of cancers.

Clonality

Many human tumors exhibit extensive heterogeneity with
respect to cellular properties such as morphology, surface mark-
ers, and chromosomal abnormalities. This diversity has raised
the question of whether tumors originate from a monoclonal or
polyclonal origin. One method of assessing clonality evaluates
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X-linked gene products such as the isozymic expression of glucose-
6-phosphate dehydrogenase (G6PD) (121). Another technique
utilizes restriction fragment length polymorphism (RFLP) analy-
sis, exploiting the differential methylation patterns of X-linked
genes such as hypoxanthine phosphoribosyl transferase (HPRT),
phosphoglycerate kinase (PGK), and the human androgen
receptor (HUMARA assay) (122). The use of proliferation-
independent X chromosome-linked markers is based on
lyonization, the phenomenon of random inactivation of one X
chromosome in the embryonic cells of mammalian females. The
somatic cells of heterozygous women will be mosaics, with
approximately equal numbers of cells expressing either the
maternal or paternal allele, but no cells expressing both. A
tumor arising in a woman heterozygous for an X-linked gene
would be expected to express only one allele if it originated
from a single antecedent cell, but to express both alleles if its
origin were polyclonal (121). Although the studies utilizing
these techniques have generally suggested a monoclonal origin
for tumors, the interpretation of the results is complicated by
technical issues with the assays, particularly the presence of
monoclonal patches in many of the surrounding normal tissues,
raising the possibility that the monoclonal tumor simply reflects
the clonal composition of the normal tissue.

Genetic markers acquired secondary to somatic events
have also been studied to assess clonality. Examples include
the rearrangement of immunoglobulin and T-cell receptor
genes in lymphoid malignancies (120), the allelic loss on auto-
somes described for a number of different cancers (123), and
point mutations. Immunohistochemistry or molecular probes
are used to determine if the same gene product or gene
arrangement is present in all of the cells within the tumor, sug-
gesting their origin from a common precursor cell. LOH
analysis is employed to discern whether the pattern of allelic
loss is identical in all of the cells in a given tumor. Point muta-
tions may be assessed by techniques such as RFLP analysis
using restriction endonuclease digestion. Studies using these
techniques have been performed on acute myelogenous
leukemia, Burkitt’s lymphoma, and many epithelial tumors.
The results have provided overwhelming evidence for a mono-
clonal origin of most human malignancies.

Many studies have analyzed the clonal nature of gyneco-
logic malignancies. Fialkow reported the use of G6PD analysis
for a variety of tumors, including cervical carcinoma, but this
method was thought to be inconclusive, owing in part to its
inability to reliably exclude the presence of contaminating
normal tissue in the assay (120,124,125). Other problems
noted with this method included the requirement for a rela-
tively large amount of tissue and the low frequency of G6PD
polymorphism in the female population. In contrast,
Vogelstein et al. demonstrated that RFLP analysis of the
HPRT and PGK genes could be used to assess the clonality of
tumors in greater than 50% of American women. Of 92
tumors tested with the HPRT and PGK probes, the X-inacti-
vation patterns seen reflected clonality accurately in greater
than 95% (122). Sawada et al. evaluated the clonality of 25
gynecologic malignancies (4 cervical, 11 uterine, 7 ovarian,
and 3 tubal) in women heterozygous for the BstXI polymor-
phism of the PGK gene. All 25 tumors were determined to be
monoclonal, whereas adjacent normal tissue was polyclonal.
DNA preparations from separate areas of the same primary
tumor and from corresponding metastatic lesions again
revealed identical allelic inactivation (125). The differential
methylation patterns of the PGK gene on which this RFLP
analysis is based could potentially limit the utility of this
approach, however, since DNA methylation patterns are
sometimes altered in malignancy.

Several investigators have employed a strategy of combined
X-chromosome inactivation and autosomal LOH analysis to
assess the clonality of metastatic epithelial ovarian cancer.
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Jacobs et al. investigated the primary tumor and metastatic
implants for LOH at five loci on chromosomes 5, 11, 13, and
17 and sequenced exons 5-8 of the p53 gene in 17 cases.
X-chromosome inactivation of the PGK gene could be assessed
in five of these patients. Strong evidence for a single precursor
cell was presented for 15 of 17 cases. In two cases, data were
thought to be compatible with either a monoclonal origin or
origin from two primary ovarian carcinomas (126). Tsao et al.
tested for LOH at 12 loci on chromosome 17 in 16 patients
and were able to evaluate allelic inactivation of the HPRT
gene in four of these 16. In all cases, the X-chromosome inac-
tivations and LOH patterns were identical for all tumor
deposits tested in each individual patient (127). Li et al. exam-
ined eight cases of invasive and one case of borderline ovarian
carcinoma. Analysis of LOH at 86 polymorphic autosomal
loci and X-chromosome inactivation patterns of the RFLP
DXS255 in five informative patients strongly suggested a
monoclonal origin for all of the tumors tested (128).

In contrast, Muto et al. have provided evidence for a poly-
clonal origin in four of six cases of papillary serous carcinoma
of the peritoneum. Eight loci on chromosomes 1, 3, 4, and 17
were assessed for LOH at five or more different tumor sites
within each patient. Screening for p53 mutations was also per-
formed. Four of the six patients demonstrated selective allelic
loss at all sites tested. One of these four patients also had a
p53 mutation detected by single-strand conformational poly-
morphism (SSCP) analysis and confirmed by DNA sequencing
at only half of the distinct anatomic sites tested (129). Recent
analysis of borderline tumors has also determined that a small
subset of these malignancies is multiclonal in origin (130).
Additional studies of primary peritoneal serous carcinoma
and borderline tumors are needed to clarify their clonal origin
and their relationship to, or distinction from, primary ovarian
serous carcinoma (131).

Ploidy

The cells in a tumor may be described in terms of their overall
DNA content as compared to that of normal tissue. Normal
tissue primarily contains cells that have a diploid (2n) comple-
ment of chromosomes, a subset of cells that have undergone
DNA synthesis (4n) but have not yet divided, and a smaller
number of cells with an intermediate amount of DNA.
Deviation from this distribution is termed aneuploidy and
occurs in approximately 70% of human tumors (132). Tumor
ploidy status is frequently described by a ratio known as the
DNA index. The numerator is the DNA content in tumor cells
that are either not actively proliferating or are in the process
of replicating but have not yet undergone DNA synthesis,
whereas the denominator is the DNA content of normal
diploid cells. Index values deviant from 1 are used to define
aneuploidy (3).

FIGURE 3.4. DNA histograms for (A) diploid
and (B) aneuploid tumors. A: The normal dis-
tribution of cells in somatic tissue is shown,
with the majority possessing a 2n DNA con-
tent, and a smaller fraction having a 4n or
intermediate amount of DNA. B: In contrast,

CELL NUMBER

Flow cytometry and, more recently, image cytometry are
methods that have been used to assess the ploidy status of
tumors. In flow cytometry, a DNA intercalating fluorescent dye,
such as propidium iodide, is applied to a single-cell suspension.
Laser excitation of the stained nuclei, which have been isolated
from the cell, generates a fluorescent emission proportional to
the amount of DNA in each cell. A histogram is generated,
which is analyzed for evidence of tumor aneuploidy (Fig. 3.4)
(3). Flow cytometry may be applied to paraffin-embedded as
well as fresh-frozen tissue. In addition, because of the large
number of cells evaluated, it may be used to describe other cel-
lular parameters, such as the cell-cycle composition of the
tumor cell population. Potential confounding factors associated
with this method include cellular debris and normal cells con-
tained in the suspension. In image cytometry, touch imprints of
the tumor are stained with a stoichiometric nuclear dye, such as
feulgen. To quantify DNA staining, a computer measures the
optical density in intact cells that have been prescreened by light
microscopy to exclude nontumorous cells. The number of cells
analyzed is usually 100 to 200, which is in contrast to the
20,000 to 50,000 required by flow cytometry. Both paraffin-
embedded and fresh-frozen tissue may be used for image
cytometry. Other applications of image cytometry include the
description of nuclear architecture and the quantification of
hormone receptors (133-135). Although flow cytometry and
image cytometry have provided comparable estimates of aneu-
ploidy between series of cancer cases, the classification within
series of cases evaluated by both methods may differ by as
much as 15% (135).

Several important caveats regarding the use of ploidy status
should be noted. Normal ploidy status should not be equated
with a normal karyotype. Because ploidy determination pro-
vides an estimate of overall DNA content only, tumors with
structural chromosomal abnormalities may still manifest a
normal DNA content. Also, different areas of the same tumor
may manifest heterogeneity with respect to ploidy status
(71,136,137). Thus, differences in sampling techniques such
as obtaining single versus multiple tissue specimens may par-
tially explain the discrepant results of various investigators
examining the same tumor type.

Ploidy studies of epithelial ovarian cancer have detected
aneuploidy in 0% to 34% of LMP tumors and in 50% to 80%
of invasive carcinomas (70-73,113,134-143). The three
largest published series of LMP tumors are case-control studies
that reached conflicting conclusions regarding the significance
of aneuploidy and prognosis (139-141). In invasive disease,
studies have suggested that ploidy status may be of prognostic
importance. Several studies have found ploidy status to be of
independent prognostic significance in early-stage invasive dis-
ease (70,73,142,144,145). Many investigations that have
included advanced-stage invasive disease have also reported a
significant adverse association between aneuploidy and

a tumor-cell population is shown that con-
tains a prominent population of cells with an
intermediate DNA content.
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median time to recurrence or long-term survival (70-73,144,
146,147). Subset analysis by stage in some of these studies,
however, has shown the association to be significant only in
patients with early-stage tumors (73,144). Suboptimal tumor
debulking at the primary surgery, a higher frequency of positive
second-look laparotomies, and a greater likelihood of recur-
rence after a negative reassessment procedure have all been
associated with aneuploidy, although the relationships have not
always been statistically significant (69-73,77,78,80-83,133,
135,136,138-150). Overall, it appears that cytometric analysis
of tumor DNA content is an important prognostic indicator in
ovarian cancer and is associated with a shortened median time
to recurrence and long-term survival. This association appears
particularly true in early-stage tumors.

The clinical value of DNA ploidy status has also been
analyzed in both endometrial hyperplasia and carcinoma
(74,78,151-153). Norris et al. defined a set of combined mor-
phometric and DNA content criteria to help distinguish
between various forms of endometrial hyperplasia and carci-
noma (154). Lindahl and Alm prospectively evaluated 156
patients with endometrial hyperplasia (109 cystic glandular,
35 adenomatous, and 12 atypical). The frequency of aneu-
ploidy was 21%, 20%, and 33 %, respectively. Follow-up at
24 months for a subset of patients treated with dilatation and
curettage only revealed nonhyperplastic endometria in 64 % of
those whose hyperplasias were initially diploid compared to
36% of those whose lesions were nondiploid. The difference
was not statistically significant, but they noted that this may
have resulted from the small number of cases analyzed
because a number of patients were lost to follow-up (74).
Whereas earlier studies produced conflicting results with
respect to the clinical value of DNA ploidy status on progno-
sis in endometrial carcinoma, more recent studies have shown
DNA ploidy status to be an important prognostic indicator
with respect to survival (78,151-153). In a subgroup of 293
women with early-stage disease from a Gynecologic Oncology
Group protocol, Zaino et al. found a significant increased risk
of disease-related death for patients with aneuploid tumor
type as compared to patients with diploid tumor type (151).
Although this study examined early-stage disease, Nordstrom
et al. recently examined DNA ploidy status in 266 patients
with advanced-stage or early-stage grade 3 tumors. In this
study, World Health Organization (WHO), International
Federation of Gynecology and Obstetrics (FIGO), and nuclear
grading were evaluated for prognostic impact in relation to
clinical variables and DNA ploidy. Patients with clinical stage
I (grades 1-2) tumors were excluded. In univariate Cox analy-
ses, WHO, FIGO, and especially nuclear grading (p < 0.001),
as well as age, stage, and ploidy, were prognostic regarding
survival. In the multivariate Cox analyses, WHO and FIGO
grades yielded little further independent information beyond
nuclear grade. When DNA ploidy was added to the analyses,
nuclear grade lost most of its impact because aneuploidy was
a powerful factor (p < 0.001) that covaried with nuclear
grade (152). Thus, it appears that recent data would suggest
aneuploidy as being an independent indicator of poor progno-
sis with respect to endometrial carcinomas.

Preinvasive and invasive cervical diseases have also been
evaluated for the prognostic significance of aneuploidy
(155-164). A good correlation has been demonstrated between
normal or dysplastic Papanicolaou smears and normal or ane-
uploid DNA histograms, respectively (158,159). An increasing
DNA index and a higher frequency of aneuploidy have been
reported for increasing degrees of cervical intraepithelial neo-
plasia (CIN) (158,160-162). Some investigators have sug-
gested defining a subset of CIN at high risk for progression by
quantitating the degree of aneuploidy (161,163). Bibbo et al.
(164) found that polyploid CIN was more likely to revert
to normal histology than aneuploid, nonpolyploid CIN.
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Additionally, in a prospective study examining the natural
history of CIN, Kashyap et al. (162) noted that aneuploid
CIN 1 and CIN 2 lesions were more likely to progress to CIN
3 than euploid lesions. Retrospective and prospective studies
of invasive cancer, however, have not demonstrated a consis-
tent relationship between aneuploidy and prognosis (81-83,
154-156). Other gynecologic malignancies such as uterine
sarcoma, gestational trophoblastic disease, granulosa cell
tumors, vulvar cancer, and fallopian tube cancer have not
shown a consistent relationship between ploidy status and
prognosis (84-86,88-89,165-169).

Genomic and Proteomic Analysis Techniques

Recent advances in molecular techniques have provided new
genomic and proteomic approaches that allow for a more pre-
cise analysis and definition of the genetic lesions within cancer
cells (170). Loss of genetic material may reflect the presence of
tumor-suppressor genes, whereas gain of chromosomal
regions identifies the presence of dominant oncogenes.

Fluorescent In Situ Hybridization. Gross chromosomal
abnormalities are detected by the examination of cultured
tumor cells arrested in mitosis by spindle poisons using stan-
dard cytogentic techniques. Fluorescent iz situ hybridization
(FISH) is an excellent technique for identifying the copy num-
ber and location of specific genes (or chromosomal regions)
within a tumor. A nucleic acid probe that recognizes a specific
gene (chromosomal region) is labeled with a fluorescent dye
and hybridized to chromosomal spreads. A control for chro-
mosome number is accomplished by using a centromeric probe
labeled with a different fluorescent dye (Fig. 3.5). Using these
probes, total and relative (per chromosome) gene copy number
can be derived. Loss of genetic material may reflect the pres-
ence of tumor-suppressor genes, whereas gain of chromosomal
regions identifies the presence of dominant oncogenes.

A related technique known as comparative genomic
hybridization (CGH) allows a much broader assessment of
chromosomal imbalances (171). CGH represents the first
approach to scanning the entire genome for DNA copy num-
ber abnormalities. The technique utilizes total genomic DNA
from control and test samples, which are then labeled with dif-
ferent fluorescent dyes, mixed, and hybridized to normal
metaphase spreads. A region that is deleted in the test sample
will not hybridize to its chromosomal location, causing the
control sample’s dye to be in excess. Conversely, the test sam-
ple’s dye will be in excess if a region is amplified. Thus, a global
assessment of chromosomal imbalances can be determined. A
more recently developed version of CGH utilizes microarrays
(see below) that contain genomic DNA probes. Hybridization
of the above-described labeled probes to microarrays contain-
ing genomic DNA from a variety of chromosomal regions can
provide a quantitative evaluation of chromosomal imbalances.

Whereas FISH allows a specific locus of interest to be iden-
tified, CGH represents an advance in its ability to assess the
whole genome for gene copy number alterations. FISH has
demonstrated that 3q26 has increased copy number in 40% of
ovarian cancers (172). Various studies utilizing CGH have con-
sistently revealed aberrant gains in 3q26-qer, 7q32-qter, 8q24-
qter, 17q32-qter, and 20q13.2-qter and losses in 4, 13q, 16qter,
18qter, and Xq12 in the genome of fallopian tube and ovarian
cancers (173-175). CGH analysis has also been used to evalu-
ate for copy number abnormalities in BRCA1 and BRCA2
mutation carriers compared to sporadic ovarian cancer cases
(176-178). Inconsistent results have been obtained so far,
likely due to small sample sizes and varying inclusion of spe-
cific mutations. However, two studies have shown increased
copy numbers on 2q (176,178), while two have shown losses
on chromosomes 9 and 19, particularly in the BRCA1 group
(177,178), and merit further evaluation.
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FIGURE 3.5. FISH analysis of advanced ovarian cancers for cyclin E.
The BAC clone containing the CCNE1 (cyclin E) gene was labled with
spectrum orange, whereas the BAC clone containing the INSR gene
(to control for aneusomy) was labeled with spectrum green.

Microarrays. Subsequent advances in technique have allowed
genomic segments spotted onto arrays to be substituted for the
metaphase spreads used in the CGH technique. Microarrays
allow for increased resolution, and the potential to improve effi-
ciency and reproducibility. The first array platforms utilized bac-
terial artificial chromosomes (BAC) as large inserts.
Investigators then developed cDNA microarrays. Currently,
commercially produced oligonucleotide arrays or single
nucleotide polymorphism (SNP) arrays are widely used. Arrays
can be designed to focus on a specific area, such as a particular
chromosome or region of a chromosome, or can include a large
number of genomic segments to assess across the entire genome.

Using microarrays, expression profiles can be established for
tumors of different histology, stage, and grade and compared to
those of normal tissues. These comparisons can identify genes
whose aberrant expression is present in the malignant cell com-
pared to that of its normal counterpart. The selection of the
appropriate control sample is critical as it serves as the basis for
this analysis. For ovarian tumors, the control sample can be
selected to include RNA harvested from the whole ovary or
RNA isolated solely from the ovarian surface epithelium. Since
the majority of ovarian cancers are thought to be of epithelial
origin, the surface epithelium may provide a more specific nor-
mal counterpart. Alternatively, there is the potential loss of
genetic alterations in the ovarian stroma, the local host

microenvironment, which may be important to the adjacent
tumor cell growth. This question was evaluated by profiling the
five tissues typically selected as a normal ovarian control in
ovarian cancer microarray studies (179). Each normal tissue’s
comparison to the same set of ovarian cancer samples generated
a unique set of differentially expressed genes, emphasizing the
importance of the normal control when assessing the list of
genes found to be up- or down-regulated in a comparison to
cancer. Although there is no broadly accepted standard for the
optimal normal ovarian control, this data indicates the poten-
tial hazards in cross-comparison between microarray studies if
different normal controls are used.

Ovarian cancers of different histologic subtypes have been
profiled (180-1835). The expression of genes unique to a par-
ticular histologic subtype may help explain clinical and bio-
logic characteristics of these subtypes and generate the basis
for additional study. For example, clear cell carcinoma of the
ovary has traditionally been associated with chemoresistance
and an overall poor clinical outcome. Using oligonucleotide
arrays, Schwartz et al. analyzed the four major histologic
types of ovarian cancer among 113 separate tumors. A unique
expression profile of 73 genes was demonstrated in the clear
cell ovarian cancers (180). Similarly, other investigators have
also noted a distinct profile among clear cell ovarian cancers
compared to ovarian cancers of other histologic subtype
(181). One study compared the expression profiles of ovarian
cancers of different histologies to the analogous subtypes of
endometrial cancer. This analysis showed a strong influence of
the organ of origin for papillary serous and endometrioid his-
tologies. In contrast, tumors of clear cell histology demon-
strated a striking similarity despite different organs of origin,
even when renal clear cell carcinomas were included in the
analysis, which implies a unique cell of origin and/or biology for
all clear cell cancers (182). Collectively, this data suggests that
there may be a benefit to subtype-specific diagnostic and ther-
apeutic strategies for ovarian cancer. Subsequent validation
studies with clinical correlation have identified up-regulation
of the ABCF2 gene in clear cell ovarian cancers (183). ABCF2
belongs to the ATP-binding cassette gene superfamily.
Currently this gene requires further characterization as it may
represent a useful prognostic marker or a potential therapeutic
target in clear cell ovarian malignancy.

Other investigators have focused on the molecular signa-
ture identified in mucinous ovarian tumors. Microdissection
of mucinous cystadenomas, mucinous tumors of low malig-
nant potential, and mucinous adenocarcinomas was per-
formed. The tumors were compared to normal ovarian surface
epithelium and a series of microdissected serous ovarian
tumors. Hierarchical clustering showed a close association of
mucinous tumors. Analysis of the gene expression profiles in
mucinous tumors demonstrated an up-regulation of genes
involved in cytoskeletal function, which was confirmed with
reverse transcriptase polymerase chain reaction (RT-PCR)
(184). Other investigators have utilized whole tissue samples to
demonstrate a distinct pattern of gene expression among muci-
nous tumors (185). One gene highly overexpressed in mucinous
ovarian cancers is LGALS4, an intestinal cell surface molecule.
Interestingly, LGALS4 is located at 19q13.3, a region previously
identified to harbor a high frequency of loss of heterozygosity in
mucinous ovarian cancers (186).

Other research has focused on clarifying whether a contin-
uum from normal to premalignant to malignant tissue exists
for ovarian cancer as it does for other malignancies such as col-
orectal and cervical cancer. For instance, tumors of low malig-
nant potential (LMPs), also known as borderline tumors of the
ovary, have metastatic potential and some histologic features
similar to invasive ovarian cancers; however, LMPs generally
demonstrate a slow growth rate and an indolent clinical
course. Recently, gene expression profiling was applied to
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FIGURE 3.6. Hierarchical clustering analysis of the 14,119 probe sets passing the filtering criteria for
LMP, low-grade, high-grade, and OSE specimens and binary tree validation. Clustering analysis was
completed using the 1 — correlation metric with centroid linkage. Overall tree structure was retained
despite the association of low-grade tumors with LMP tumors and the grouping of early-stage and late-
stage high-grade lesions. Low-grade and early-stage high-grade samples are indicated in bold. Misclassified
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specimens are bold and italicized.

define the relationship between LMPs and invasive ovarian
cancers (Fig. 3.6). Microdissected LMPs and invasive ovarian
cancer of both serous and mucinous histology were compared
to normal ovarian surface epithelium. Unsupervised clustering
of the expression profiles demonstrated that the serous LMPs
cluster separately from high-grade tumors and closer to nor-
mal epithelial cells. Interestingly, the majority of low-grade
serous invasive tumors clustered with serous LMP tumors,
with p53-dependent genes prominently represented on the
gene lists. The high-grade invasive tumors showed enhanced
expression of genes linked to proliferation, chromosomal
instability, and epigenetic silencing compared to the low-grade
tumors and LMPs (187). These findings strongly support the
concept that serous LMP tumors develop via a pathway that
includes the low-grade tumors, whereas high-grade tumors
develop along an independent route. In contrast, analysis of
mucinous tumors revealed a much closer relationship between
LMP tumors and their invasive counterparts. In fact, a molecu-
lar continuum from benign mucinous cystadenoma to muci-
nous LMPs to invasive cancer seems to exist. This supports the
idea that a benign mucinous cyst can progress via a borderline
lesion to invasive tumor, whereas a serous cyst typically will
not undergo transformation to a high-grade ovarian cancer.
Additional insights from profiling research such as these may
identify the specific molecular events involved in the etiology
of each type of ovarian tumor. Understanding these molecular
events can then be utilized as targets for screening strategies or
for therapeutic intervention.

Gene expression profiling has also been used to identify
expression gene patterns in ovarian cancer that correlate
with important clinical outcomes. One study employed an
oligonucleotide array with over 40,000 features to achieve a
whole-genome assessment in which 1,191 genes demonstrated
differential expression when compared to normal ovarian

surface epithelium. RT-PCR was utilized as a confirmatory
analysis on 14 randomly selected genes. The differentially
expressed genes include those associated with cell growth, differ-
entiation, adhesion, apoptosis, and migration (188). With regard
to other known clinical prognostic markers, unique gene expres-
sion profiles have been demonstrated for early- versus late-stage
disease, tumor grade, and surgical resectability (189-191).

Recently, correlation of gene expression profiles with ovar-
ian cancer chemoresistance has been defined (192-194).
Unique profiles are associated with primary ovarian cancers
that subsequently demonstrate either sensitivity or resistance
to chemotherapy. Intrinsic and acquired chemoresistance yield
different patterns of gene expression. Further, gene expression
profiles have been used to predict early recurrence and posi-
tive second-look surgical findings, clinical markers of
chemoresistant disease (195,196).

Serial Analysis of Gene Expression. Serial analysis of gene
expression (SAGE) is one of several new techniques that allow
determination of the expression patterns of thousands of
genes simultaneously. SAGE was developed on the basic prin-
ciples that a short sequence tag (10 base pairs) contains suffi-
cient information to uniquely identify a transcript and that the
concatenation of tags in a serial fashion allows for increased
efficiency in a sequence-based analysis. The procedure
involves the synthesis of cDNA, which is then cleaved. The
fragments eventually are amplified via polymerase chain reac-
tion (PCR), concatenated, and sequenced. The identity and
abundance for individual transcripts in a tissue can thus be
determined (197). The advantage of SAGE is that it is an
“open” technique that does not require prior knowledge of
the sequences to be analyzed. Microarray technology requires
the knowledge of the target sequences (cDNAs or oligonu-
cleotides printed on the microarrays). However, microarrays
tend to be easier to utilize.
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Carcinogenesis

Initiation and Promotion

The biologic processes of tumor initiation and promotion were
first characterized from experiments that involved the induction
of skin tumors in mice (198). Animals given high doses of an
agent such as a polycyclic aromatic hydrocarbon (initiator or
carcinogen) would eventually develop a low number of skin
papillomas. If subtumorigenic doses of this agent were followed
by multiple administrations of substances that by themselves
could not produce tumors (promoters), such as croton seed oil,
the animals developed papillomas at a high rate. Further treat-
ment of these animals with a carcinogen converted some of the
papillomas to carcinomas. From these classic studies, data from
other animal models, and the direct study of human cancers, it
has become clear that carcinogenesis is a multistep process.

Initiation is the first stage of carcinogenesis and is character-
ized by irreversible changes in the cellular DNA. Initiators can
be chemical, physical, or viral agents. Chemical carcinogens are
usually identified by their ability to cause malignancies when
given as a single agent to animals or by epidemiologic studies of
environmental/occupational exposures. Their mechanism of
action stems in part from their ability to form reactive elec-
trophilic species that can form covalent adducts with nucle-
ophilic sites found in nucleic acids. These adducts can cause
DNA structural distortions and, if not repaired prior to subse-
quent DNA synthesis, heritable mutations. The activity of a
chemical carcinogen may vary depending on the dose received
and host factors, such as age, sex, species, and target organ
specificity. Examples of chemical carcinogens are aromatic
amines, nitrosamines, hydrazines, chlorocarbons, reactive alky-
lating agents, and some natural products, including heavy metals
such as cobalt, chromium, and nickel (198). Physical carcino-
gens include ionizing and ultraviolet radiation, which produce
DNA mutations and chromosomal abnormalities through the
formation of intermediates such as free radicals and pyrimidine
dimers, respectively. Agents such as ultraviolet light, x-rays, cer-
tain viruses and chemicals, and tumor-cell DNA can be used to
produce cell lines that are not only immortalized but capable of
forming tumors in immunocompromised animals (199).

Promotion, the second stage of carcinogenesis, involves a
series of generally reversible cellular and tissue changes that
inevitably involve cellular proliferation. This proliferation results
in the clonal expansion of initiated cells, which then accumulate
more mutations, resulting eventually in a transformed cell. Most
tumor promoters do not form electrophilic species. Activities
associated with tumor promoters include changes in phospho-
lipid, polyamine, and nucleic acid synthesis; enzyme induction;
and release of prostaglandins, with concomitant alterations in
cell morphology, differentiation, and mitotic rate. Some promot-
ers bind to protein kinase C, a known second messenger in signal
transduction pathways (198). Examples of substances classified
as promoters include phorbol esters, phenobarbital, saccharin,
and hormones such as estrogen (198,200).

The molecular mechanisms of tumor promotion involve
proliferative stimuli from growth factors and hormones, the
activation of second messenger cascades, stimulation of transcrip-
tion factor activities, and ultimately changes in the expression
of effector genes involved in the biologic processes of cellular
growth and/or differentiation. The net effect is to alter cell divi-
sion, produce clonal expansion of initiated cells, and allow for
the continued accumulation of key mutations necessary for the
development of the fully transformed phenotype (201).

Potential tumor promoters have been identified for gyneco-
logic malignancies. For example, monocyte products interleukin
(IL)-1, IL-6, and TNF-o have all been demonstrated to stimulate
the growth of ovarian cancer cells (202). The role of these and
other growth factors in the development of gynecologic cancer

is more fully described above. In addition, another example is
provided by the well-known growth stimulatory effect of estro-
gen on endometrial glands.

Occupational/environmental exposure to chemicals has not
been identified as an important risk factor for the development
of gynecologic malignancies, unlike other cancers such as those
of the lung and bladder. The limited data that exist have been
derived primarily from animal studies. Multiple chemicals have
been shown to have the potential for causing ovarian granulosa
cell tumors, benign mixed neoplasms, or nonneoplastic toxic
changes in some, but not all, rodent species tested (203,204).
Examples of such agents include 1,3-butadiene, benzene, and
tricresylphosphate. Chemical agents given in conjunction with
an estrogen have also been used to generate endometrial carci-
noma and uterine sarcoma in rodents (205,206).

Physical carcinogens may play a role in the development of
some gynecologic tumors. A history of prior pelvic irradiation is
associated with the development of uterine sarcoma, particularly
malignant mixed mesodermal tumor. Case series of patients
developing endometrial adenocarcinoma following irradiation
for cervical cancer have also been reported, with a dispropor-
tionate number of cases of papillary serous histology (207).

Agents that function as tumor promoters in the develop-
ment of female genital cancers have been better characterized.
Unopposed estrogen, whether exogenous or endogenous, is a
well-known risk factor for endometrial carcinoma. More
recently, concern has been raised over the partial agonist activity
of the antiestrogenic agent tamoxifen, which is used most often
in the prevention and treatment of breast cancer. Also, sequen-
tial oral contraceptives (OCPs) have been associated with an ele-
vated risk of endometrial cancer, but have been replaced by com-
bination preparations, which, in contrast, impart protection
against both uterine and ovarian epithelial carcinoma.

Exposure to some hormonal agents has been associated with
an increased risk for the development of other gynecologic
malignancies as well, although their precise role (initiator vs.
promoter) in the pathogenesis remains unclear. For example,
several studies have reported an increased rate of cervical can-
cer among long-time users of OCPs. Also, intrauterine exposure
to diethylstilbestrol is associated with an increased risk of devel-
oping clear cell adenocarcinoma of the vagina and cervix.

Viral Carcinogenesis

Experiments in the early 1900s in which inoculations of fil-
tered, cell-free extracts from the cancer cells of one animal
could induce a tumor in a healthy recipient provided evidence
for the role of a transmissible agent in some forms of animal
carcinogenesis (208). This phenomenon was initially demon-
strated for chicken leukemia and sarcoma, with the responsi-
ble infectious agents isolated known as avian leukemia viruses
(ALVs) and avian or Rous sarcoma viruses (ASV or RSV),
respectively. Subsequently, the mouse mammary tumor viruses
(MMTVs) were shown to transmit mammary carcinomas
from nursing mothers to newborn mice via breast milk, and
murine leukemia viruses (MuLV) were found to spread hori-
zontally by means of cell-free extracts. These viruses are all
examples of RNA-containing retroviruses.

The general structure and life cycle of a retrovirus are
depicted in Figure 3.7. A retrovirus consists of an outer enve-
lope and an inner core, within which resides the viral genome.
The envelope is a lipid bilayer containing viral glycoproteins
encoded by the env gene. The core contains capsid proteins
specified by the gag gene, and two identical single viral RNA
strands with bound reverse transcriptase enzyme encoded by
the pol gene (208). A retrovirus enters a host cell by absorp-
tion and endocytosis via specific cell-surface receptors. For
example, the human immunodeficiency virus (HIV) is a retro-
virus with a known specificity for CD4* cells. Inside the host
cell cytoplasm, the viral RNA is released from the envelope
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FIGURE 3.7. The structure and life cycle of a retrovirus. The outer envelope of a retrovirus is a lipid
bilayer containing viral glycoproteins encoded by the env gene. The inner core consists of capsid proteins,
specified by the gag gene, and two identical single viral RNA strands with bound reverse transcriptase
enzyme encoded by the pol gene. After entry into the host cell cytoplasm via absorption and endocytosis,
the viral RNA is released from the viral particle and reverse transcribed into DNA. An extension of a
nucleotide repeat sequence of the ends of the viral RNA is also synthesized, forming a long terminal
repeat (LTR) on the DNA that contains sequences necessary for viral RNA synthesis. The DNA then
localizes to the nucleus and is randomly integrated into the host genome. The viral genome is replicated
and mRNA encoding viral proteins are produced and translated. New virions are assembled from their

component parts and released from the cell.

and capsid proteins are then reverse transcribed into DNA. An
extension of a nucleotide repeat sequence on the ends of the
viral RNA is also synthesized, forming a long terminal repeat
(LTR) on the DNA that contains promoter, enhancer, and
polyadenylation sequences required for viral RNA synthesis.
Between the LTRs are located the env, gag, pol, and various
other genes, depending on the type of retrovirus. This DNA
localizes to the nucleus and is randomly integrated into the
host genome by means of sequences at the ends of the LTR.
The integrated DNA serves as a transcription template to
replicate the viral genome or produce mRNA for structural
and functional viral proteins. Virions are assembled from the
viral RNA and processed proteins and are then released (208).

Transforming retroviruses may be classified into two basic
types based on their mechanism of action (209). The first
group consists of the acute transforming viruses, which can
transform cells in culture within several days. These viruses
contain viral oncogenes (v-onc) derived from normal host cell
sequences called protooncogenes (c-onc) through the process
of transduction, which involves recombination of viral and
host genomes during viral integration. In the process of trans-
duction, viral sequences necessary for reproduction are
replaced by cellular DNA (c-onc), rendering the retrovirus
replication defective and dependent on competent “helper
viruses” to complete the replication process. In fact, oncogenes
were first identified by the study of tumor-causing viruses. V-oncs
frequently differ from c-oncs by containing mutations and no
intervening/noncoding sequences (introns). Protooncogene
products include a wide range of proteins that are critical for
the control of cell growth. They include growth factors and
their receptors, nuclear transcription factors, and signal trans-
duction proteins. Because retroviruses carrying these genes will
express high levels of these products upon infection, the effects
of these retroviruses on cell function are seen acutely.

Chronic or slow-acting retroviruses constitute the other
major class of transforming retroviruses. They contain no
oncogenes, are replication competent, and are associated with
a long latency period. The mechanism of transformation by
these viruses is via insertional mutagenesis (209). Random and
rare viral genomic integration near a protooncogene or

growth-effector gene (e.g., c-erbB, c-K-ras, or IL-2) results in
abnormal transcriptional activation of the cellular gene. If the
integration is upstream of the gene and in the same orientation
for transcription as the gene, it is considered functionally a
promoter insertion. When the integration occurs downstream
from the target or upstream but in an opposite transcriptional
orientation, the viral LTRs are thought to operate through
enhancer insertion. An example of insertional mutagenesis is
demonstrated by ALV, which can induce bursal lymphoma in
chickens following integration of viral LTRs near the c-myc
protooncogene by either promoter or enhancer insertion.

Viruses containing linear or circular double-stranded DNA
have also been implicated in carcinogenesis. The Shope papil-
lomaviruses, extracted from the warts of cottontail rabbits
and transmitted horizontally to tumor-free animals, were the
first such viruses isolated. Another early isolate was the poly-
oma virus, capable of causing murine salivary gland adenocar-
cinoma (208). The structures and activities of the DNA tumor
viruses are more complex than those of the retroviruses. In
general, the mechanisms of transformation may be direct or
indirect (210). Direct methods include activation of cellular or
viral oncogenes, alteration of host cell protein expression at
the site of viral integration, and the interaction of viral onco-
proteins with cellular proteins, such as the products of tumor-
suppressor genes (210,211). Indirect actions include altering
the host cell genome without persistence of the viral DNA or
induction of host immunosuppression.

One example of a DNA tumor virus is simian virus 40
(SV40), a member of the papovavirus family (208). Although
nonpathogenic in its natural adult monkey host, it can cause
tumors when inoculated into newborn hamsters and certain
strains of neonatal mice. Cell culture studies have shown that
papovaviruses can cause either a lytic infection, in which the
virus undergoes replication and subsequent release from the host
cell via lysis and cell death, or an abortive infection, characterized
by cell survival but with a subset undergoing transformation with
viral DNA integrated in the host cell genome. Permissive cells
that can support viral replication, like adult monkey cells, are
subject to lytic infection. Nonpermissive or semipermissive cells,
such as hamster cells, will typically be transformed.
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Cells transformed by papovaviruses will often contain only
a portion of the viral genome. The only consistent segment
integrated in cells transformed by SV40 is the early viral region
encoding proteins known as large-T and small-T antigens. The
role of the small-T antigen is not well characterized, but several
functions have been ascribed to the large-T antigen. By study-
ing experimental mutants, functional domains of large-T have
been identified. At least two domains appear to be involved in
transformation. One of these includes amino acids 105-114, a
segment necessary for binding to pRb (the product of the
retinoblastoma tumor-suppressor gene) and p107 (a 107-kD
cellular protein). Mutations within this domain will destroy
the ability of SV40 to transform cells. Another domain
includes that of amino acids 272-625, which contains binding
sites for the p53 protein, DNA polymerase-o, and ATP, and is
involved with helicase and self-oligomerization activities.
Mutations within this portion of the SV40 genome will abolish
its transforming ability in some, but not all, cell lines. Large-T
antigen is also instrumental in the initiation and regulation of
viral DNA replication and transcription.

The adenoviruses constitute another group of DNA tumor
viruses studied in animal models and cell culture (208). In
humans, they can cause acute infections of the eye and upper
respiratory and intestinal tracts, whereas in rodents, they can
cause tumors in neonates or transform cultured rodent cells.
Similar to SV40, only a portion of the viral genome is consis-
tently integrated. For the adenoviruses, this is represented by
the E1A (early region 1A) and E1B gene sequences. Multiple
gene products can be produced from both E1A and EIB as a
result of differential splicing of transcripts. E1A products can
immortalize cells but require the presence of E1B or an acti-
vated ras in cell culture to cause transformation. E1A can also
regulate cellular and viral transcription. There are three con-
served amino acid sequence domains for E1A. The first two
are required for transformation and contain the binding sites
for pRb. In addition, E1A can bind p107 and a 300-kD cellu-
lar protein, whereas E1B binds p53.

Despite extensive investigations of the role of transforming
viruses in animal models and in iz vitro cell culture, their role
in human cancer remains speculative. Human T-cell leukemia
virus (HTLV-1) is a retrovirus that confers risk for human
adult T-cell leukemia (ATL) (211). Infection is specific for
CD4* lymphocytes, and can be transmitted vertically through
breast milk or horizontally via sexual intercourse or blood
transfusions. After random integration into the host genome,
polyclonal expansion of T cells occurs during a latency period,
which can last several years. Only a subgroup of infected
patients actually develops leukemia, which is manifested by a
clonal cell population that has the same viral site of insertion
within all of the malignant cells of a given patient. In addition
to the env, gag, and pol genes typical of retroviruses, the
HTLV-1 genome encodes proteins known as Tax and Rex
(212). The mechanism of transformation by HTLV-1 appears
to involve Tax protein transcriptional activation of cellular
genes. Genes whose expression is altered include IL-2, c-sis,
c-fos, granulocyte-macrophage colony-stimulating factor, and
a subunit of the IL-2 receptor.

Acquired immune deficiency syndrome (AIDS) patients are
known to be at increased risk for developing certain malignan-
cies, such as lymphoma and Kaposi’s sarcoma (KS). HIV is a
CD4+ tropic retrovirus that causes AIDS, but its relationship to
the above cancers remains unclear. For instance, although KS is
commonly found in AIDS patients, its tumor cells lack evi-
dence of viral genomic integration. However, supernatants
from HIV-infected cells have been shown to be growth enhanc-
ing for the KS cells of AIDS patients secondary to the presence
of the tat gene product encoded by the virus. In addition, germ-
line insertion of the fat gene into mice precipitates skin tumors
resembling KS (61). HIV, therefore, may act indirectly to

induce and/or promote the development of KS. An increasing
incidence of aggressive B-cell lymphomas has also been noted
in HIV patients. Whether this is a result of reactivation of other
viruses or an alteration in immune surveillance is unknown.
Epstein-Barr virus (EBV) and c-myc overexpression appear to
be involved in a large number of these cases (213).

EBV is a member of the DNA herpesvirus family. In addition
to causing mononucleosis by acute infection, it has been associ-
ated with Burkitt’s lymphoma (BL), lymphoma of the immuno-
compromised host, and nasopharyngeal carcinoma (214,215).
The mechanisms of these associations remain to be defined. It is
known that B cells and nasopharyngeal epithelium contain the
cell-surface receptor CR2, which serves as a receptor for both
C3d serum complement and EBV. In addition, B lymphocytes
can be immortalized by EBV infection in vitro. Viral genes
encoding EBV nuclear antigen 1 (EBNA-1), EBNA-2, and latent
membrane protein (LMP) are the most likely candidates for
effectors of immortalization (208). Although EBNA-1 has been
the only latent gene consistently expressed in BL, experiments
with LMP mutants have suggested that LMP is required for the
transformation of B lymphocytes, but which domain is neces-
sary is currently unclear (216,217). BL characteristically con-
tains chromosomal translocations, primarily t(8;14) but also
t(2;8) and t(8;22), which reposition the protooncogene c-myc
near immunoglobulin (Ig) genes. The resulting deregulation of
c-myc favors cellular proliferation. Magrath et al. have proposed
a theory regarding the development of BL in African children
(217). Infectious diseases such as malaria may alter the relative
and absolute numbers of B-cell precursors in the bone marrow
and perhaps mesentery, which are cells that are susceptible to the
translocations found in BL. Ig enhancers may increase the fre-
quency of translocations, and therefore play a role in c-myc
deregulation. Magrath et al. believe that EBV probably increases
Ig enhancer activity. BL is seen as a consequence of collaboration
between EBV infection and these chromosoml aberrations. EBV
may also cooperate with HIV in the development of some other
B-cell lymphomas. When B lymphocytes from EBV-seropositive
donors are infected with HIV, a subset of these cells is subse-
quently transformed. These transformed cells show marked ele-
vations of c-myc transcripts and protein, as well as EBV DNA
and RNA (213).

Another DNA virus associated with a human cancer is the
hepatitis B virus (HBV). Chronic HBV infection is strongly
associated with the development of hepatocellular carcinoma.
HBV is hepatotropic secondary to the presence of HBV recep-
tors on liver cells that recognize the viral coat protein. Acute
infection is frequently hepatotoxic, resulting in destruction of
liver cells. Chronic infection is associated with viral integra-
tion. The precise mechanism by which HBV increases the risk
of developing hepatocellular carcinoma remains unknown.
Although HBV is not an acutely transforming virus, two viral
genes can be consistently demonstrated after integration. They
are ORF (open reading frame) X, and preS2/S, which encode
proteins that can function as transcriptional activators (208).
Insertional events may be important in the role of HBV in the
pathogenesis of liver cancer. Modification of cyclin A has been
reported secondary to HBV viral genomic integration into an
intron of the cyclin-A gene in cancerous liver cells. The resul-
tant hybrid HBV-cyclin A transcript encodes a stabilized
cyclin A resistant to degradation. This may play a role in the
process of carcinogenesis, as cyclin A is intimately involved
with cell-cycle control through its association with protein
kinases such as p34°4¢2 and is a component of protein com-
plexes involving E2F transcription factor and p107 (218,219).
Insertional mutagenesis involving the retinoic acid receptor-§
gene and the mevalonate kinase gene owing to EBV integration
has also been reported (220).

Historically, herpes simplex virus 2 (HSV-2) was the first
viral agent suspected of playing a role in the pathogenesis of



gynecologic malignancies. It is a member of the herpes family of
DNA viruses. Epidemiologic studies showing a higher frequency
of HSV-2 antibodies in women with cervical cancer than in
healthy women suggested a possible link between HSV-2 infec-
tion and cervical cancer. Fragments of the HSV-2 genome have
been identified in some cases of cervical and vulvar carcinoma,
but are usually not integrated into the host genome (221,222).
Genital keratinocytes previously immortalized by integration of
human papillomavirus 16 have been transformed in cell culture
by transfection with a subgenomic region of HSV-2 known
as Bglll N (223). However, with subsequent cell passages, the
transformed phenotype was maintained despite loss of the HSV-2
genetic material. In addition, normal epithelial cells transfected
with HSV-2/Bglll N were not transformed. These data support
the hypothesis that if HSV-2 plays a role in the development of
cervical cancer, it most likely functions indirectly as a cofactor.

The study of viral infections as possible contributors to the
process of gynecologic carcinogenesis is now focused primarily
on human papillomavirus (HPV). HPVs are epitheliotropic
DNA viruses and members of the papovavirus family (224).
The HPV viral particle consists of an approximately 8,000-base
pair (bp) circular double-stranded DNA molecule surrounded
by an icosahedral capsid structure (225). The viral DNA con-
tains seven early (E1-E7) and two late (L1 and L2) open read-
ing frames (ORFs), plus a noncoding region (NCR) of about
1,000 bp involved in the control of replication and transcrip-
tion (Fig. 3.8). E1 contains the DNA sequences for at least two
proteins involved in DNA replication. Genes encoding activator
and repressor proteins, which regulate viral mRNA synthesis,
are located in E2. E4 may play a role in the maturation of viral
particles. The ES and E6/E7 ORFs were originally identified by
their participation in the in vitro transformation of rodent cells
by fragments of the bovine papillomavirus genome. L1 and L2
contain genes that encode the viral capsid proteins.
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FIGURE 3.8. The HPV genome. The HPV genome is an approxi-
mately 8,000-bp circular double-stranded DNA molecule containing
seven early (E;-E-) and two late (L1 and L2) open reading frames
(ORFs), plus a noncoding region (NCR) involved in the control of
replication and transcription. E; contains sequences for proteins
involved in DNA replication. E, encodes activator and repressor pro-
teins that regulate viral mRNA synthesis. E, is thought to be involved
in the maturation of viral particles. E6 and E, can immortalize human
keratinocytes and cooperate with oncogenes in the process of malig-
nant transformation. L1 and L2 encode viral capsid proteins.
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Over 60 HPV types have been identified by cross-hybridiza-
tion procedures demonstrating less than 50% DNA sequence
homology between any two types (224). Approximately 20 of
these have been isolated from the anogenital tract. The lesions
associated with HPV infections vary depending on the viral
type involved. Lorincz et al. analyzed the relationship between
15 common anogenital types of HPV and cervical dysplasia in
2,627 women (226). Evidence of HPV viral DNA was found in
84% of the 153 invasive carcinoma cases, predominantly HPV-
16, -18, -45, or -56, with about 10% containing HPV-31, -33,
-35,-51,-52, or -58. They referred to the former group of HPV
types as “high risk” and to the latter group as “intermediate
risk.” Of the 261 cases of high-grade intraepithelial lesions
(HGSILs), 54% contained high-risk HPV, 24% had intermedi-
ate-risk types, and 4% included viral DNA from their desig-
nated “low-risk” group, which included HPV-6, -11, -42, -43,
and -44. The 377 low-grade intraepithelial lesions (LGSILs)
contained high-risk types in 23%, intermediate-risk HPV in
17%, low-risk types in 20%, and no evidence of HPV in 30%.
Nine percent of the LGSIL cases could not be classified.
Multiple other investigators have also demonstrated the fre-
quent association of HPV-16 and -18 with HGSILs and invasive
carcinoma, while HPV-6 and -11 are more often found in
condylomas and low-grade dysplasia. Squamous cell histology
has been studied more extensively than that of adenocarcinoma
and adenosquamous carcinoma. The prevalence of HPV DNA
in these less common types of cervical cancer has varied from
20% to 80%, depending on the method of detection used
(226). The vast majority of vulvar condylomata acuminata are
also associated with the low-risk HPV types, whereas high-risk
types have been demonstrated in invasive vulvar carcinoma.

HPV DNA has been detected in host cells in both inte-
grated and nonintegrated (episomal or extrachromosomal)
states (225,226). Episomal viral DNA is characteristic of
benign cervical precursor lesions, although integrated HPV is
sometimes found in HGSILs. Invasive carcinoma almost
always contains integrated viral DNA, but episomal forms of
the viral genome have also been detected. Although integra-
tion has occurred near cellular protooncogenes, in general the
site of viral integration appears to be random with respect to
the host genome. However, there is a consistent pattern with
respect to the site of disruption of the circular viral genome in
the process of integration. The viral DNA is usually inter-
rupted in the E1/E2 region, which is the viral transcriptional
regulatory system. Upon integration into the host genome,
two ORFs, E6 and E7, are consistently retained (224).

Human keratinocyte cell cultures and tumor cell lines
have illustrated the participation of the HPV E6 and E7 pro-
teins in the processes of immortalization and transformation.
Transfection of human foreskin keratinocytes with high-
risk HPV DNA, but not with low-risk HPV DNA, has been
demonstrated to immortalize these cells (227). Integration and
expression of both E6 and E7 are usually required for efficient
immortalization, since E7 alone has weak activity and E6 alone
has none (227). The role of HPV in the multistage process of
cervical/vulvar carcinogenesis would appear to be early in the
course of the disease since the effect of HPV has generally been
limited to immortalization. Progression to the fully transformed
phenotype has been described in an HPV-18-immortalized ker-
atinocyte cell line after multiple passages, but in general, this
phenomenon is quite rare (228). The transfection of an acti-
vated Ha-ras oncogene into HPV-16-immortalized cervical cells
can render them tumorigenic, demonstrating the ability of HPV
to cooperate with another cellular insult to effect carcinogenesis
(229). Persistent expression of E6 and E7 appears to be neces-
sary to maintain the transformed phenotype. The application of
synthetic anti-E6 and anti-E7 oligonucleotides to cervical and
oral cancer cell lines containing HPV-18 significantly inhibits
cell growth (230). Treatment of the cells with both antisense
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oligonucleotides inhibits growth more effectively than either
one applied alone.

An important property of the E6 and E7 oncoproteins is
their biochemical interaction with tumor-suppressor gene
products. Similar to adenovirus E1A and the SV40 large-T
antigen, HPV E7 can bind pRb. The E7 proteins from HPV-16,
-18, -6, and -11 have all been demonstrated to bind pRb in
vitro, although the binding affinities of the high-risk HPV
types are higher (231). The E6 proteins of HPV-16 and -18
have been shown to bind p53 iz vitro, which is analogous to
adenovirus E1B and SV40 large-T (231). Inactivation of p53
and pRb, secondary to protein binding or mutation, may dis-
rupt control of cellular proliferation. The small proportion of
cervical cancer that is HPV-negative frequently harbors a
demonstrable p53 mutation. By use of p53-responsive
reporter plasmids and a HeLa cervical cancer cell line, Hoppe-
Seyler and Butz have shown that HPV-16 E6, as well as
mutant p53, can disrupt p53-mediated transactivation (232).
Additional investigation is needed to further define the specific
role of HPV in cellular transformation.

Molecular Basis of Carcinogenesis

Early epidemiologic studies suggested that the development of
human epithelial cancers is a complex multistage process. The
study of tumors that rise in frequency with age has revealed
that cancer incidence is proportional to the nth power of age
(233). This relationship may be interpreted to suggest that
some 7 events, each time dependent but independent of each
other, must occur before a tumor can develop. Two models
have been proposed to explain how these events might take
place. One proposal is that a single cell accumulates multiple
genetic lesions (single target, multihit). The other suggests that
multiple cells receive a single insult (multiple targets, single
hit). Because of evidence suggesting that most human tumors
have a monoclonal origin, the former theory has received the
most support. Whether or not the 7 events need to occur in a
certain order for a given malignancy to develop is unclear.

These epidemiologic data, combined with results from the
aforementioned animal models of carcinogenesis, strongly
suggest that human cancer results from a complex, multistage
process. The application of modern molecular biologic tech-
niques to the biologic mysteries of cancer has supplied addi-
tional critical evidence for the multistage hypothesis. The
identification and characterization of oncogenes as cancer-
causing genes has provided the structural link between the
carcinogen/promoter model of malignancy and the biochemi-
cal pathways known to be activated in the process of cellular
transformation. A recent review proposed that despite the
enormous variety of human cancers, five basic rules exist for
making human tumor cells (234). According to these rules,
malignant cells must have the ability to generate their own
mitogenic signals, to resist exogenous growth-inhibitory con-
trols, to evade apoptosis, to proliferate without limits, and to
acquire vasculature. In addition, advanced tumors acquire the
ability to invade and metastasize.

Oncogenes have been described by (a) identification as
transforming sequences found within retroviruses; (b) gene
transfer experiments in which DNA sequences from tumor
cells were shown to transform normal recipient cells; (c) char-
acterization of fusion genes at chromosomal breakpoints; and
(d) identification by nucleic acid sequence homology.
Protooncogenes are cellular genes that play important roles in
cellular proliferation. Activation of protooncogenes occurs
secondary to point mutation, gene amplification, or loss of
normal control mechanisms regulating gene expression.
Overexpression or overactivity of the protein product results
in the transformation of normal cells (235). Protooncogenes
that have been well characterized include growth factors and

their receptors, nuclear transcription factors, and components
of signal transduction pathways (235).

Multiple activated oncogenes have been detected within
gynecologic malignancies, some of which have been previ-
ously described in this chapter (236). For example, overex-
pression of c-erbB2, which encodes a transmembrane tyrosine
kinase with 40% sequence homology to the epidermal growth
factor (EGF) receptor, occurs in approximately 30% of epithelial
ovarian carcinomas. The ras family of oncogenes encodes a
protein with GTPase activity and is activated by point mutation.
Activation of ras genes has been detected in endometrial carci-
nomas and ovarian LMP tumors. Overexpression of the
nuclear transcription factor c-myc has been described in a large
number of female genital cancers.

Another type of oncogene known to be important in car-
cinogenesis is the tumor-suppressor gene. Historically, two
independent lines of evidence supported its existence (235).
Somatic cell hybrids, formed by the fusion of tumor cells with
normal cells, frequently display a normal, rather than trans-
formed, phenotype. This suggests that the normal cells harbor
factors with tumor-suppressive activity. In addition, epidemio-
logic studies of the pediatric malignancy retinoblastoma strongly
support the existence of recessive oncogenes. Retinoblastoma
occurs in two forms. The inherited form occurs early in life,
with tumors that are frequently bilateral and multifocal. The
sporadic form occurs later in life and is unilateral. Hethcote
and Knudson hypothesized that this tumor results from the
loss of function of a key regulatory gene (236). In the hereditary
form, a mutated allele is inherited; a tumor results when the
second allele undergoes a somatic mutation. The sporadic form
of the disease occurs as a result of two independent somatic
events occurring in the same cell. Careful cytogenetic evaluation
of retinoblastoma tumors revealed gross chromosomal abnor-
malities at 13q14. Molecular analysis of this area led to the
identification and characterization of the retinoblastoma gene.
Subsequently, other tumor-suppressor genes have been identified
and shown to have dramatic effects on cellular proliferation.
Mutational inactivation of these genes leads to deregulation of
cell growth.

Mutation of the tumor-suppressor gene p53 is the most
common genetic alteration in human cancer. Mutation of this
gene, which frequently leads to overexpression of the p53 pro-
tein, is associated with a large number of human malignancies,
including tumors of the female genital tract. In advanced-stage
ovarian carcinoma, for example, p53 mutations occur in
about 50% of cases. Multiple other tumor-suppressor genes
have been proposed by the identification of other nonrandom
allelic losses occurring within certain tumors.

Multistage Carcinogenesis Model

Careful analysis of human epithelial cancers has provided sub-
stantial evidence for the general model of multistage carcino-
genesis. For instance, the study of colorectal carcinoma has
identified a series of histologic and molecular correlates in the
progression from normal epithelium to hyperplasia, adenoma,
and, ultimately, carcinoma. Some of the molecular events in
this sequence are now known and include inactivation of the
APC and p53 tumor-suppressor genes and activation of the ras
protooncogene (237). In other human cancers, such as lung
cancer, activated ras genes, p53 mutations, and 3p deletions
are frequently found, whereas p53 mutations, overexpression
of EGF receptors, and gene amplifications of c-myc and neu
are common genetic alterations in breast cancer (238,239).
Although our knowledge about the molecular biology of
gynecologic malignancies has been steadily expanding, much
remains unclear. Current research is directed at defining which
molecular events are critical to tumor development and when
these events occur. These efforts have allowed the construction
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FIGURE 3.9. Multistage model for the development of cervical carci-
noma. The transition from normal to dysplastic to malignant cervical
epithelium is shown in association with known risk factors, such as
HPV infection, tobacco use, and growth-factor stimulation. Molecular
mechanisms accompanying these changes include the binding of tumor-
suppressor gene products by HPV oncoproteins, activation of growth-
factor pathways, and genetic alterations such as c-myc amplification
and LOH at 3p. Tumor promoters stimulate the division of initiated,
partially transformed cells. Accumulation of additional oncogene/
tumor-suppressor gene mutations effects full transformation and invasion
of the basement membrane.

of hypothetical models of the development of gynecologic can-
cers, such as that for cervical carcinoma seen in Figure 3.9.
The transition from normal to dysplastic to malignant cervical
epithelium is shown in association with known risk factors for
this process, such as HPV infection, tobacco use, and growth
factor stimulation. Molecular mechanisms accompanying
these histologic changes include the binding of tumor-suppres-
sor gene products by HPV oncoproteins, activation of growth
factor pathways, and genetic alterations such as c-myc ampli-
fication and LOH at 3p (235). Initiated cells are stimulated to
divide under the influence of tumor promoters, produc-
ing clonal expansion of partially transformed cells. As more
oncogene/tumor-suppressor gene mutations occur, cells become
fully transformed and invade the basement membrane.

The multistage model of carcinogenesis provides multiple
opportunities for intervention. Primary prevention involves risk
factor modification. Smoking cessation, avoidance of unopposed
estrogen, prophylactic salpingo-oophorectomy, and dietary
modification are activities aimed at preventing the initiation
and/or promotion of gynecologic cancers. Secondary prevention
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implies intervening once the early events in tumor formation
have occurred. This involves identification of the histologic
stages of early carcinogenesis and treatment of the affected tis-
sue. Traditionally, this has meant addressing preinvasive disease
by surgery, topical applications, and hormonal manipulation.
More recently, laser ablation and immunotherapy have been
used. Identification of the molecular events occurring early in the
development of gynecologic cancers may provide new, more sen-
sitive, and more specific markers for the early detection of these
tumors.

Improved understanding of the molecular basis of the mul-
tistage process of human carcinogenesis has also provided
novel approaches to cancer prevention and therapy. For initia-
tion and progression events, compounds that inhibit the activ-
ity of activated ras genes, antisense oligonucleotides that can
reverse the transformed phenotype of HPV-associated cancer
cells, and the potential to replace the lost functions of mutated
tumor-suppressor genes by gene therapy exist (230). Better
understanding of the role of tumor promotion in the develop-
ment of epithelial cancers has provided other excellent targets
for intervention. The development of growth-factor antago-
nists might inhibit or reverse growth-factor-induced cellular
proliferation, which is critical for tumor promotion.

Another approach aimed at inhibiting tumor-promoter-
induced cellular proliferation has been suggested by the work of
Brown et al., who have created a dominant-negative mutant of
the nuclear transcription factor c-jun (240). This mutant pro-
tein can block the activities of wild-type transcription factors in
the c-jun and c-fos families and block cellular transformation
by a wide range of oncogenes. Blocking transcriptional activity
may be a potent method of inhibiting cellular proliferation
associated with tumor promotion. A similar but more pharma-
cologic approach is the use of antioxidants for chemopreven-
tion. Epidemiologic studies have found an association between
decreased serum levels of the micronutrient beta-carotene and
either a diagnosis of cervical dysplasia and carcinoma or a
future risk of such disease (241,242). Research regarding the
potential effect of beta-carotene therapy is ongoing.

Retinoids have been shown to retard the growth and differ-
entiation of HPV-16-immortalized human cervical cells
(243,244). These agents may trigger transcriptional factor
pathways that either directly or indirectly interact with other
proteins to redirect cellular programming. Meyskens et al.
have published the results of a randomized phase III trial in
which patients with moderate or severe cervical intraepithelial
neoplasia (CIN) received either topical all-trans retinoic acid
or a placebo (245). A significant increase in the complete
regression rate of CIN 2 was achieved, but no significant
treatment effect was seen for the CIN 3 group. More data
regarding the clinical usefulness of retinoic acid are needed.

BIOCHEMISTRY OF NEOPLASTIC
CELLS

Cell Structure

Malignant cells differ from normal cells by dramatic changes in
their overall size and shape, as well as changes involving their
intracellular components. The nuclei of malignant cells are often
enlarged and irregular, containing coarse, clumped chromatin.
The nucleus:cytoplasm ratio, normally in the range of 1:4 to
1:6, frequently approaches 1:1 (2). Nucleoli are often more
prominent in cancerous cells than in normal cells. These differ-
ences can be quantitated and exploited as a measure of cellular
transformation. For example, the technique of silver staining
and counting nucleolar organizer regions (AgNORs) has been
applied to cervical dysplasia and ovarian tumors. Wistuba et al.
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demonstrated an increasing number of AgNORs with increas-
ing severity of cervical dysplasia (246). In another study involv-
ing 24 mucinous and 28 serous epithelial ovarian tumors, a
higher number of AgNORs were found in invasive carcinomas
than in borderline or benign tumors. The differences were not
significant for mucinous tumors, but a significant difference was
demonstrated for the invasive serous versus noninvasive serous
neoplasms (72).

Cellular fibrils appear to have important structural and
functional roles in both normal and neoplastic cells. As pre-
sented in the description of the transformed cell, disorganiza-
tion of actin microfilaments is thought to underlie some of the
morphologic changes and random orientation manifested by
these cells (246). Experimental evidence suggests that increased
actin organization is associated with in vitro growth suppres-
sion (247). The distribution of intermediate filaments, such as
desmin, vimentin, and the keratins, varies among different
types of tumors. Monoclonal antibodies that recognize these
filaments can aid in the diagnosis of poorly differentiated neo-
plasms. In addition to their traditionally ascribed functions,
such as maintenance of cell structure and assistance with cell
movement, intermediate filaments have been shown to play a
role in cell division and nuclear function. They are demon-
strated substrates for protein kinases involved with regulation
of cellular proliferation, such as p34¢4¢2 and C-kinase.
Phosphorylation of intermediate filaments is associated with
their depolymerization during mitosis (248,249). Also, data
suggest that lamin B, a component of the nuclear laminin
complex, may be involved with the organization of chromatin
during DNA replication (250).

Significant alterations in the structure and function of the cell
membrane accompany malignant transformation. Modification
of membrane glycoproteins, glycolipids, and cell surface adhesive
properties are associated with the ability to invade and metas-
tasize. An increased degree of branching in the glycan chains
of glycoproteins has been noted as well as abnormal fucosylation
and sialylation of membrane carbohydrate moieties (251,252).
In some cases, new gangliosides or other novel structures are
produced. These aberrantly glycosylated membrane components
are recognized by monoclonal antibodies as tumor-associated
carbohydrate antigens.

Tumor Metabolism

The process of malignant transformation produces profound
changes in cellular metabolism. Tumor cells demonstrate a
higher rate of both glycolysis and glutaminolysis, providing
intermediary phosphometabolites for the biosynthesis of
nucleotides, lipids, and complex carbohydrates. Alterations in
the concentrations and activities of certain isoenzymes, such
as the greatly increased activity of pyruvate kinase type M2,
underlie these changes. Phosphometabolite levels are also
higher secondary to lowered levels of their degradative
enzymes (253-255). Other metabolic aberrations described in
tumor cells include alterations in cholesterol biosynthesis and
intramitochondrial aldehyde catabolism (255).

One consequence of altered tumor metabolism is the higher
level of fucoproteins seen in the sera of cancer patients as com-
pared to healthy individuals. Elevated serum levels of a-1,3
fucosyltransferase and fucosylated forms of o,-antitrypsin
and haptoglobin have been detected in patients with ovarian
cancer, and these levels appeared to correlate with disease
status (256). Another secondary effect of the abnormal metab-
olism of cancer cells is its effect on the host metabolism. When
cancer strips its host of nutrients, the host metabolism adapts
by processes such as increasing gluconeogenesis. Eventually,
anorexia and depletion of energy stores are manifested in the
clinical condition known as cachexia.

Tumor-Associated Antigens, Oncofetal
Proteins, Hormones, and Enzymes

Tumor cells may produce substances unique to the tissue cell
of origin, such as prostate-specific antigen and human chori-
onic gonadotropin (2). Other substances that are secreted by
tumors are infrequently or never elaborated by their normal
cellular counterparts. These include ectopic hormones responsible
for the paraneoplastic syndromes, tumor-associated antigens
such as CA-125, and oncofetal antigens such as o-fetoprotein
(2). Oncofetal antigens, although absent from normal adult
tissues, can be found in developmental precursor cells. Many
of these tumor products are particularly useful as tumor
markers that can assist with cancer diagnosis and surveillance.
In addition, cancer cells frequently demonstrate an imbalance
between the activities of proteolytic enzymes, such as plas-
minogen activator, metalloproteinases, and cathepsins, and
their inhibitors. These deregulated enzyme activities are
thought to play a role in the processes of tumor invasion and
metastasis (257).

Protein Processing and Degradation

For proteins to serve their roles in cellular function, they
require proper structure and carefully regulated levels that
reflect a steady-state balance between synthesis, folding, and
degradation. Recent discoveries have shown that protein fold-
ing, which is required for proper protein function, is mediated
through a group of proteins called chaperones. Heat shock
protein 90 (Hsp-90) is a typical chaperone that binds to a
large number of client proteins and assists in their appropriate
folding (258). Once appropriately folded, these proteins are
fully functional until they become denatured and then targeted
for degradation. Proteins are degraded in part by ubiquitina-
tion and targeting to the proteosome. Ubiquitination is
accomplished by a family of ubiquitin ligases whose substrate
specificity depends upon protein sequence and phosphoryla-
tion status. The proteosome is a complex of proteins including
proteases that degrades a wide range of proteins. This com-
plex process accounts for the tissue-specific and cell-cycle reg-
ulation of expression of many critical proteins.

The ubiquitination/proteosome process has received a
great deal of attention in relation to its contribution to cancer
development. Mutations and alterations in the phosphoryla-
tion state have been shown to change ubiquitination status
and turnover of critical proteins including those involved in
the cell cycle. Based in part upon these observations, the pro-
teosome has been targeted for the development of novel small
molecule inhibtors. It is hypothesized that these inhibtors
would potentially be effective chemotherapeutic agents (258).

Signal Transduction Pathways

Neoplasia may be viewed fundamentally as a disorder of cell
proliferation in both space and time. Central to the orderly
occurrence of normal cell proliferation is the response to envi-
ronmental cues. Growth factors, originally defined as peptides
or proteins extractable from living tissues that promote cell
proliferation in artificial (e.g., cell and organ cultures) sys-
tems, have come to be viewed as the means by which these sig-
nals are conveyed. In this way, neoplasia can also be viewed as
a disorder of cellular communication.

“Signal transduction” refers to the biochemical mecha-
nisms by which small molecules alter the state or activities of
the intracellular milieu. Two broad mechanisms for signal
transduction have emerged. The first involves the covalent



modification in intracellular constituents consequent to the
action, with the “signal” lasting as long as the modification is
present. A common covalent modification is phosphorylation
accomplished by protein kinases, enzymes that transfer the
gamma phosphate of ATP to substrate molecules whose func-
tion is altered because of the attached phosphate. Two types of
protein kinases of greatest importance in the regulation of cell
growth are those that phosphorylate proteins on tyrosine
residues and those that phosphorylate proteins on serine or
threonine residues (16). Protein phosphatases function in an
opposing manner to protein kinases, providing a regulatory
mechanism for the previously described signaling cascades.

The second general mechanism for signal transduction is
found in the generation of “second messenger” molecules pro-
duced consequent to the action of a growth factor, acting
upon intracellular receptor sites to effect functional changes,
usually by allosteric mechanisms. The second messengers
whose role in growth control is most clearly defined include,
but are not limited to, calcium, cyclic AMP (cAMP), and
phospholipid metabolites. This section gives a broad overview
of the growth-regulating pathways modified by growth fac-
tors employing these effector mechanisms.

Ras Pathway

Nowhere in signal transduction research has more progress
been achieved than in characterizing the downstream path-
ways from ras. Multiple protein kinases have been identified
and their mode of interaction characterized (259). The view of
growth-factor-induced cellular activation that emerges from
this train of recent investigation is represented in Figure 3.3,
where input from either receptor-associated or nonreceptor-
associated TKs is reflected in increased generation of activated
ras bound to guanosine 5 -triphosphate (GTP). Three ras pro-
tooncogenes have been identified: the H-ras gene (homologous
to the oncogene of the Harvey murine sarcoma virus), the K-ras
gene (homologous oncogene of the Kirsten murine sarcoma
virus), and the N-ras gene (which does not have a retroviral
homologue and was first isolated from a neuroblastoma cell
line) (260). The ras oncogenes encode four 21-kd proteins
called p21%2s that are localized to the inner surface of the cell
membrane (260). Ras proteins are members of the family of
GTPases. Ras functions as a molecular switch that cycles
between an inactive guanosine 5°-diphosphate (GDP)-bound
form and an active GTP-bound state. Ras, synthesized as a bio-
logically inactive cytosolic propeptide, is localized to the inner
surface of cell membranes only after it has undergone a series
of posttranslational modifications, the first and most critical of
which is farnesylation, which adds a farnesyl isoprenoid group
to Ras and is catalyzed by farnesyltransferase (260). Activated
ras in turn associates with raf and increases the catalytic activity
of the latter protein, which propagates the signal to microtubule-
associated protein (MAP) kinase (261).

The c-raf protooncogene was originally defined as the cellu-
lar homologue of the transforming oncogene v-raf. However,
accumulating evidence from genetic approaches, summarized
by Van Aelst et al., indicates that raf functions downstream of
ras. Specifically, activated raf abrogates the need for ras to
transform cells. Mutations of raf can block ras transformation.
Growth-factor agonists that activate ras have hyperphosphory-
lated raf. Most importantly, a family of serine threonine
kinases, the MAP kinases, were themselves activated by MAP
kinase kinases (MAPKK), which are substrates for raf (262).
These genetic results led to a concerted effort to identify a bio-
chemical association between ras or ras-associated molecules
and raf. Indeed, several groups using recombinant-expressed
protein or fusion proteins produced in yeast have clearly demon-
strated a noncovalent association between ras and raf proteins
(262,263). This association has been confirmed by precipitation
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of raf using ras affinity reagents (264). However, although it is
clear that inactive raf is brought to the cell membrane by GTP-
ras, the precise mechanism by which ras activates raf still
remains unknown. Activated raf in turn phosphorylates
MAPKK (MEK), which activates MAP kinases (261).

One question regarding ras signaling is how a single pro-
tein can mediate such diverse biologic effects as apoptosis,
proliferation, and differentiation. In the GTP-bound state, ras
can activate several downstream effector pathways. These
effector pathways include raf, GTP-binding proteins Rac and
Rho, PI3K, and MEKK. Some of these ras effectors may play a
role in the development of gynecologic cancer (265). For
instance, Noey2 was originally described as a down-regulated
ras effector in ovarian cancer (266). This protein mediates
growth inhibition and may function as a tumor-suppressor
gene. The ras effectors ERK and PI3K have been implicated in
the growth control of ovarian cancer cell lines (267).

Although activated ras proteins are usually associated
with driving growth and transformation, they may also
induce senescence, apoptosis, and terminal differentiation.
Ras association domain in the tumor suppressor, RASSF1,
which binds ras in a GTP-dependent manner, is an example.
Moreover, activated ras enhances and dominant negative ras
inhibits the cell death induced by transient transfection of
RASSF1. This cell death appears to be apoptotic in nature.
Hypermethylation of the RASSF1A promoter region is com-
mon in 45% of adenocarcinomas of the uterine cervix and
40% of ovarian tumors, and is rare in squamous carcinoma
of the uterine cervix (268,269). Thus, the RASSF1 tumor sup-
pressor may serve as a novel ras effector that mediates the
apoptotic effects of oncogenic ras.

Consequently, ras-like genes may also be important for the
development of gynecologic cancers. Ras is mutationally acti-
vated in 30% of all cancers, with pancreas (90%), colon (50%),
thyroid (50%), lung (30%), and melanoma (25%) having the
highest prevalence (270). The mutant ras genes in human can-
cers encode mutated proteins that harbor single amino-acid
substitutions primarily at residues G12 or Q61. The K-ras gene
is mutationally activated in only 5% of invasive epithelial ovar-
ian cancers (271). In borderline ovarian malignancies, however,
K-ras is mutationally activated in 22% of serous and 46% of
mucinous borderline ovarian tumors (272). The precise role for
these effectors is not yet clear, but presumably they will serve
important functions in a variety of biologic processes.

Growth Factor Receptor—Associated Tyrosine Kinases

The importance of tyrosine kinases as mediators of carcinogenic
stimuli was discovered due to the identification of their capture
by acutely transforming RNA tumor viruses. Characterization
of the structure of these captured genes identified them as
kinases, while examination of the mass of phosphorylated
amino acids in virally transformed cells demonstrated an
increase in tyrosine phosphate, normally a minor phospho-
amino acid constituent. Antisera specific for the transforming
proteins precipitated proteins that have the ability to phos-
phorylate themselves and, in some cases, the precipitating
antibody. Characterization of the proteins demonstrated the
presence of phosphorylated tyrosine moieties. Subsequently, it
was demonstrated that receptors for certain growth factors
also possessed kinase activity for tyrosine. Truncated or
mutated versions of the receptors had oncogenic potential in
certain instances. Conceptually, this links tyrosine kinase
activity to the action of growth-regulatory substances.

As outlined in detail by Cadena and Gill, receptor—tyrosine
kinases have at least four structural domains: (a) an extracellular
domain that binds ligand; (b) a transmembrane helix domain
that links the external portion with the rest of the molecule; (c)
an intracellular catalytic domain that contains the core ATP
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binding and phosphoryl transfer elements; and (d) regulatory
domains that regulate the endogenous activity of the kinases by
allosteric or intrachain “pseudosubstrate”-like mechanisms or
mediate association of the receptor—tyrosine kinase with either
substrates or regulatory molecules involved in the propagation
of signals (273). Receptor-associated tyrosine kinases are
divided into groups according to the structure of their extracel-
lular domains, including the presence of a variable number of
immunoglobulin-like domains, the number of cysteine-rich
motifs, leucine-rich regions, cadherin domains, fibronectin type
III repeats, discoid I-like domains, and epidermal growth factor
(EGF)-like domains. These various structures result in at least 14
different families of receptor-associated tyrosine kinases.

In addition to causing dimerization and autophosphorylation
of the receptor, activation of growth-factor-receptor tyrosine
kinases results in phosphorylation of key substrate molecules
thought to be important in propagating the growth-promoting
stimulus. Both of these reactions create tyrosine phosphates,
which can then form complexes with Src homology region 2
(SH2) domains. SH2 domains are approximately 100 amino
acid regulatory motifs originally defined by similarity to a portion
of pp60¢s, Importantly, SH2 domains are found in a number
of signaling molecules, including phospholipase-C-gamma,
phosphatidylinositol 3’-kinase (PI 3'K), the GTPase activator for
ras proteins, protein phosphatase-1C, and many nonreceptor—
tyrosine kinases, including pp60°®®. This important family of
“adapter” molecules, represented prototypically by grb2, con-
tains small molecules devoid of catalytic functions that consist of
two SH2 domains centered around the SH3 domain and are
capable of mediating protein—protein interactions. Through
their SH2 domains, these adapter molecules function to physi-
cally associate proteins phosphorylated on tyrosine.

The important result of growth-factor-receptor—kinase
activation is the assembly of multimeric complexes through
SH2 domains of molecules with distinct signaling capabilities.
Phospholipase-C-gamma (PLC-gamma) hydrolyzes membrane
phosphatidylinositol bisphosphate (PIP,), producing inositol
triphosphate and increases in intracellular diacylglycerol
(DAG). Inositol triphosphate interacts with the cell membrane
and releases calcium. The increased DAG and calcium maxi-
mally activates protein kinase C (PKC). PI 3’K phosphorylates
phosphatidylinositols at the 3’ position, creating new sub-
strates for PLC-gamma. In addition, a substrate for PI 3'K is
protein kinase B (AKT), which has been demonstrated to be
important in suppressing apoptosis. Finally, ras GTP hydroly-
sis is stimulated by ras GAP (GTPase-activating protein).

In this way, a large signaling complex is rapidly assembled
around activated receptors, from which a variety of signal
transduction cascades emanate. The multiple components
activated through ligand binding exemplifies the profound
effect that growth factors have on target cells, because each
signaling pathway activated can initiate or amplify multiple
functional responses. Additionally, many growth factor ligands
induce receptor heterodimerization with multiple receptors
and signaling pathways, providing a mechanism that gener-
ates a large number of different cellular responses from a
limited number of receptors (274). Once activated, growth
factor receptors are rapidly internalized by the endocytotic
pathway and degraded by lysosomes (274). Ligand binding
can also act as a signal for ubiquitinoylation and subsequent
proteasome degradation. Thus, ligand binding not only activates
a myriad of signaling pathways, but also causes complementary
down-regulation of cell surface receptors and attenuation of
signaling transduction cascades.

In addition to the associations described above with recep-
tor tyrosine—protein kinases, the adapter protein grb2 can form
complexes with the mammalian homolog of the son of seven-
less (Sos) protein originally described in the sevenless
Drosophila mutant. The importance of this observation is that
the Sos protein has GDP-exchange activity for mammalian ras

proteins. Thus, receptor—tyrosine kinase activation can both
accelerate ras protein activation (through exchange of GDP for
GTP) as well as lead to ras inactivation (through GAP). These
findings provide a biochemical basis for the original observa-
tions that neoplastic transformation by receptor—tyrosine or
nonreceptor—tyrosine kinases could be blocked by genetic
maneuvers that inhibited ras function.

Nonreceptor-Associated Tyrosine Kinases

Tyrosine kinases (TKs) are enzymes that transfer the y-phos-
phate groups from ATP to the hydroxyl group of tyrosine
residues (275). They can be characterized as either nonrecep-
tor type or, more commonly, transmembrane receptor type.
The nonreceptor TKs are found in the cytoplasm, lack a trans-
membrane segment, and generally function downstream of the
transmembrane receptor tyrosine kinases (RTKs). The proto-
type for oncogenic, nonreceptor TKs is pp60°<, the cellular
homologue of the transforming oncogene of Rous sarcoma
virus, pp60V, It is representative of at least eight families of
molecules with distinct domain structures. In addition to the
Src family, these include the Abl, Fes/Fps, focal adhesion
(FAK), c-Src kinase (CSK), Janus kinase (JAK), spleen tyrosine
kinase (syk), and interleukin-2-inducible kinase (ITK) families.
These kinases can have either relatively ubiquitous expression
(e.g., abl, src) or tissue-restricted distribution (e.g., fyn, lyn).
Although they are anatomically distinct from RTKs, they have
functional similarities in that the kinase-specific activity of the
nonreceptor-tyrosine kinases increases following ligand stimu-
lation of cells in which they are found. For example, thrombin
activation of platelets and platelet-derived growth factor
(PDGF) activation of fibroblasts results in increased pp60°s™
activity, while activation of T lymphoc?ltes through the CD4
or CD8 determinants activates pp56°i¢k, a pp60cs family
member (276).

Another example of a nonreceptor TK with clinical relevance
is Abl. The Philadelphia (Ph) chromosome found in some forms
of leukemia is a result of a chromosomal translocation that
juxtaposes the c-abl nonreceptor TK gene on chromosome 9 with
a breakpoint cluster region (bcr) gene on chromosome 22 (275).
The resulting fusion protein Ber-Abl, is a constitutively activated
form of Abl TK that drives uncontrolled growth of Ph cells.
Normally, Abl can translocate into the nucleus, where it has a
role in DNA-damage-induced apoptosis. However, truncated
fusion protein Ber-Abl is retained in the cytoplasm in association
with the cytoskeleton, where its lack of proapoptotic activity
contributes to its oncogenic properties (275).

The consequences of the activation of the nonreceptor TKs
include the phosphorylation of many of the same substrates
described above for the receptor-linked TKs. In particular, the
activation of ras through grb2/Sos underscores that activation
can proceed through input from a number of different sources
and points to the importance of the molecules downstream of ras
as representing a “final common pathway” of cellular activation.

Epidermal Growth Factor and Receptor

Epidermal growth factor (EGF) is so named because of
growth-promoting activity originally recognized by its promo-
tion of the normal formation of facial structures in neonatal
mice. It is now recognized as the prototype for a family of
growth factors widely distributed in a number of anatomic
sites, including EGEF, transforming growth factor-p (TGF-),
amphiregulin, neu differentiation factor, and neu/erbB2 ligand
growth factor (277,278). The growth factors share several
structural motifs and bind to receptors that possess intrinsic
tyrosine kinase activity. These receptors include the classic
EGF receptor (EGFR, also known as c-erbB1), which also
binds to TGF-B, and the related receptor c-erbB2 (also known
as p185neu), originally defined by its similar structure but dis-
tinct pattern of amplification and expression in tumors (279).



The clinical significance of EGFR protein expression in the
development and progression of human ovarian carcinoma
was studied in seven ovarian cystadenomas, six mucinous
LMP tumors, and 25 invasive adenocarcinomas by immuno-
histochemistry. EGF and EGFR expression were found to be
significantly higher in mucinous cystadenocarcinomas than in
mucinous cystadenomas or mucinous LMP tumors (280). In a
series of 226 patients with early-stage epithelial ovarian carci-
nomas, EGFR status was a significant independent prognostic
factor with regard to disease-free survival (DFS). A prognostic
model based on the presence of grade 3, p53-positive, and
EGFR-positive disease found the poorest DFS for patients
with all three clinical factors (281).

As outlined by Bast et al., autocrine stimulation by TGF-8
and overexpression of c-erbB2 appear to be of clear importance
in ovarian carcinoma, where the level of c-erbB2 expression
appears to correlate adversely with prognosis in some series
(282-284). The conflicting results regarding c-erbB2 protein
expression and survival in the literature could be explained by
discrepancies between c-erbB2 protein overexpression and the
frequency of c-erbB2 gene amplification.

Since the advent of tissue microarray (TMA) technology,
researchers are able to evaluate large numbers of specimens by
FISH analysis. For example, FISH analysis of 79 FIGO stage I
and II epithelial ovarian cancers found a 6.7% rate of c-erbB2
amplification. No clinical correlation of survival was attempted
in this study due to the limited number of informative cases in
the sample set (285). FISH analysis of 103 advanced stage ovar-
ian cancer specimens found c-erbB2 amplification rates of
10.7% and 33.3%, depending on the fluorescence ratio cutoff
(286). No correlation between c-erbB2 protein expression by
immunohistochemistry and c-erbB2 amplification by FISH
analysis was seen. In addition, no correlation between c-erbB2
amplification and DFS was seen (286).

Another comprehensive FISH analysis of 173 invasive ovar-
ian cancers of all stages revealed good correlation between FISH
analysis and immunohistochemistry, but no correlation between
c-erbB2 amplification and histological type, stage, grade, or
prognosis (287). In this study, 79% of the invasive epithelial
ovarian cancer specimens analyzed was of serous histology. The
treatment period spanned from 1985 to 2002, including a vari-
ety of adjuvant chemotherapy regimens. Although the authors
concluded that c-erbB2 amplification did not correlate with
FIGO stage, the percentages of early- and advanced-stage can-
cers analyzed were not provided. The inclusion of borderline or
germ cell tumors also was not clarified (287).

Thus, the strong correlation between c-erbB2 immuno-
staining and amplification seen in breast carcinoma might not
be present in ovarian carcinoma. In addition, the expression
of c-erbB2 and potential relation to tumor cell growth have
been outlined in endometrial and cervical carcinomas (65).
Although receptors for EGF have been proposed as targets for
antibodies that create a negative growth regulatory signal, ini-
tial trials have been disappointing (288-289).

Insulin-Like Growth Factors

Insulin-like growth factors (IGFs) have metabolic effects and
an amino acid sequence analogous to insulin. IGF-I and IGF-II
have been described. The IGF-1 receptor (IGF-1R) belongs to a
family that includes the insulin receptor (IR) and IGF-2R
(290). IGF-1R is expressed on the cell surface membrane as
preformed dimers. Upon binding of IGF-I or IGF-II, IGF-1R
undergoes autophosphorylation and conformational change
(290). Signaling then depends on phosphorylation of intracel-
lular substrates, leading to activation of the MAPK and
PI3K/Akt pathways. IGF-1R signaling can be regulated on sev-
eral levels, including receptor expression, ligand production,
and ligand binding to proteins. Transcription of the IGF-1R gene
is up-regulated by growth factors including PDGF, EGFR,
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hormones, and oncogenes. Transcription of IGF-1R is down-
regulated by the tumor suppressor genes Wil and p53.
Production of IGFs occurs primarily in the liver and is regu-
lated by growth hormone. Only 2% of IGFs circulate in their
free form, while the vast majority are bound to a series of six
IGF binding proteins (IGF-BPs) (290,291).

Expression of IGF-1R is observed in most solid tumors
examined to date, while overexpression of IGF-II has been
demonstrated in cancer cells (292). High circulating levels of
IGF-1 in serum have been associated with increased risk of
breast, prostate, and colon cancer (291,292). Recent studies
have implicated these receptors and their cognate growth fac-
tors in the promotion of ovarian carcinoma (293). Relative
expression of IGF-II was measured in 109 epithelial ovarian
cancers and eight normal ovarian surface epithelial samples
using quantitative real-time polymerase chain reaction.
Expression of the IGF-II gene was more than 300-fold higher
in ovarian cancers compared with normal ovarian surface
epithelium samples (294). High IGF-II expression was associ-
ated with advanced-stage disease at diagnosis, high-grade can-
cers, and suboptimal surgical cytoreduction. In multivariate
analysis, relative IGF-2 expression was an independent predic-
tor of poor survival. As such, IGF-1l is a molecular marker and
might be a potential therapeutic target for the most aggressive
epithelial ovarian cancers (294).

IGF-II, IGF binding protein 3 (IGFBP-3), and estrogen-
receptor-0. expressions were evaluated in 215 patients with
primary epithelial ovarian cancer. Survival analysis was done
to examine the associations of IGF-II with disease progression.
IGF-II expression was found to be higher in tumors with poor
prognosis, including tumors with advanced stage, poor differ-
entiation, serous histology, and large residual lesions. This
study found evidence that IGF-II expression is associated with
disease progression, suggesting that IGF-II and IGF signaling
are potential targets for ovarian cancer treatment (295).

Platelet-Derived Growth Factor

The platelet-derived growth factor (PDGF) is of historic sig-
nificance owing to its structural and functional homology to
the v-sis viral oncogene. PDGFs are a growth factor family,
each member of which contains one of four different
polypeptide chains: PDGF-A, PDGF-B, PDGF-C, or PDGF-D
(296). Each chain is encoded by an individual gene located on
chromosomes 7, 22, 4, and 11, respectively. The polypeptide
chains are linked with an amino acid disulfide bond forming
homo- or heterodimers, of which five have so far been
described: PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC, and
PDGF-DD. These factors exert their cellular effects through
PDGF-o and PDGF-f protein tyrosine kinase receptors. The
platelet-derived growth factor receptor (PDGFR) system,
located primarily on mesenchymal cells, transduces signals
for cell survival, growth, and chemotaxis. As reviewed in
detail by Fantl et al., the PDGFR is a receptor-linked tyrosine
kinase with distinctive features, including an extracellular
domain with five regions with homology to immunoglobulins
and an intracellular domain that interrupts the kinase region
and is thought to serve as a “dock” for presentation of phos-
photyrosines to molecules that can bind to phosphotyrosine
through SH2 domains (298). PDGFR-a can be activated by
PDGF-AA, PDGF-AB, PDGF-BB, and PDGF-CC, while
PDGF-BB and PDGF-DD bind and activate PDGF-f. Ligand
binding induces receptor dimerization, activation, and
autophosphorylation of the tyrosine kinase domain. This in
turn recruits SH2-domain-containing signal transduction
proteins and activates signaling enzymes including Src, PI3K.
This precipitates a complex network of downstream signaling
events, which have yet to be fully characterized. Activation of
the receptors ultimately promotes cell migration, prolifera-
tion, and survival (299).
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Ovarian and choriocarcinoma cells have been reported to
express PDGF and PDGF receptors (299,300). A number of
ovarian and cervical carcinomas express either c-kit and/or
steel ligand, and have receptors for M-CSF (301,302). High
levels of PDGF and PDGFR-o. have been reported in advanced
epithelial ovarian cancer, while overexpression of PDGFR-a.
has been shown to be associated with a reduced overall survival
(299). Tissue arrays containing 84 epithelial ovarian tumors were
studied by immunohistochemistry with antibodies specific for
c-kit, PDGFR-0, and PDGFR-B (298). PDGFR-o was expressed
in the largest percentage of ovarian tumors (58%), whereas
29% expressed PDGFR-B. No mutations were detected in six
ovarian tumors with elevated immunoreactivity for each of the
RTKs (c-kit, PDGFR-0, and PDGFR-B). This study demon-
strates that PDGFR-o, PDGFR-f, and c-kit are expressed in a
high percentage of epithelial ovarian cancers, suggesting that
tyrosine kinase inhibitors may be useful in the treatment of
these tumors (298).

In a mouse model of human ovarian cancer, the tyrosine
kinase inhibitor SU6668 exhibited antitumor effects, both as a
single agent and with paclitaxel (296,303). Reduction in tumor
growth, ascites production, and metastatic spread were observed.
Improvement in overall survival has also been demonstrated in
mouse models of peritoneally disseminated ovarian cancer after
treatment with SU6668 (303). Although the functional impor-
tance of these receptors has not been established, their presence
raises the possibility that gynecologic neoplasms will depend, at
some point in their pathogenesis, on the action of members of
this growth-factor-receptor family. The initial clinical data in
ovarian cancer, however, has been disappointing. A phase-II
study of patients with relapsed ovarian cancer expressing ¢-KIT
(CD117) or PDGFR was conducted with imatinib mesylate
(304). Patients were treated daily with 400 mg of imatinib
mesylate orally. Of the 19 evaluable patients, 2 (11%) had
tumors expressing c-Kit, while 17 (89%) had tumors expressing
PDGFR. There were no objective responders. Thirteen patients
(68%) had increasing disease or symptomatic deterioration,
and six (32%) went off protocol during the first month due to
adverse events.

Vascular Endothelial Growth Factor and Other
Angiogenic Factors

Angiogenesis, the formation of new blood vessels, is a process
required by many biologic processes including the develop-
ment of cancer (305). Maturation is usually incomplete in neo-
plastic growth. Endothelial cells of immature blood vessels
require growth signals for survival to avoid apoptosis.
Autocrine and paracrine loops exist between the tumor cells
and stromal and/or endothelial cells (306). Autocrine stimula-
tion by the tumor cell consists of growth factors such as vascu-
lar endothelial growth factor (VEGF), fibroblast growth factor
(FGF), and PDGEF, all of which stimulate the host cells in a
paracrine fashion, to trigger the neovasculature that will irri-
gate the tumor cells. The VEGF family of glycoproteins con-
sists of six related growth factors, VEGF-A (known as VEGF)
through VEGF-E, as well as placental growth factor (PIGF)-1
and -2 (307). The VEGF gene, located on the short arm of
chromosome 6, is composed of eight exons and is differentially
spliced to yield four mature isoforms (308). VEGF mediates
angiogenic signals to the vascular endothelium through high
affinity receptor tyrosine kinases (RTKs) that are thought to
activate the MAPK pathway. The VEGF family members bind
their related receptors. The receptors identified so far include
VEGFR-1, VEGFR-2, VEGFR-3, and the neuropilins (NP-1
and NP-2). These receptors are transmembrane tyrosine
kinases that, upon ligand binding, activate a cascade of
downstream proteins. These downstream pathways include PI3
kinase/AKT, ERK-1/2, and Raf-MEK-ERK pathways (308).

Although many stimulators and inhibitors of angiogenesis
have been identified, the trigger that causes a dormant tumor
to transform into a proangiogenic tumor remains elusive.
Expression of VEGF in ovarian carcinomas was evaluated by
immunohistochemistry and revealed focal or diffuse strong
immunostaining in 48% to 51% of carcinomas (309).
Significant associations between the VEGF expression and
FIGO stage and histologic grade were observed (309,310).
The survival of patients with high VEGF expression was sig-
nificantly worse than that of patients with low or no VEGF
expression. Multivariate analysis revealed that disease stage
and VEGF expression were significant independent prognostic
indicators of overall survival.

The family of FGFs comprises several members distin-
guished originally by binding to heparin and elution at a spec-
trum of pH, thus allowing their characterization as basic or
acidic FGFs (311). These entities have been proposed to medi-
ate not only the direct promotion of tumor cell growth but also
the stimulation of stroma formation and blood vessel growth
to sustain tumors beyond the microscopic stage. Additional
angiogenic factors include platelet-derived endothelial growth
factor and vascular permeability factor. Basic FGF and its
receptor are expressed in human ovarian carcinomas (312).
Ovarian and endometrial neoplasms have recently been
demonstrated to secrete both PDGF and VEGF (313,314).

Bevacizumab (BEV) is a humanized monoclonal antibody
against vascular endothelial growth factor. In a phase-II trial,
32 patients not participating in an ongoing clinical trial were
treated with BEV (15 mg/kg every 3 weeks IV) (315). All
patients had failed multiple prior cytotoxic chemotherapies
prior to BEV. A median of six cycles (range 1 to 20) with 196
total doses of BEV was administered. A 16% response rate
was seen with 62.5% of patients demonstrating stable disease.
Median overall survival (OS) was 6.9 months, with median
progression-free survival (PFS) of 5.5 months. BEV was gener-
ally well tolerated after multiple prior cytotoxic regimens and
resulted in significant clinical benefit among women with
recurrent ovarian cancer (315).

Transforming Growth Factor-B

TGF-B was originally recognized as a mediator of natural killer
cell transformation. TGF-B binds directly to a receptor that is a
constitutively active transmembrane serine/threonine kinase
(316). Ligand binding of TGF-B results in heterodimerization
with both TGF-B receptors, TBR1 and TBR2, and the ensuing
phosphorylation of TBR1 (317). Phosphorylated TBR1 phos-
phorylates a SMAD protein that forms a heterodimer with
SMADA4, travels into the nucleus, binds to DNA, and (with other
factors) initiates transcription. TBR1 can also interact with a
subunit of farnesyl transferase, which is involved in the farnesy-
lation of the ras gene product. Also, H-ras has been shown to
up-regulate expression of TBR1 and down-regulate expression
of TBR2 (317). The importance of TGF-B to gynecologic neo-
plasia extends in part from the recognition that mullerian
inhibitor substance (MIS), important in the embryogenesis of the
normal genitourinary tract, is a member of the TGF-f family
(318). TGF-B itself is recognized as a negative growth regulator
of a variety of cell types, including ovarian tumor cells (252).
Ovarian cancer is resistant to the antiproliferative effects of
TGF-B; however, the mechanism of this resistance remains
unclear. Investigators used oligonucleotide arrays to profile 37
undissected, 68 microdissected advanced-stage, and 14 microdis-
sected early-stage papillary serous cancers to identify TGF-
signaling pathways involved in ovarian cancer (319). A total
of seven genes involved in TGF-B signaling were identified
that had altered expression >1.5-fold in the ovarian cancer
specimens, compared with normal ovarian surface epithelium.
Genes that inhibit TGF-B signaling (DACH1, BMP7, and EVI1)



were up-regulated in advanced-stage ovarian cancers while,
conversely, genes that enhance TGF-f signaling (PCAF, TFE3,
TGFBRIL, and SMAD4) were down-regulated compared with
the normal samples (319). These results suggest that altered
expression of these genes is responsible for disrupted TGF-8
signaling in ovarian cancer, potentially making them useful as
novel therapeutic targets for ovarian cancer.

Tumor Necrosis Factor, TNF-Related
Apoptosis-Inducing Ligand, and Interleukin-1

The tumor necrosis factor (TNF) superfamily consists of proteins
involved in proliferation, differentiation, and apoptosis (320).
Members of this superfamily such as TNF-a,, Fas ligand (FasL),
and TNF-related apoptosis-inducing ligand (TRAIL) have been
shown to directly induce apoptosis. The cytokines bind TNF-
family receptors that contain a conserved cytosolic structure
known as the death domain; this is a protein interaction
module that allows the TNF receptors to communicate with
adapter proteins, which in turn bind to specific caspases (in
humans, caspase-8 and caspase-10), thereby triggering apoptosis.
TRAIL specifically induces apoptosis of transformed cells
through the action of death domain receptors DR-4 and DR-5.
It also directly induces apoptosis through an extrinsic pathway,
which involves the activation of caspases. Unlike TNF and
FasL, TRAIL appears to have a unique selectivity for triggering
apoptosis in tumor cells while leaving normal tissues intact
(320). Activation of caspase-8 by TRAIL can lead to a mito-
chondrial-independent signal that activates caspases down-
stream of caspase-8 and a mitochondrial-dependent caspase
activation following caspase-8 activation and BID cleavage. It
has been proposed that TNF and interleukin-1 (IL-1), cytokines
originally defined as hematopoietic growth factors, operate via
yet another distinct signaling mechanism. This involves the
hydrolysis of membrane sphingomyelin, with the resulting
ceramide acting as a second messenger to activate a ceramide-
dependent protein kinase (321). Recent evidence has been
accumulating that IL-1 can directly inhibit the growth of ovar-
ian carcinoma cells and is expressed by this cell type and
endometrial carcinoma cells in culture (322,323). IL-1 has also
been found to regulate the secretion of collagenase, which is
important in mediating invasiveness in choriocarcinoma cells
(324). TNF can act as an autocrine and paracrine growth factor
for ovarian carcinoma cells (325,326).

Calcium-Mobilizing Growth Factors

The importance of the G-protein-linked calcium-mobilizing
growth factors and their receptors to the growth of gynecologic
neoplasms has been less completely characterized than the enti-
ties described above. However, it has recently been demon-
strated that the peptide bombesin can modulate sensitivity of
ovarian carcinoma cells to TNF and platinum, perhaps by mod-
ulating calcium levels (327). In addition, pharmacologic treat-
ments that seek to interfere with the increase in calcium in
response to growth factors of this class are under clinical evalu-
ation in patients with gynecologic neoplasms (328).

MAP Kinases

MAP kinase was originally defined as a distinctive protein
whose phosphorylation on both tyrosine and threonine residues
increased shortly after addition of growth factors to cells. It is
now appreciated that there are multiple different MAP kinases
and isoforms (329,330). Each family of MAP kinases has
unique (although overlapping) downstream substrates and
upstream activators (MAPKKs). MAP kinase families include
the extracellular-signal-regulated kinase (ERK), c-Jun N-termi-
nal kinase (JNK), and p38 families. The ERKs are phosphory-
lated and activated by MEK 1,2, while the JNKs are activated
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by JNKK1 (SAPKKT1), and the p38s are activated by MKK 3
and 6. These MAPKKs are in turn activated by specific
MAPKKKSs. Thus, raf signals through MEK 1,2 to the ERK
family members, whereas JNK and p38 receive their activation
signals from other upstream kinases. These kinase cascades
allow for rapid transduction and amplification of signals from
the cell membrane. Recent work has demonstrated that activa-
tion of one MAPK pathway can suppress the activity of the oth-
ers (331). Thus, although these are primarily vertical pathways,
there is ample lateral cross talk between them, providing inte-
gration of multiple unique cell membrane signals.

As reviewed by Garrington and Johnson, MAP kinases in
turn phosphorylate a diverse series of substrates, including
cytoplasmic phospholipase A,, cytoskeletal components, pro-
tein synthesis machinery, and, perhaps most importantly, tran-
scription factors (332). The substrate specificities of different
MAP kinase families, although overlapping, are unique (333).
Thus, a unique combination of proteins is activated by each
MAP kinase. It is proposed that activation of transcription of
new genes in response to growth-factor action extends in part
from these actions of MAP kinases. Included among the tran-
scription factors affected are those that govern the synthesis of
cyclins, which allow entry into the cell cycle (334,335).

The role of the MAPK pathway in ovarian cancer has been
investigated. Activation of MAPK family members was
detected following stimulation of ovarian cancer cells with
transforming growth factor, as well as through epidermal
growth factor receptor activation (336). Treatment of ovarian
carcinoma cell lines in vitro with paclitaxel or cisplatin
resulted in measurable changes in MAPK levels, with resulting
effects toward proliferation or apoptosis (337). In another
analysis, ERK expression was associated with clinical parame-
ters related to better outcome, such as lower volume of resid-
ual disease (336). Moreover, it correlated significantly with
improved survival. Thus, there is evidence of a beneficial
prognostic role for ERK in human ovarian cancer patients.

Phosphatidylinositol 3’-Kinase

Phosphatidylinositol 3’-kinase (PI3K) is a lipid kinase that
appears to play an important role in mediating a wide variety
of signals involved in diverse processes including proliferation,
apoptosis, and vesicular trafficking (338). PI3K is a heterodimeric
protein that is activated by a wide variety of receptor-TKs
such as the insulin, PDGF, and EGF receptors. It has been well
established that phosphorylation of a tyrosine residue on the
receptor will serve as a docking site for a component of PI3K
(p85) that in turn recruits the catalytic subunit of PI3K
(p110). Alternatively, PI3K can be activated through a ras-
dependent mechanism. The PI3K/AKT pathway has been
implicated as a major determinant of oncogenic transforma-
tion in ovarian cancer. Amplification of PI3K renders ovarian
cancer cells resistant to the effects of paclitaxel (339). This
process can subsequently be reversed by inhibitors of PI3K.
PI3K inhibitors decrease cell proliferation, increase sensitivity
to paclitaxel, increase apoptosis, and decrease vascularization
in vivo (339). PI3K is up-regulated in 30% to 45% of ovarian
cancers (340,341). Only 2.3% of serous carcinomas had PI3K
mutations compared with 20.0% of endometrioid and clear
cell cancers. In contrast, PI3K gene amplification (>sevenfold)
was common among all histologic subtypes (24.5%) and was
inversely associated with the presence of mutations. Overall,
PI3K mutation or gene amplification was detected in 30.5%
of all ovarian cancers. Intriguingly, multiple other components
of the PI3K signaling cascade, including AKT1, AKT2, P70S6
kinase, TCL1, and GSK3a, are located at sites of copy number
abnormalities in ovarian cancer, providing further evidence
that this pathway is potentially important in the development
of ovarian cancer (339).
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As mentioned above, PI3K has been widely recognized as
being able to phosphorylate phosphatidylinositols at the 3’
position, which in turn activates protein kinase C (PKC).
However, it is appreciated that there are other substrates of
PI3K including p70, S6K, and, most importantly, PKB/AKT.
AKT is a protein kinase that has been demonstrated to medi-
ate multiple biologic processes. Of particular importance,
PI3K has been identified as amplified in breast and ovarian
cancers. Increased PI3K activity has been detected in a large
subset of ovarian cancers, while inhibition of this pathway
leads to inhibition of cellular proliferation (342).

AKT

AKT, a member of the protein kinase B family, represents a sub-
family of the serine/threonine protein kinases, and the primary
mediator of the effects of PI3K (338). Three members of this
family, AKT1, AKT2, and AKT3, have been identified. A broad
spectrum of substrates is phosphorylated by AKT, including
transcription factors (Creb, Forkhead), proteins critical for
apoptosis (caspase-9, BAD, IKK), and cell-cycle proteins (p21,
p27) and other kinases (GSK-3). These substrates in turn acti-
vate multiple other pathways, including cross talk with the
MAPK pathway. The downstream effects of AKT activation
include suppression of apoptosis, induction of cell-cycle pro-
gression, and induced resistance to cytotoxic drugs. Given these
effects, it is not surprising to note evidence linking AKT to the
development of cancer. AKT has been found to be activated and
amplified in ovarian cancer (343). It has also been shown to
play a major role in drug resistance in a variety of human malig-
nancies. Approximately 36% of primary ovarian tumors show
elevated AKT2 activity (340,344). The majority of these tumors
were of high grade and late stage, implicating the kinase in
tumor progression. AKT3 has been shown to be highly
expressed in 21% of primary ovarian tumors (340). Strikingly,
purified AKT3 exhibited up to tenfold higher specific activity
than AKT1. Consistent with this finding, AKT3 levels in a
range of ovarian cancer cell lines correlated with total AKT
activity and proliferation rates, implicating AKT3 as a key
mediator of ovarian oncogenesis. Specific silencing of AKT3
using short hairpin RNA markedly inhibited proliferation of
the two cell lines with the highest AKT3 expression and total
AKT activity by slowing G(2)-M phase transition (340). These
findings are consistent with AKT3 playing a key role in the gen-
esis of at least one subset of ovarian cancers.

Protein Kinase C

PKC was originally described as a calcium (hence the C) and
phospholipid-dependent kinase distinct from the cAMP-
dependent protein kinase A. It is now recognized that the term
protein kinase C can refer to at least eight distinct molecular
isoforms that, in some cases, may actually be independent of
calcium, but are related to other members of the family
because of structural similarities.

The importance of PKC in tumorigenesis was suggested by
the finding that PKC isoforms are receptors for the tumor-pro-
moting phorbol esters, one of the first demonstrations of a dis-
crete molecular effector of a carcinogenetic stimulus (345).
The addition of growth factors was recognized to increase the
enzymatic activity of diacylglycerols, which are normal activa-
tors of PKC that can be produced by phospholipase-C. Thus,
tyrosine kinase-linked growth factors could be shown to
phosphorylate and activate the phospholipase-C-gamma iso-
form, whereas calcium-linked growth factors (see discussion
of G-protein and calcium-related signals below) activate phos-
pholipase-C-gamma. PKC, once activated, can directly influ-
ence the activity of the MAP kinase pathway by phosphorylat-
ing raf (346). Additional pathways leading to activation of
transcription from PKC-sensitive promoter elements exist.

Cyclin-Dependent Kinases

The ultimate consequence of growth factor action is the entry
of quiescent cells into the cell cycle. The molecular events
responsible for this process are currently being elucidated.
Classic biochemical experiments showed that, at the onset of
mitosis, there was an increase in protein kinase activity
directed at histones. It was hypothesized that altered phospho-
rylation of nuclear proteins allows or promotes the morpho-
logically apparent changes in chromosomal condensation. It
was therefore of great interest when a protein with histone
H1-kinase activity was found to complement a yeast mutant
defective in cell-cycle progression. The responsible protein,
p34¢de2 was found to be a serine/threonine kinase whose
activity was cyclically regulated by the appearance during the
normal yeast cell cycle of a family of molecules called cyclins,
with the active H1-kinase enzyme consisting of a complex of
cyclin and an appropriately phosphorylated p34¢4<2 catalytic
subunit (347-351).

Subsequently, through the use of homology cloning and
complementation of function in yeast, it became apparent that
progression through G; is also regulated by a family of analogous
molecules now collectively referred to as cyclin-dependent
kinases (cdk). There are at least nine cdks (cdk1 through
cdk9) and 15 cyclins (cyclin A through cyclin T) (352). Cdk4 and
cdké6, along with their D-type cyclins, are responsible for pro-
gression through G, phase. Cdk2 and cyclin E complex are
responsible for progression from G to S phase. Cdk2 and
cyclin A are responsible for progression through S phase,
while cdk1 and cyclin B are required for mitosis. These com-
plexes in turn are inhibited by a combination of small proteins
called cdk inhibitors (CKIs this is the same acronym as used
earlier). The INK4 (inhibitor of cdk4) family consists of
pleinkda 1 sinkdb pginkie and p19inkdd and specifically inhibits
cyclin D-associated kinases. The protein kinase inhibitor fam-
ily of p21wafl| p27Kipl and p57%P2 inhibits the cyclin E/cdk2
and cyclin A/cdk2 complexes. Loss of expression of CKIs con-
fers a poor prognosis in a variety of cancers (352). Of great
current interest is how growth factors regulate the enzymatic
cascade that is directly responsible for entry into the cell cycle.
Of fundamental importance is the observation that the tumor-
suppressor gene product of the retinoblastoma-related locus
(pRb) is a substrate for cdk2 and that phosphorylation of Rb
correlates with entry into the S phase (353,354).

It is now well documented that cyclin D-cdk4/6 and cyclin
E-cdk2 complexes phosphorylate Rb, causing it to release the
transcription factor E2F. E2F in turn regulates the expression
of S-phase genes, which are required for DNA replication.
Thus, the G,-S-phase transition is critically dependent on suf-
ficient cdk activity and, as expected, is a frequent target for
alteration in cancer cells. For instance, recent analysis has
demonstrated that cyclin E is frequently amplified and overex-
pressed in ovarian cancer (355). Genetic abnormalities such as
these may provide important enzymatic targets for novel ther-
apeutic agents.

G-Protein and Calcium-Related Signals

Second-messenger control of intracellular events was first
demonstrated convincingly in the case of cAMP and glycolysis
in liver treated with o-adrenergic agonists. Paramount to
establishing the mechanism of this process was the observa-
tion that guanine nucleotides were necessary for the efficient
generation of cAMP. This led to the purification of proteins
that, in the GTP-bound state, stimulated adenylate cyclase,
and thus were called G-proteins (356). G-protein-coupled
receptors (GPCR), the prototype of which is the adrenergic
receptor, are structurally very distinct in comparison to receptor-
linked tyrosine kinases. The GPCR superfamily, now with
over 200 members, has an external ligand-binding portion,



seven transmembrane segments, and a carboxyl-terminal tail.
These serpentine receptors couple to G-proteins, which are
now understood to interact not only with adenylate cyclase,
but also with certain phospholipases including phospholipase-
C-B (325). The membrane lipid phosphatidylinositol-4,5-bis-
phosphate then is hydrolyzed to yield the soluble metabolite
inositol 1,4,5-tris-phosphate, which releases calcium from
internal stores as well as diacylglycerol, described above as the
endogenous regulator of PKC (Fig. 3.3) (357).

Recent work has demonstrated that a subfamily of GPCRs
that bind lysophospholipids appear to play a role in the devel-
opment of ovarian cancer (358). These receptors include
PSP24 and the EDG receptors. These receptors do not bind all
lysophospholipids, but are activated by lysophatidic acid
(LPA) and sphingosine-1-phosphate (325,359,360). The com-
bination of multiple receptor family members, different lig-
ands, and the available intracellular G-proteins produces a
wide range of biologic effects including proliferation, inva-
sion, and cellular survival.

Protein Phosphatases

Protein phosphatases are a relatively newly described group of
proteins that function in an opposing manner to protein
kinases, providing important regulatory mechanisms to the
above-described signal cascades. In fact, it has been proposed
that phosphatases play as critical a role in cellular functions,
such as proliferation, differentiation, and apoptosis, as protein
kinases (361,362).

Protein phosphatases are divided into groups by different
criteria, but the most commonly used is that of substrate speci-
ficity: protein tyrosine phosphatases (PTPs), protein serine/
threonine phosphatases (PSPs), and dual-specificity phos-
phatases (DSPs). PTPs are further classified according to
whether they contain a transmembrane (TM) domain or not.
TM-domain-containing PTPs called receptor PTPs (RPTPs)
have extracellular domains and a catalytic domain in their
intracellular portion. Many RPTPs (such as CD45, LAR, and
PTP-B) possess structural features that suggest a role in cellu-
lar adhesion (363). Indeed, studies have revealed that several
RPTPs are important regulators of neuronal adhesion (364).

Non-TM PTPs are also important regulators of tyrosine
phosphorylation. Some appear to associate with tyrosine kinases
through the SH2 domains found within their structures (SHP-1,
SHP-2). SHP-1 and SHP-2 play critical roles in regulating tyro-
sine kinase signals within hematopoietic cells (349,365). PTEN
is a tyrosine phosphatase that has been demonstrated to have an
inhibitory effect on cellular proliferation (366). This inhibitory
activity has been traced to a negative regulation of PI3K and
AKT activity (367,368). Whether this is a direct effect of PTEN’s
ability to dephosphorylate phosphotyrosine residues or its addi-
tional activity as a lipid phosphatase remains unclear. However,
mutations in PTEN have been identified in a wide variety of
tumors as well as in the germ line of patients with Cowden’s syn-
drome (369). Based upon these observations, it is widely con-
cluded that PTEN is a tumor-suppressor gene. Recent work has
identified mutations within this gene in endometrial cancers and
endometrioid ovarian cancers (370,371). In a wider number of
ovarian cancers, PTEN activity is suppressed, leading to an over-
activity of the PI3K pathway.

PSPs comprise a group of protein phosphatases containing
three subunits: regulatory, variable, and catalytic (372).
Previously, four major families had been identified (PP1, PP2A,
PP2B, and PP2C), although a fifth family has recently been
added. Multiple members exist within each family with some
evidence for substrate specificity differences between families.
Type 2A PSPs have selective substrate specificity for PKC phos-
phorylated proteins and the ribosomal S6 protein. Type 2A
PSPs are of particular interest because they have been found to
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associate with complexes formed by DNA tumor virus proteins
and cellular proteins. The presence of PP2A in these complexes
suggests it may play a role in the alteration of cellular prolifer-
ation mediated by DNA tumor viruses (373,374).

Dual-specificity phosphatases are frequently grouped with
PTPs owing to their ability to dephosphorylate phosphotyro-
sine moieties. However, they are also able to use phosphoser-
ine and phosphothreonine as substrates. DSPs such as MKP-1
and Cdi1 localize to the nucleus, where they have been shown
to dephosphorylate MAP kinases (375). Thus, this represents
an important family of proteins that may serve to regulate the
incoming proliferative signals from various MAP kinase cas-
cades. For instance, MKP-1/CL100 has been found to be dif-
ferentially expressed between normal and malignant ovarian
epithelium (376). Reexpression of this gene in ovarian cancer
cells decreases the malignant phenotype.

Wnt/B-Catenin Pathway

The Wnt/B-catenin pathway is an important signal transduc-
tion pathway frequently disrupted in cancer cells (377). In the
absence of Wnt signaling, B-catenin expression is controlled
by the formation of a degradation complex that includes
GSK3B, APC, and Axin (378). This complex produces ubiqui-
tination of B-catenin and its subsequent degradation by the
proteosome. When the Wnt ligand binds to its receptor
Frizzled, the degradation complex is destabilized, resulting in
higher levels of nonphosphorylated B-catenin. High levels of
B-catenin translocate to the nucleus, where it acts as a cofactor
for TCF/LEF transcription factor.

This pathway has been studied extensively in human cancers
(377). Mutations in this pathway are very common in colorectal
cancers. Germ-line mutations within the APC gene form the
molecular basis for familial adenomatous polyposis (FAP).
Somatic mutations of APC (and to a lesser extent B-catenin) are
common in sporadic colorectal cancers. Activating mutations
of the Wnt pathway are found in a wide variety of other cancers,
including gynecologic cancers. This is especially true for the
endometrioid histologic subtype of ovarian and endometrial
cancers.

The expression of B-catenin in uterine serous carcinoma
(USC) and endometrioid endometrial carcinoma (EEC) was
investigated in tissue microarrays created from 20 cases of
grade 3 EEC and 73 cases of USC (379). B-catenin was present
in both tumor types. Expression of B-catenin was also exam-
ined by immunohistochemistry in 253 ovarian carcinomas
(380). Membrane-associated staining of B-catenin was detected
in nearly all cases with no correlation to clinical parameters.
Most of the samples (84%) also had cytoplasmic localization,
while only 13% had nuclear B-catenin localization. Nuclear
B-catenin was almost exclusively present in endometrioid carci-
nomas. Fifty-three percent of all endometrioid tumors were
positive for nuclear B-catenin expression. Better prognostic
outcome was found for patients with nuclear B-catenin local-
ization compared to the cases without it. Although the study
showed no correlation between B-catenin expression, FIGO
stage, and genomic instability, as determined by DNA ploidy
status in ovarian carcinoma, nuclear B-catenin expression
again was strongly associated with the endometrioid histologic
subtype (380).

RNA Interference

Small RNAs. The most familiar role for RNA is as a rela-
tively passive intermediary in the translation of information
from genes into proteins, but other functions for this versatile
molecule have been emerging (381). Although the first hints
about silencing were seen decades ago, the real breakthrough
in mechanistic understanding came in 1998. A landmark
paper by Fire et al. showed that the trigger for gene silencing is
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double-stranded RNA (dsRNA) (382). RNA interference
(RNAI) was identified as a potent and highly specific gene-
silencing phenomenon that is initiated or triggered by dsRNA
(383). Since then, other components of the RNAi machinery
have been identified at a startling rate, although the picture is
still incomplete. RNAi was first observed in plants in the guise
of a mysterious immune response to viral pathogens. Based on
their origin or function, three types of naturally occurring
small RNA have been described. The first is endogenous or
artificial micro RNAs (miRNAs), which are expressed from
Pol II promoters as primary miRNA transcripts subsequently
processed into mature miRNAs in a regulated multistep
process. The second is exogenous, short, synthetic, double-
stranded, small interfering RNAs (siRNAs), while the third is
endogenous siRNAs (381,384).
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Micro RNAs. miRNAs are a subset of small (typically 21
to 23 nucleotides) noncoding RNAs evolutionarily conserved
in many organisms including yeast, fruit flies, humans, and
plants (384). miRNAs have important roles in many functions
including development, proliferation, hematopoiesis, and
apoptosis (383). Unlike siRNAs, miRNAs usually do not
cleave the messenger RNA (mRNA) of a target gene, but
instead suppress mRNA translation (384,385). RNA Pol I
transcribes miRNA genes in the cell nucleus and gives rise to a
large primary miRNA (Fig. 3.10). These initial primary
miRNAs are then processed by RNase III, Drasha, to form
pre-miRNAs in the nucleus. The pre-miRNAs are exported
into the cytoplasm by the transporter exportin 5 and undergo
processing by another RNase III, Dicer, to produce a miRNA
duplex (384). The RNA duplex is unwound by helicase. The
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FIGURE 3.10. (See color plate section.) This figure depicts distinct roles for dsSRNA in a network of
interacting silencing pathways. In some cases dsRNA functions as the initial stimulus (or trigger), for
example, when foreign dsRNA (blue) is introduced experimentally. In other cases transcription can pro-
duce dsRNA (red) by read through from adjacent transcripts. miRNA genes often cluster on the chromo-
some and are transcribed by RNA Pol II to form pri-miRNAs in the nucleus. The primary miRNAs then
undergo procession by RNase III, Drasha, and are exported to the cytoplasm by exportin 5. Another
RNase III, Dicer, further processes the small RNA products of the Dicer, pre-miRNA or pre-siRNA, to
generate a ~22nt mi/siRNA:mi/siRNA* duplex, where mi/siRNA* is complementary to mi/siRNA.
Helicase can divide the duplex into two separate ones. Whereas *mi/*siRNA is degraded, mature
mi/siRNA can enter the RNA-induced silence complex (RISC). The RISC complex blocks protein synthe-
sis by imperfectly binding to the 3'UTR of the mRNA (upper right), causing inhibition of translation; the
other one is to endonucleolytically cleave the target mRNA by perfect or nearly perfect base pairing
(lower right).



mature miRNA enters the miRNA-induced silencing complex,
which then blocks protein synthesis by binding to the 3°
untranslated region (UTR) of the mRNA.

miRNAs can influence the signaling pathway by repressing
several secreted signaling proteins (384). For example, the
3'UTR of ras genes contains multiple lez-7 complementary
sites allowing let-7 to regulate ras expression. Conversely,
miRNA expression can be regulated by protooncogenes. c-Myc
directly binds to the locus of six miRNAs and stimulates their
expression (384).

Small-Interfering RNAs. Small-interfering RNAs (siRNAs)
are similar to their cousin miRNAs. The initial processing of
dsRNA in the nucleus by Dicer is similar. The small RNA
products of the Dicer-mediated dsRNA processing reaction
guide distinct protein complexes to their targets, including the
RNA-induced silencing complex, which is implicated in
mRNA destruction and translational repression, and the RNA-
induced transcriptional silencing complex, which is implicated
in chromatin silencing (381). The single-stranded siRNA in the
RNA-induced silencing complex then guides sequence-specific
degradation of complementary or near-complementary target
mRNA. In summary, these small interfering siRNAs trigger
gene silencing by binding to their target RNA sequences and
cleaving them.

Endogenous siRNAs. In addition to the endogenous miRNAs
and exogenous siRNAs, endogenous siRNAs have been dis-
covered in various organisms and fall into at least four classes:
trans-acting siRNAs (tasiRNAs), repeat-associated siRNAs
(rasiRNAs), small-scan RNAs (scnRNAs), and Piwi-interact-
ing RNAs (piRNAs) (383). tasiRNAs are small (approxi-
mately 21 nucleotides) RNAs that have been reported in
plants that are encoded in intergenic regions that correspond
to both the sense and antisense strands (386). In Arabidopsis
thaliana, tasiRNAs require components of the miRNA
machinery and cleave their target mRNAs in transcription. It
has been postulated that rasiRNAs that match sense and anti-
sense sequences could be involved in transcriptional gene
silencing in Schizosaccharomyces pombe and A. thaliana
(387). scnRNAs are approximately 28-nucleotide RNAs that
have been found in Tetrahymena thermophila and are thought
to be involved in scanning DNA sequences in order to induce
genome rearrangement (388). piRNAs are possibly important
in mammalian gametogenesis (389). Whereas miRNA and
siRNA range between 21 and 26 nucleotides, piRNAs are
larger (between 26 and 31 nucleotides) and lack 20 and/or 30
OH termini (390). They tend to cluster and are diversely dis-
tributed among exonic, intronic, intergenic, and repeat
sequences in the mouse genome, suggesting their potentially
diverse roles in regulating gene expression. A fraction of
piRNAs are associated with polysomes. Interestingly, piRNAs
associate with MIWI, a murine PIWI Argonaute protein
expressed exclusively in spermatogenic cells and required
for initiating the spermiogenic program (389). As a result
these piRNAs can control gene expression involved in sperm
development.

RNAIi Clinical Potential. The rationale for RNAi-based
therapeutic agents is that new siRNAs could be designed to
treat diseases by lowering the concentrations of disease-caus-
ing gene products. However, the development of such siRNA-
based therapies faces two major challenges: the identification
of chemically stable and effective siRNA sequences, and the
efficient delivery of these sequences to tissue-specific targets in
vivo with siRNA amounts that are not too toxic to humans
(383). Recent advances in understanding the rules for chemi-
cally modifying siRNA sequences without compromising
gene-silencing efficiencies have allowed the design and synthe-
sis of therapeutically effective siRNA molecules that can
silence target genes in vivo (383). Based on this rapid progress
in understanding the structure and function of siRNAs and
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their applications in disease models, it is likely that RNAi-
based therapeutics will become a reality in the near future.

As our knowledge about tumor biology and the molecular
mechanisms underlying the process of carcinogenesis contin-
ues to expand, so too will the potential for intervention. In
this respect, basic science and clinical research will continue to
complement each other in increasingly important ways.

References

1. Willis R. The Spread of Tumors in the Human Body. London: Butterworth;
1952.

2. Cotran R, Robbins SL, Kumar V. Pathologic Basis of Disease. 5th ed.
Philadelphia: Harcourt Brace Jovanovich; 1994.

. Tannock I. Cell Proliferation. Toronto: McGraw-Hill; 1992.

. Roberts JM, Koff A, Polyak K, et al. Cyclins, CDKs, and cyclin kinase
inhibitors. Cold Spring Harb Symp Quant Biol 1994;59:31-38.

. Sherr CJ. Cancer cell cycles. Science 1996;274:1672-1677.

. Knudsen ES, Buckmaster C, Chen TT, et al. Inhibition of DNA synthesis
by RB: effects on G1/S transition and S-phase progression. Genes Dev
1998;12:2278-2292.

7. Ewen ME. The cell cycle and the retinoblastoma protein family. Cancer
Metastasis Rev 1994;13:45-66.

8. Shirodkar S, Ewen M, DeCaprio JA, et al. The transcription factor E2F
interacts with the retinoblastoma product and a p107—cyclin A complex in
a cell cycle-regulated manner. Cell 1992;68:157-166.

9. Ludlow JW, Shon ], Pipas JM, et al. The retinoblastoma susceptibility
gene product undergoes cell cycle-dependent dephosphorylation and
binding to and release from SV40 large T. Cell 1990;60:387-396.

10. Weintraub SJ, Prater CA, Dean DC. Retinoblastoma protein switches the
E2F site from positive to negative element. Nature 1992;358:259-261.

11. Elledge SJ. Cell cycle checkpoints: preventing an identity crisis. Science
1996;274:1664-1672.

12. Planas-Silva MD, Weinberg RA. The restriction point and control of cell
proliferation. Curr Opin Cell Biol 1997;9:768-772.

13. el-Deiry WS, Tokino T, Velculescu VE, et al. WAF1: a potential mediator
of p53 tumor suppression. Cell 1993;75:817-825.

14. Polyak K, Xia Y, Collins JL. A model for p53-induced apoptosis (see com-
ments). Nature 1993;389:300.

15. Fiscella M, Ullrich SJ, Zambrano N, et al. Mutation of the serine 15 phos-
phorylation site of human p53 reduces the ability of p53 to inhibit cell
cycle progression. Oncogene 1993;8:1519-1528.

16. Peng CY, Graves PR, Thoma RS, et al. Mitotic and G2 checkpoint control:
regulation of 14-3-3 protein binding by phosphorylation of Cdc25C on
serine—216. Science 1997;277:1501-150S5.

17. Sanchez Y, Wong C, Thoma RS, et al. Conservation of the Chk1 check-
point pathway in mammals: linkage of DNA damage to CDK regulation
through Cdc25. Science 1997;277:1497-1501.

18. Hardwick KG. The spindle checkpoint. Trends Genet 1998;14:1-4.

19. Cahill DP, Lengauer C, Yu J, et al. Mutations of mitotic checkpoint genes
in human cancers. Nature 1998;392:300-303.

20. Schmitt CA. Senescence: apoptosis and therapy—cutting the lifelines of
cancer. Nat Rev Cancer 2003;3:286-29S5.

21. Stampfer MR, Yaswen P. Human epithelial cell immortalization as a step
in carcinogenesis. Cancer Lett 2003;194:199-208.

22. Newbold RE. The significance of telomerase activation and cellular
immortalization in human cancer. Mutagenesis 2002;17:539-550.

23. Granville DJ, Carthy CM, Hunt DW, et al. Apoptosis: molecular aspects
of cell death and disease. Lab Invest 1998;78:893-913.

24. Soini Y, Paakko P, Lehto VP. Histopathological evaluation of apoptosis in
cancer. Am ] Pathol 1998;153:1041-1053.

25. Kamesaki H. Mechanisms involved in chemotherapy-induced apoptosis
and their implications in cancer chemotherapy. Int | Hematol 1998;68:
29-43.

26. Mesner PW Jr., Budihardjo II, Kaufmann SH. Chemotherapy-induced
apoptosis. Adv Pharmacol 1997;41:461-499.

27. Milas L, Gregoire V, Hunter N, et al. Radiation-induced apoptosis in
tumors: effect of radiation modulating agents. Adv Exp Med Biol
1997;400B:559-564.

28. Susin SA, Zamzami N, Castedo M, et al. The central executioner of apop-
tosis: multiple connections between protease activation and mitochondria
in Fas/APO-1/CD95- and ceramide-induced apoptosis. | Exp Med
1997;186:25-37.

29. Berke G. The CTLs kiss of death. Cell 1995;81:9-12.

30. Nagata S. Fas-mediated apoptosis. Adv Exp Med Biol 1996;406:119-124.

31. Nagata S. Apoptosis by death factor. Cell 1997;88:355-365.

32. Miyashita T, Reed JC. Tumor suppressor p53 is a direct transcriptional
activator of the human bax gene. Cell 1995;80:293-299.

33. Wu GS, Burns TF, McDonald ER 3rd, et al. KILLER/DRS is a DNA
damage-inducible p5-regulated death receptor gene. Nat Genet 1997;17:
141-143.

34. Lane DP. Cancer. p53, guardian of the genome. Nature 1992;358:15-16.

A w

N



N o4

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

S6.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Section I: Epidemiology of Gynecologic Cancer

Kerr JE, Winterford CM, Harmon BV. Apoptosis. Its significance in cancer
and cancer therapy. Cancer 1994;73:2013-2026.

Gavrieli Y, Sherman Y, Ben-Sasson SA. Identification of programmed cell
death in situ via specific labeling of nuclear DNA fragmentation. J Cell
Biol 1992;119:493-501.

Wijsman JH, Jonker RR, Keijzer R, et al. A new method to detect apoptosis
in paraffin sections: in situ end-labeling of fragmented DNA. | Histochem
Cytochem 1993;41:7-12.

Lipponen P, Aaltomaa S, Kosma VM, et al. Apoptosis in breast cancer as
related to histopathological characteristics and prognosis. Eur | Cancer
1994;30A:2068-2073.

Shinohara T, Ohshima K, Murayama H, et al. Apoptosis and proliferation
in gastric carcinoma: the association with histological type. Histopathology
1996;29:123-129.

Hockenbery DM. Bcl-2 in cancer: development and apoptosis. | Cell Sci
Suppl 1994;18:51-55.

Krueger NX, Van Vactor D, Wan HI, et al. The transmembrane tyrosine
phosphatase DLAR controls motor axon guidance in Drosopbhila. Cell
1996;84:611-622.

Reed JC. Bcl-2 and the regulation of programmed cell death. J Cell Biol
1994;124:1-6.

White E. Life, death, and the pursuit of apoptosis. Genes Dev 1996;10:1.
Yang E, Korsmeyer SJ. Molecular thanatopsis: a discourse on the BCL2
family and cell death. Blood 1996;88:386-401.

Yin XM, Oltvai ZN, Korsmeyer SJ. BH1 and BH2 domains of Bcl-2 are
required for inhibition of apoptosis and heterodimerization with bax.
Nature 1994;369:321-323.

Kroemer G. The proto-oncogene Bcl-2 and its role in regulating apoptosis.
Nat Med 1997;3:614-620.

Martinez J, Georgoff I, Levine AJ. Cellular localization and cell cycle regu-
lation by a temperature-sensitive p53 protein. Genes Dev 1991;5:151-159.
Michalovitz D, Halevy O, Oren M. Conditional inhibition of transforma-
tion and of cell proliferation by a temperature-sensitive mutant of p53.
Cell 1990;62:671-680.

Miyashita T, Krajewski S, Krajewska M, et al. Tumor suppressor p53 is a
regulator of bcl-2 and bax gene expression in vitro and in vivo. Oncogene
1994;9:1799-180S.

Yonish-Rouach E, Resnitzky D, Lotem ], et al. Wild-type p53 induces
apoptosis of myeloid leukaemic cells that is inhibited by interleukin-6.
Nature 1991;352:345-347.

Evan GI, Wyllie AH, Gilbert CS, et al. Induction of apoptosis in fibrob-
lasts by c-myc protein. Cell 1992;69:119-128.

Kauffmann-Zeh A, Rodriguez-Viciana P, Ulrich E, et al. Suppression of
c-Myc—induced apoptosis by Ras signalling through PI(3)K and PKB.
Nature 1997;385:544-548.

Trent JC 2nd, McConkey DJ, Loughlin SM, et al. Ras signaling in tumor
necrosis factor—induced apoptosis. EMBO ] 1996;15:4497-4505.

Ward R, Todd AV, Santiago F, et al. Activation of the K-ras oncogene in
colorectal neoplasms is associated with decreased apoptosis. Cancer
1997;79:1106.

Chen CY, Faller DV. Phosphorylation of Bcl-2 protein and association
with p21Ras in ras-induced apoptosis. | Biol Chem 1996;271:2376-2379.
Chieng D, Ross JS, Ambros, RA. Bcl-2 expression and the development of
endometrial carcinoma. Mod Pathol 1996;9:402.

Giatromanolaki A, Sivridis E, Koukourakis MI, et al. Bcl-2 and p53 expres-
sion in stage I endometrial carcinoma. Anticancer Res 1998;18:3689-3693.
Heatley MK. Association between the apoptotic index and established
prognostic parameters in endometrial adenocarcinoma. Histopathology
1995;27:469-472.

Henderson GS, Brown KA, Perkins SL, et al. Bcl-2 is down-regulated in
atypical endometrial hyperplasia and adenocarcinoma. Mod Pathol
1996;9:430-438.

Toffe OB, Papadimitriou JC, Drachenberg CB. Correlation of proliferation
indices, apoptosis, and related oncogene expression (bcl-2 and c-erbB-2)
and p353 in proliferative, hyperplastic, and malignant endometrium. Hum
Pathol 1998;29:1150-1159.

Saegusa M, Kamata Y, Isono M, et al. Bcl-2 expression is correlated with a
low apoptotic index and associated with progesterone receptor immunore-
activity in endometrial carcinomas. | Pathol 1996;180:275-282.

Bur ME, Perlman C, Edelmann L, et al. p53 expression in neoplasms of
the uterine corpus. Am J Clin Pathol 1992;98:81-87.

Kohler ME, Berchuck A, Davidoff AM, et al. Overexpression and muta-
tion of p53 in endometrial carcinoma. Cancer Res 1992;52:1622-1627.
Koshiyama M, Konishi I, Wang DP, et al. Immunohistochemical analysis
of p53 protein over-expression in endometrial carcinomas: inverse correla-
tion with sex steroid receptor status. Virchows Arch A Pathol Anat
Histopathol 1993;423:265-271.

Nielsen AL, Nyholm HC. p53 protein and c-erbB-2 protein (p1835) expres-
sion in endometrial adenocarcinoma of endometrioid type. An immuno-
histochemical examination on paraffin sections. Am | Clin Pathol
1994;102:76-79.

Reinartz JJ, George E, Lindgren BR, et al. Expression of p53, transform-
ing growth factor alpha, epidermal growth factor receptor, and c-erbB-2
in endometrial carcinoma and correlation with survival and known pre-
dictors of survival. Hum Pathol 1994;25:1075-1083.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Golstein P, Kroemer G. Cell death by necrosis: towards a molecular defin-
ition. Trends Biochem Sci 2007;32:37-43.

Festjens N, Vanden Berghe T, Cornelis S, et al. RIP1, a kinase on the
crossroads of a cell’s decision to live or die. Cell Death Differ 2007;14:
400-10.

Barnabei VM, Miller DS, Bauer KD, et al. Flow cytometric evaluation of
epithelial ovarian cancer. Am | Obstet Gynecol 1990;162:1584-1592.
Kallioniemi OP, Punnonen R, Mattila J, et al. Prognostic significance of
DNA index, multiploidy, and S-phase fraction in ovarian cancer. Cancer
1988;61:334-339.

Brescia RJ, Barakat RA, Beller U, et al. The prognostic significance of
nuclear DNA content in malignant epithelial tumors of the ovary. Cancer
1990;65:141-147.

Griffiths AP, Cross D, Kingston RE, et al. Flow cytometry and AgNORs in
benign, borderline, and malignant mucinous and serous tumours of the
ovary. Int | Gynecol Pathol 1993;12:307-314.

Henriksen R, Strang P, Backstrom T, et al. Ki-67 immunostaining and
DNA flow cytometry as prognostic factors in epithelial ovarian cancers.
Anticancer Res 1994;14:603-608.

Lindahl B, Alm P. Flow cytometrical DNA measurements in endometrial
hyperplasias. A prospective follow-up study after abrasio only or addi-
tional high-dose gestagen treatment. Anticancer Res 1991;11:391-395.
Strang P, Stendahl U, Tribukait B. Prognostic significance of S-phase frac-
tion as measured by DNA flow cytometry in gynecologic malignancies.
Ann NY Acad Sci 1993;677:354-363.

Takahashi Y, Matsumoto H, Wakuda K, et al. Analysis of cell cycle kinet-
ics using flow cytometry from paraffin-embedded tissues in endometrial
adenocarcinoma. Asia Oceania | Obstet Gynaecol 1991;17:73-81.
Wagenius G, Bergstrom R, Strang P, et al. Prognostic significance of flow
cytometric and clinical variables in endometrial adenocarcinoma stages I
and II. Anticancer Res 1992;12:725-732.

Lindahl B, Gullberg B. Flow cytometrical DNA and clinical parameters in
the prediction of prognosis in stage I-II endometrial carcinoma.
Anticancer Res 1991;11:397-401.

Mariuzzi G, Sisti S, Santinelli A, et al. Evolutionary somatic cell changes in
cervical tumour progression quantitatively evaluated with morphological,
histochemical and kinetic parameters. Pathol Res Pract 1992;188:454-460.
Strang P, Stendahl U, Bergstrom R, et al. Prognostic flow cytometric infor-
mation in cervical squamous cell carcinoma: a multivariate analysis of 307
patients. Gynecol Oncol 1991;43:3-8.

Willen R, Himmelmann A, Langstrom-Einarsson E, et al. Prospective
malignancy grading: flow cytometry DNA-measurements and adjuvant
chemotherapy for invasive squamous cell carcinoma of the uterine cervix.
Anticancer Res 1993;13:1187-1196.

Naus GJ, Zimmerman RL. Prognostic value of flow cytophotometric
DNA content analysis in single treatment stage IB-IIA squamous cell car-
cinoma of the cervix. Gynecol Oncol 1991;43:149-153.

Zanetta GM, Katzmann JA, Keeney GL, et al. Flow-cytometric DNA analy-
sis of stages IB and ITA cervical carcinoma. Gynecol Oncol 1992;46:13-19.
Malmstrom H, Schmidt H, Persson PG, et al. Flow cytometric analysis of
uterine sarcoma: ploidy and S-phase rate as prognostic indicators.
Gynecol Oncol 1992;44:172-177.

Peters WA 3rd, Howard DR, Andersen WA, et al. Deoxyribonucleic acid
analysis by flow cytometry of uterine leilomyosarcomas and smooth mus-
cle tumors of uncertain malignant potential. Am | Obstet Gynecol
1992;166:1646-1653; discussion 1653-1654.

Wolfson AH, Wolfson DJ, Sittler SY, et al. A multivariate analysis of clini-
copathologic factors for predicting outcome in uterine sarcomas. Gynecol
Oncol 1994;52:56-62.

Bocklage TJ, Smith HO, Bartow SA. Distinctive flow histogram pattern in
molar pregnancies with elevated maternal serum human chorionic
gonadotropin levels. Cancer 1994;73:2782-2790.

Fukunaga M, Ushigome S, Sugishita M. Application of flow cytometry in
diagnosis of hydatidiform moles. Mod Pathol 1993;6:353-359.

Dolan JR, McCall AR, Gooneratne S, et al. DNA ploidy, proliferation
index, grade, and stage as prognostic factors for vulvar squamous cell car-
cinomas. Gynecol Oncol 1993;48:232-235.

Hatch KD. Preinvasive cervical neoplasia. Semin Oncol 1994;21:12-16.
Sherman ME. Theories of endometrial carcinogenesis: a multidisciplinary
approach. Mod Pathol 2000;13:295-308.

Feeley KM, Wells M. Precursor lesions of ovarian epithelial malignancy.
Histopathology 2001;38:87-95.

Teneriello MG, Ebina M, Linnoila RI, et al. p53 and Ki-ras gene muta-
tions in epithelial ovarian neoplasms. Cancer Res 1993;53:3103-3108.
Sell S. Stem cell origin of cancer and differentiation therapy. Crit Rev
Oncol Hemat 2004;51:1-28.

Goodell MA, Brose K, Pradis G, et al. Isolation and functional properties
of murine hematopoietic stem cells that are replicating in vivo. | Exp Med
1996;183:1797-1806.

Connolly DC, Bao R, Nikitin AY, et al. Female mice chimeric for expres-
sion of the simian virus 40 Tag under control of the MISIIR promoter
develop epithelial ovarian cancer. Cancer Res 2003;63:1389-1397.
Dinulescu DM, Ince TA, Quade BJ, et al. Role of K-ras and Pten in the
development of mouse models of endometriosis and endometrioid ovarian
cancer. Nat Med 2005;11:63-70.



98

99

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.
117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

. Szotek PP, Pieretti-Vanmarcke R, Masiakos PT, et al. Ovarian cancer side
population defines cells with stem cell-like characteristics and miillerian
inhibiting substance responsiveness. Proc Natl Acad Sci USA 2006;103:
11154-11159.

. Bapat SA, Mali AM, Koppikar CB, et al. Stem and progenitor-like cells

contribute to the aggressive behavior of human epithelial ovarian cancer.

Cancer Res 2005;65:3025-3029.

Squire J, Phillips RA. Genetic Basis of Cancer. 2nd ed. Toronto: McGraw-

Hill; 1992.

Kurzrock R, Talpaz, M. Molecular Biology in Cancer Medicine. London:

Martin Dunitz; 1995.

Sandberg A, Chen, Z. Cancer Cytogenetics: Nomenclature and Clinical

Applications. London: Martin Dunitz; 1995.

Hu J, Surti U. Subgroups of uterine leiomyomas based on cytogenetic

analysis. Hum Pathol 1991;22:1009-1016.

Rein MS, Friedman A]J, Barbieri RL, et al. Cytogenetic abnormalities in

uterine leiomyomata. Obstet Gynecol 1991;77:923-926.

Emoto M, Iwasaki H, Kikuchi M, et al. Characteristics of cloned cells of

mixed miillerian tumor of the human uterus. Carcinoma cells showing

myogenic differentiation in vitro. Cancer 1993;71:3065-3075.

Laxman R, Currie JL, Kurman RJ, et al. Cytogenetic profile of uterine sar-

comas. Cancer 1993;71:1283-1288.

Hampton GM, Penny LA, Baergen RN, et al. Loss of heterozygosity in cer-

vical carcinoma: subchromosomal localization of a putative tumor-suppres-

sor gene to chromosome 11q22-q24. Proc Natl Acad Sci USA 1994;91:

6953-6957.

Kohno T, Takayama H, Hamaguchi M, et al. Deletion mapping of chromo-

some 3p in human uterine cervical cancer. Oncogene 1993;8:1825-1832.

Segers P, Haesen S, Amy JJ, et al. Detection of premalignant stages in cer-

vical smears with a biotinylated probe for chromosome 1. Cancer Genet

Cytogenet 1994;75:120-129.

Sreekantaiah C, De Braekeleer M, Haas O. Cytogenetic findings in cervical

carcinoma. A statistical approach. Cancer Genet Cytogenet 1991;53:75-81.

Gallion HH, Powell DE, Smith LW, et al. Chromosome abnormalities in

human epithelial ovarian malignancies. Gynecol Oncol 1990;38:473-477.

Kohlberger PD, Kieback DG, Mian C, et al. Numerical chromosomal

aberrations in borderline, benign, and malignant epithelial tumors of the

ovary: correlation with p53 protein overexpression and Ki-67. | Soc

Gynecol Investig 1997;4:262-264.

Persons DL, Hartmann LC, Herath JF, et al. Fluorescence in situ

hybridization analysis of trisomy 12 in ovarian tumors. Am | Clin Pathol

1994;102:775-779.

Gorski GK, McMorrow LE, Blumstein L, et al. Trisomy 14 in two cases of

granulosa cell tumor of the ovary. Cancer Genet Cytogenet 1992;60:

202-20S5.

Crickard K, Marinello MJ, Crickard U, et al. Borderline malignant serous

tumors of the ovary maintained on extracellular matrix: evidence for clonal

evolution and invasive potential. Cancer Genet Cytogenet 1986;23:135-143.

Pejovic T, Heim S, Mandahl N, et al. Chromosome aberrations in 35 pri-

mary ovarian carcinomas. Genes Chromosomes Cancer 1992;4:58-68.

Milatovich A, Heerema NA, Palmer CG. Cytogenetic studies of endome-

trial malignancies. Cancer Genet Cytogenet 1990;46:41-53.

Tharapel SA, Qumsiyeh MB, Photopulos G. Numerical chromosome

abnormalities associated with early clinical stages of gynecologic tumors.

Cancer Genet Cytogenet 1991;55:89-96.

Gallion HH, Powell DE, Morrow JK, et al. Molecular genetic changes in

human epithelial ovarian malignancies. Gynecol Oncol 1992;47:137-142.

Worsham M]J, Van Dyke DL, Grenman SE, et al. Consistent chromosome

abnormalities in squamous cell carcinoma of the vulva. Genes Chromosomes

Cancer 1991;3:420-432.

Williams GT, Wynford-Thomas D. How may clonality be assessed in

human tumours? Histopathology 1994;24:287-292.

Vogelstein B, Fearon ER, Hamilton SR, et al. Clonal analysis using recombi-

nant DNA probes from the X-chromosome. Cancer Res 1987;47:4806—4813.

Fearon ER, Hamilton SR, Vogelstein B. Clonal analysis of human colorec-

tal tumors. Science 1987;238:193-197.

Fialkow PJ. Clonal origin of human tumors. Biochim Biophys Acta

1976;458:283-321.

Sawada M, Azuma C, Hashimoto K, et al. Clonal analysis of human gyne-

cologic cancers by means of the polymerase chain reaction. Int | Cancer

1994;58:492-496.

Jacobs IJ, Kohler MF, Wiseman RW, et al. Clonal origin of epithelial

ovarian carcinoma: analysis by loss of heterozygosity, p5S3 mutation, and

X-chromosome inactivation. | Natl Cancer Inst 1992;84:1793-1798.

Tsao SW, Mok CH, Knapp RC, et al. Molecular genetic evidence of a uni-

focal origin for human serous ovarian carcinomas. Gynecol Oncol

1993;48:5-10.

Li S, Han H, Resnik E, et al. Advanced ovarian carcinoma: molecular evi-

dence of unifocal origin. Gynecol Oncol 1993;51:21-25.

Muto MG, Welch WR, Mok SC, et al. Evidence for a multifocal origin of

papillary serous carcinoma of the peritoneum. Cancer Res 1995;55:

490-492.

Lu KH, Bell DA, Welch WR, et al. Evidence for the multifocal origin of

bilateral and advanced human serous borderline ovarian tumors. Cancer

Res 1998;58:2328-2330.

Chapter 3: The Biology of Gynecologic Cancer
131.

132.
133.
134.

135.

136.

137.
138.
139.
140.

141.

142.
143.

144.
145.

146.

147.
148.

149.
150.
151.

152.

153.
154.

155.

156.

157.

158.
159.
160.

161.

162.

65

Gardner GJ, Birrer MJ. Ovarian tumors of low malignant potential: can
molecular biology solve this enigma? | Natl Cancer Inst 2001;93:1122—
1123.

Barlogie B, Raber MN, Schumann J, et al. Flow cytometry in clinical can-
cer research. Cancer Res 1983;43:3982-3997.

Berchuck A, Boente MP, Kerns BJ, et al. Ploidy analysis of epithelial ovar-
ian cancers using image cytometry. Gynecol Oncol 1992;44:61-65.
Russack V. Image cytometry: current applications and future trends. Crit
Rev Clin Lab Sci 1994;31:1-34.

Strang P, Stenkvist B, Bergstrom R, et al. Flow cytometry and interactive
image cytometry in endometrial carcinoma. A comparative and prognostic
study. Anticancer Res 1991;11:783-788.

Hamaguchi K, Nishimura H, Miyoshi T, et al. Flow cytometric analysis of
cellular DNA content in ovarian cancer. Gynecol Oncol 1990;37:219-223.
Kaern J, Trope CG, Kristensen GB, et al. Flow cytometric DNA ploidy
and S-phase heterogeneity in advanced ovarian carcinoma. Cancer
1994;73:1870-1877.

Demirel D, Laucirica R, Fishman A, et al. Ovarian tumors of low malig-
nant potential. Correlation of DNA index and S-phase fraction with
histopathologic grade and clinical outcome. Cancer 1996;77:1494-1500.
Guerrieri C, Hogberg T, Wingren S, et al. Mucinous borderline and malig-
nant tumors of the ovary. A clinicopathologic and DNA ploidy study of
92 cases. Cancer 1994;74:2329-2340.

Harlow BL, Fuhr JE, McDonald TW, et al. Flow cytometry as a prognos-
tic indicator in women with borderline epithelial ovarian tumors. Gynecol
Oncol 1993;50:305-309.

Lai CH, Hsueh S, Chang TC, et al. The role of DNA flow cytometry in
borderline malignant ovarian tumors. Cancer 1996;78:794-802.

Eissa S, Khalifa A, Laban M, et al. Comparison of flow cytometric DNA
content analysis in fresh and paraffin-embedded ovarian neoplasms: a
prospective study. Br | Cancer 1998;77:421-425.

Bakshi N, Rajwanshi A, Patel F, et al. Prognostic significance of DNA
ploidy and S-phase fraction in malignant serous cystadenocarcinoma of
the ovary. Anal Quant Cytol Histol 1998;20:215-220.

Gajewski WH, Fuller AF Jr, Pastel-Ley C, et al. Prognostic significance of
DNA content in epithelial ovarian cancer. Gynecol Oncol 1994,53:5-12.
Pietrzak K, Olszewski W. DNA ploidy as a prognostic factor in patients
with ovarian carcinoma. Pol | Pathol 1998;49:141-144.

Friedlander ML, Hedley DW, Swanson C, et al. Prediction of long-term
survival by flow cytometric analysis of cellular DNA content in patients
with advanced ovarian cancer. | Clin Oncol 1988;6:282-290.

Iversen OE. Prognostic value of the flow cytometric DNA index in human
ovarian carcinoma. Cancer 1988;61:971-9785.

Resnik E, Trujillo YP, Taxy JB. Long-term survival and DNA ploidy in
advanced epithelial ovarian cancer. J Surg Oncol 1997;64:299-303.
Kaern J, Trope C, Kjorstad KE, et al. Cellular DNA content as a new
prognostic tool in patients with borderline tumors of the ovary. Gynecol
Oncol 1990;38:452-457.

Wagner TM, Adler A, Sevelda P, et al. Prognostic significance of cell DNA
content in early-stage ovarian cancer (FIGO stages I and 1I/A) by means of
automatic image cytometry. Int | Cancer 1994;56:167-172.

Zaino R], Davis AT, Ohlsson-Wilhelm BM, et al. DNA content is an indepen-
dent prognostic indicator in endometrial adenocarcinoma. A Gynecologic
Oncology Group study. Int ] Gynecol Pathol 1998;17:312-319.

Nordstrom B, Strang P, Lindgren A, et al. Carcinoma of the endometrium:
do the nuclear grade and DNA ploidy provide more prognostic informa-
tion than do the FIGO and WHO classifications? Int | Gynecol Pathol
1996;15:191-201.

Xue F, Jiao S, Zhao F. A study on DNA content and cell cycle phase analy-
sis in endometrial carcinoma. Zhonghua Fu Chan Ke Za Zbi 1996;31:
216-219.

Norris HJ, Becker RL, Mikel UV. A comparative morphometric and
cytophotometric study of endometrial hyperplasia, atypical hyperplasia,
and endometrial carcinoma. Hum Pathol 1989;20:219-223.

Connor JP, Miller DS, Bauer KD, et al. Flow cytometric evaluation of
early invasive cervical cancer. Obstet Gynecol 1993;81:367-371.

Jarrell MA, Heintz N, Howard P, et al. Squamous cell carcinoma of the
cervix: HPV 16 and DNA ploidy as predictors of survival. Gynecol Oncol
1992;46:361-366.

Anton M, Nenutil R, Rejthar A, et al. DNA flow cytometry: a predictor of
a high-risk group in cervical cancer. Cancer Detect Prev 1997;21:242-246.
Monsonego J, Valensi P, Zerat L, et al. Simultaneous effects of aneuploidy
and oncogenic human papillomavirus on histological grade of cervical
intraepithelial neoplasia. Br | Obstet Gynaecol 1997;104:723-727.
Multhaupt H, Bruder E, Elit L, et al. Combined analysis of cervical
smears. Cytopathology, image cytometry and in situ hybridization. Acta
Cytol 1993;37:373-378.

Clavel C, Zerat L, Binninger I, et al. DNA content measurement and in
situ hybridization in condylomatous cervical lesions. Diagn Mol Pathol
1992;1:180-184.

Hanselaar AG, Vooijs GP, Mayall BH, et al. DNA changes in progressive
cervical intraepithelial neoplasia. Anal Cell Pathol 1992;4:315-324.
Kashyap V, Das BC. DNA aneuploidy and infection of human papillo-
mavirus type 16 in preneoplastic lesions of the uterine cervix: correlation
with progression to malignancy. Cancer Lett 1998;123:47-52.



_______ &0

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Section I: Epidemiology of Gynecologic Cancer

Bocking A, Hilgarth M, Auffermann W, et al. DNA-cytometric diagnosis
of prospective malignancy in borderline lesions of the uterine cervix. Acta
Cytol 1986;30:608-615.

Bibbo M, Dytch HE, Alenghat E, et al. DNA ploidy profiles as prognostic
indicators in CIN lesions. Am | Clin Pathol 1989;92:261-2635.

Lage JM, Mark SD, Roberts D], et al. A flow cytometric study of 137
fresh hydropic placentas: correlation between types of hydatidiform moles
and nuclear DNA ploidy. Obstet Gynecol 1992;79:403-410.

Martin DA, Sutton GP, Ulbright TM, et al. DNA content as a prognostic
index in gestational trophoblastic neoplasia. Gynecol Oncol 1989;34:
383-388.

Haba R, Miki H, Kobayashi S, et al. Combined analysis of flow cytome-
try and morphometry of ovarian granulosa cell tumor. Cancer 1993;
72:3258.

Jacoby AF, Young RH, Colvin RB, et al. DNA content in juvenile granu-
losa cell tumors of the ovary: a study of early- and advanced-stage disease.
Gynecol Oncol 1992;46:97-103.

Rosen AC, Graf AH, Klein M, et al. DNA ploidy in primary fallopian-
tube carcinoma using image cytometry. Int | Cancer 1994;58:362-365.
Baak JP, Path FR, Hermsen MA, et al. Genomics and proteomics in cancer.
Eur | Cancer 2003;39:1199-1215.

Lichter P, Joos S, Bentz M, et al. Comparative genomic hybridization: uses
and limitations. Semin Hematol 2000;37:348-357.

Shayesteh L, Lu Y, Kuo WL, et al. PIK3CA is implicated as an oncogene in
ovarian cancer. Nature Genet 1999;21:99-102.

Snijders A, Nowee M, Fridlyand ], et al. Genome-wide-array-based com-
parative genomic hybridization reveals genetic homogeneity and frequent
copy number increases encompassing CCNE1 in fallopian tube carci-
noma. Oncogene 2003;22:4281-4286.

Pere H, Tapper ], Seppala M, et al. Genomic alterations in fallopian tube
carcinoma: comparison to serous uterine and ovarian carcinomas reveals
similarity suggesting likeness in molecular pathogenesis. Cancer Res
1998;58:4274-4276.

Heselmeyer K, Hellstrom AC, Blegen H, et al. Primary carcinoma of the
fallopian tube: comparative genomic hybridization reveals high genetic
instability and a specific, recurring pattern of chromosomal aberrations.
Int | Gynecol Pathol 1998;17:245-254.

Tapper J, Sarantaus L, Vahteristo P, et al. Genetic changes in inherited and
sporadic ovarian carcinomas by comparative genomic hybridization:
extensive similarity except for a difference at chromosome 2q24-q32.
Cancer Res 1998;58:2715-2719.

Patael-Karasik Y, Daniely M, Gotlieb WH, et al. Comparative genomic
hybridization in inherited and sporadic ovarian tumors in Israel. Cancer
Genet Cytogenet 2000;121:26-32.

Israeli O, Gotlieb WH, Friedman E, et al. Familial vs. sporadic ovarian
tumors: characteristic genomic alterations analyzed by CGH. Gynecol
Oncol 2003;90:629-636.

Zorn K, Jazaeri AA, Awtrey CS, et al. Choice of normal ovarian control
influences determination of differentially expressed genes in ovarian
cancer expression profiling studies. Clin Cancer Res 2003;9(13):
4811-4818.

Schwartz DR, Kardia SL, Shedden KA, et al. Gene expression in ovarian
cancer reflects both morphology and biological behavior, distinguishing
clear cell from other poor-prognosis ovarian carcinomas. Cancer Res
2002;62(16):4722-4729.

Schaner ME, Ross DT, Ciaravino G, et al. Gene expression patterns in
ovarian carcinomas. Mol Biol Cell 2003;14(11):4376-4386.

Zorn K, Bonome T, Gangi L, et al. Gene expression profiles of serous,
endometrioid, and clear cell subtypes of ovarian and endometrial cancer.
Clin Cancer Res 2005;11(18):6422-6430.

Tsuda H, Ito YM, Ohashi Y, et al. Identification of overexpression and
amplification of ABCF2 in clear cell ovarian adenocarcinomas by cDNA
microarray analyses. Clin Cancer Res 2005;11(19 Pt 1):6880-6888.
Wammuyokoli FW, Bonome T, Lee JY, et al. Exression profiling of muci-
nous tumor of the ovary identifies genes of clinicopathologic importance.
Clin Cancer Res 2006;12(3 Pt1):690-700.

Heinzelmann-Schwartz VA, Gardiner-Garden M, Henshall SM. A distinct
molecular profile associated with mucinous epithelial ovarian cancer. Br
Cancer 2006;94:904-913.

Felmate CM, Lee KR, Johnson M, et al. Whole-genome allelotyping iden-
tified distinct loss-of-heterozygosity patterns in mucinous ovarian and
appendiceal carcinomas. Clin Cancer Res 2005;11:7651-7657.

Bonome T, Lee JY, Park DC, et al. Expression profiling of serous low
malignant potential, low grade, and high grade tumors of the ovary.
Cancer Res 2005;65(22):10602-10612.

Donninger H, Bonome T, Radonovich M, et al. Whole genome expression
profiling of advanced stage papillary serous ovarian cancer reveals acti-
vated pathways. Oncogene 2004;23(49):8065-8077.

Berchuck A, Iversen ES, Lancaster JM, et al. Patterns of gene expression
that characterize long-term survival in advanced stage serous ovarian can-
cers. Clin Cancer Res 2005;11(10):3686-3696.

Shridhar V, Lee J, Pandita A, et al. Genetic analysis of early- versus late-
stage ovarian tumors. Cancer Res 2001;61(15):5895-5904.

Berchuck A, Iversen ES, Lancaster JM, et al. Prediction of optimal versus
suboptimal cytoreduction of advanced-stage serous ovarian cancer with
the use of microarrays. Am | Obstet Gynecol 2004;190(4):910-925.

192.

193.

194.

195.

196.

197.
198.
199.
200.
201.

202.

203.

204.

205.

206.

207.

208.

209.
210.
211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

Jazaeri AA, Lu K, Schmandt R, et al. Molecular determinants of tumor
differentiation in papillary serous ovarian carcinoma. Mol Carcinog
2003;36(2):53-59.

Jazaeri AA, Awtrey CS, Chandramouli GV, et al. Gene expression profiles
associated with response to chemotherapy in epithelial ovarian cancers.
Clin Cancer Res 2005;11(17):6300-6310.

Hellman J, Jansen MP, Span PN, et al. Molecular profiling of platinum
resistant ovarian cancer. Int | Cancer 2006;118(8):1963-1971.
Hartmann LC, Lu KH, Linette GP, et al. Gene expression profiles predict
early relapse in ovarian cancer after platinum-paclitaxel chemotherapy.
Clin Cancer Res 2005;11(6):2149-21585.

Spentzos D, Levine DA, Kolia S, et al. Unique gene expression profile
based on pathologic response in epithelial ovarian cancer. J Clin Oncol
2005;23(31):7911-7918.

Velculescu VE, Zhang L, Vogelstein B, et al. Serial analysis of gene expres-
sion. Science 1995;270:484-487.

Archer M. The basic science of oncology. In: Tannock IHR, ed. Chemical
Carcinogenesis. 2nd ed. Toronto: McGraw-Hill; 1992:102.

Buick R, Tannock, I. Properties of malignant cells. In: Tannock IHR, ed.
The Basic Science of Oncology. Toronto: McGraw-Hill; 1992:139.
Sutherland D. Hormones and Cancer. Toronto: McGraw-Hill; 1992.
Ames BN, Shigenaga MK, Gold LS. DNA lesions, inducible DNA repair,
and cell division: three key factors in mutagenesis and carcinogenesis.
Environ Health Perspect 1993;101(Suppl)5:35-44.

Wu S, Rodabaugh K, Martinez-Maza O, et al. Stimulation of ovarian
tumor cell proliferation with monocyte products including interleukin-1,
interleukin-6, and tumor necrosis factor-alpha. Am J Obstet Gynecol
1992;166:997-1007.

Maronpot RR. Ovarian toxicity and carcinogenicity in eight recent
National Toxicology Program studies. Environ Health Perspect 1987;73:
125-130.

Smith BJ, Mattison DR, Sipes IG. The role of epoxidation in 4-vinylcyclo-
hexene—induced ovarian toxicity. Toxicol Appl Pharmacol 1990;105:
372-381.

Nagaoka T, Takeuchi M, Onodera H, et al. Experimental induction of
uterine adenocarcinoma in rats by estrogen and N-methyl-N-nitrosourea.
In Vivo 1993;7:525-530.

Turusov VS, Raikhlin NT, Smirnova EA, et al. Uterine sarcomas in CBA
mice induced by combined treatment with 1,2-dimethylhydrazine and
estradiol dipropionate. Light and electron microscopy. Exp Toxicol Pathol
1993;45:161-166.

Parkash V, Carcangiu ML. Uterine papillary serous carcinoma after radia-
tion therapy for carcinoma of the cervix. Cancer 1992;69:496-501.
Benchimol S. Viruses and cancer. In: Tannock IHR, ed. The Basic Science
of Oncology. Toronto: McGraw-Hill; 1992:88.

Varmus H. Retroviruses. Science 1988;240:1427-1435.

zur Hausen H. Viruses in human cancer. Science 1991;254:1167.

Van Dyke T. Analysis of viral-host protein interactions and tumorigenesis
in transgenic mice. Semin Cancer Biol 1994;5:47.

Green PL, Chen IS. Regulation of human T cell leukemia virus expression.
FASEB ] 1990;4:169-175.

Laurence J, Astrin SM. Human immunodeficiency virus induction of
malignant transformation in human B lymphocytes. Proc Natl Acad Sci
USA 1991;88:7635.

Stewart JP, Arrand JR. Expression of the Epstein-Barr virus latent mem-
brane protein in nasopharyngeal carcinoma biopsy specimens. Hum
Pathol 1993;24:239-242.

Young LS, Rowe M. Epstein-Barr virus, lymphomas and Hodgkin’s dis-
ease. Semin Cancer Biol 1992;3:273-284.

Izumi KM, Kaye KM, Kieff ED. Epstein-Barr virus recombinant molecular
genetic analysis of the LMP1 amino-terminal cytoplasmic domain reveals
a probable structural role, with no component essential for primary
B-lymphocyte growth transformation. | Virol 1994;68:4369-4376.
Magrath I, Jain V, Bhatia K. Epstein-Barr virus and Burkitt’s lymphoma.
Semin Cancer Biol 1992;3:285-295.

Brechot C. Oncogenic activation of cyclin A. Curr Opin Genet Dev
1993;3:11-18.

Wang J, Zindy F, Chenivesse X, et al. Modification of cyclin A expression
by hepatitis B virus DNA integration in a hepatocellular carcinoma.
Oncogene 1992;7:1653-1656.

Graef E, Caselmann WH, Wells J, et al. Insertional activation of meval-
onate kinase by hepatitis B virus DNA in a human hepatoma cell line.
Oncogene 1994;9:81-87.

Di Luca D, Costa S, Monini P, et al. Search for human papillomavirus,
herpes simplex virus and c-myc oncogene in human genital tumors. Int |
Cancer 1989;43:570-577.

Manservigi R, Cassai E, Deiss LP, et al. Sequences homologous to two sep-
arate transforming regions of herpes simplex virus DNA are linked in two
human genital tumors. Virology 1986;155:192-201.

DiPaolo JA, Woodworth CD, Popescu NC, et al. HSV-2-induced tumori-
genicity in HPV16-immortalized human genital keratinocytes. Virology
1990;177:777-779.

Lancaster WD. Viral role in cervical and liver cancer. Cancer 1992;70:
1794-1798.

Gissmann L. Human papillomaviruses and genital cancer. Semin Cancer
Biol 1992;3:253-261.



226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

Lorincz AT, Reid R, Jenson AB, et al. Human papillomavirus infection of
the cervix: relative risk associations of 15 common anogenital types.
Obstet Gynecol 1992;79:328-337.

Woodworth CD, Doniger J, DiPaolo JA. Immortalization of human
foreskin keratinocytes by various human papillomavirus DNAs corre-
sponds to their association with cervical carcinoma. J Virol 1989;63:
159-164.

Hurlin PJ, Kaur P, Smith PP, et al. Progression of human papillomavirus
type 18-immortalized human keratinocytes to a malignant phenotype.
Proc Natl Acad Sci USA 1991;88:570-574.

DiPaolo JA, Woodworth CD, Popescu NC, et al. J. Induction of human
cervical squamous cell carcinoma by sequential transfection with human
papillomavirus 16 DNA and viral Harvey ras. Oncogene 1989;4:
395-399.

Steele C, Cowsert LM, Shillitoe EJ. Effects of human papillomavirus type
18-specific antisense oligonucleotides on the transformed phenotype of
human carcinoma cell lines. Cancer Res 1993;53:2330-2337.

Werness BA, Levine AJ, Howley PM. Association of human papillo-
mavirus types 16 and 18 E6 proteins with p53. Science 1990;248:76-79.
Hoppe-Seyler F, Butz K. Repression of endogenous p53 transactivation
function in HeLa cervical carcinoma cells by human papillomavirus type
16 E6, human mdm-2, and mutant p53. J Virol 1993;67:3111-3117.
Stein WD. Analysis of cancer incidence data on the basis of multistage and
clonal growth models. Adv Cancer Res 1991;56:161-213.

Hahn WC, Weinberg RA. Rules for making human tumor cells. N Engl |
Med 2002,347:1593-1603.

Taylor RR, Teneriello MG, Nash JD, et al. The molecular genetics of gyn
malignancies. Oncology (Huntingt) 1994;8:63-70, 73; discussion 73, 78-82.
Hethcote HW, Knudson AG Jr. Model for the incidence of embryonal can-
cers: application to retinoblastoma. Proc Natl Acad Sci USA
1978;75:2453-2457.

Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis.
Cell 1990;61:759-767.

Perera F, Santella R, Brandt-Rauf, P. Molecular Epidemiology of Lung
Cancer. New York: Cold Spring Harbor Laboratory Press; 1991.

Harris A. Breast Cancer, Molecular Oncology and Cancer Therapy. New
York: Cold Spring Harbor Laboratory Press; 1991.

Brown PH, Alani R, Preis LH, et al. Suppression of oncogene-induced
transformation by a deletion mutant of c-jun. Oncogene 1993;8:877-886.
Baticha AM, Armenian HK, Norkus EP, et al. Serum micronutrients and
the subsequent risk of cervical cancer in a population-based nested case-
control study. Cancer Epidemiol Biomarkers Prev 1993;2:335-339.

Palan PR, Mikhail MS, Basu ], et al. Beta-carotene levels in exfoliated cer-
vicovaginal epithelial cells in cervical intraepithelial neoplasia and cervical
cancer. Am | Obstet Gynecol 1992;167:1899-1903.

Agarwal C, Hembree JR, Rorke EA, et al. Interferon and retinoic acid sup-
press the growth of human papillomavirus type 16 immortalized cervical
epithelial cells, but only interferon suppresses the level of the human papil-
lomavirus transforming oncogenes. Cancer Res 1994;54:2108-2112.
Agarwal C, Rorke EA, Irwin JC, et al. Immortalization by human papillo-
mavirus type 16 alters retinoid regulation of human ectocervical epithelial
cell differentiation. Cancer Res 1991;51:3982-3989.

Meyskens FL Jr, Surwit E, Moon TE, et al. Enhancement of regression of
cervical intraepithelial neoplasia II (moderate dysplasia) with topically
applied all-trans-retinoic acid: a randomized trial. | Natl Cancer Inst
1994;86:539-543.

Wistuba I, Roa I, Araya JC, et al. Nucleolar organizer regions in uterine
cervical cancer and its precursor epithelial lesions. Rev Med Chil
1993;121:1110-1117.

Miyamoto S, Nishida M, Miwa K, et al. Increased actin cable organiza-
tion after single chromosome introduction: association with suppression
of in vitro cell growth rather than tumorigenic suppression. Mol Carcinog
1994;10:88-96.

Ando S, Tsujimura K, Matsuoka Y, et al. Phosphorylation of synthetic
vimentin peptides by cdc2 kinase. Biochem Biophys Res Commun
1993;195:837-843.

Kusubata M, Matsuoka Y, Tsujimura K, et al. cdc2 kinase phosphoryla-
tion of desmin at three serine/threonine residues in the amino-terminal
head domain. Biochem Biophys Res Commun 1993;190:927-934.

Moir RD, Montag-Lowy M, Goldman RD. Dynamic properties of nuclear
lamins: lamin B is associated with sites of DNA replication. | Cell Biol
1994;125:1201-1212.

Dohi T, Nemoto T, Ohta S, et al. Different binding properties of three
monoclonal antibodies to sialyl Le(x) glycolipids in a gastric cancer cell
line and normal stomach tissue. Anticancer Res 1993;13:1277-1282.
Hakomori S, Nudelman E, Levery SB, et al. Novel fucolipids accumulat-
ing in human adenocarcinoma. 1. Glycolipids with di- or trifucosylated
type 2 chain. | Biol Chem 1984;259:4672-4680.

Eigenbrodt E, Reinacher M, Scheefers-Borchel U, et al. Double role for
pyruvate kinase type M2 in the expansion of phosphometabolite pools
found in tumor cells. Crit Rev Oncog 1992;3:91-115.

Newsholme EA, Board M. Application of metabolic-control logic to fuel
utilization and its significance in tumor cells. Adv Enzyme Regul
1991;31:225-246.

Baggetto LG. Deviant energetic metabolism of glycolytic cancer cells.
Biochimie 1992;74:959-974.

Chapter 3: The Biology of Gynecologic Cancer

256.

257.
258.
259.

260.

261.
262.
263.

264.

265.

266.
267.
268.
269.

270.
271.

272.

273.
274.

275.
276.
277.

278.
279.
280.
281.
282.
283.
284.
285.
286.
287.

288.

67

Thompson S, Cantwell BM, Matta KL, et al. Parallel changes in the blood
levels of abnormally-fucosylated haptoglobin and alpha 1,3 fucosyltransferase
in relationship to tumour burden: more evidence for a disturbance of
fucose metabolism in cancer. Cancer Lett 1992;65:115-121.

Hill R. Metastasis. 2nd ed. Toronto: McGraw-Hill; 1992.

Maloney A, Workman P. HSP90 as a new therapeutic target for cancer
therapy: the story unfolds. Expert Opin Biol Ther 2002;2:3-24.
Widmann C, Gibson S, Jarpe MB, et al. Mitogen-activated protein kinase:
conservation of a three-kinase module from yeast to human. Physiol Rev
1999;79:143-180.

Rowinsky EK, Windle JJ, Von Hoff DD. Ras protein farnesyltransferase: a
strategic target for anticancer therapeutic development. | Clin Oncol
1999;17:(11)3631-3652.

Morrison DK, Cutler RE. The complexity of Raf-1 regulation. Curr Opin
Cell Biol 1997;9:174-179.

Van Aelst L, Barr M, Marcus S, et al. Complex formation between RAS and
RAF and other protien kinases. Proc Natl Acad Sci USA 1993;90:6213.
‘Warne PH, Viciana PR, Downward ]. Direct interaction of Ras and the
amino-terminal region of Raf-1 in vitro. Nature 1993;364:352-355.
Moodie SA, Willumsen BM, Weber M]J, et al. Complexes of Ras.GTP with
Raf-1 and mitogen-activated protein kinase kinase. Science 1993;260:
1658-1661.

Vos MD, Ellis CA, Bell A, et al. Ras uses the novel tumor suppressor RASSF1
as an effector to mediate apoptosis. | Biol Chem 2000;275:35669-35672.
Yu Y, Xu F, Peng H, et al. NOEY2 (ARHI), an imprinted putative tumor
suppressor gene in ovarian and breast carcinomas. Proc Natl Acad Sci
USA 1999;96:214-219.

Sewell JM, Smyth JE, Langdon SP. Role of TGF alpha stimulation of the
ERK, PI3 kinase and PLC gamma pathways in ovarian cancer growth and
migration. Exp Cell Res. 2005;304:305-316.

Cohen Y, Singer G, Lavie O, et al. The RASSF1A tumor suppressor gene is
commonly inactivated in adenocarcinoma of the uterine cervix. Clin
Cancer Res 2003;9:2981-2984.

Yoon JH, Dammann R, Pfeifer GP. Hypermethylation of the CpG island
of the RASSF1A gene in ovarian and renal cell carcinomas. Int | Cancer
2001;94:212-217.

Roberts PJ, Der CJ. Targeting the Raf-MEK-ERK mitogen-activated protein
kinase cascade for the treatment of cancer. Oncogene 2007;26:3291-3310.
Teneriello MG, Ebina M, Linnoila RI, et al. p53 and Ki-ras gene muta-
tions in epithelial ovarian neoplasms. Cancer Res 1993;53:3103-3108.
Mayr D, Hirschmann A, Lohrs U, et al. KRAS and BRAF mutations
in ovarian tumors: a comprehensive study of invasive carcinomas, bor-
derline tumors and extraovarian implants. Gynecol Oncol 2006;103:
883-887.

Cadena DL, Gill GN. Receptor tyrosine kinases. Faseb ] 1992;6:2332-2337.
Uings IJ, Farrow SN. Cell receptors and cell signalling. Mol Pathol
2000;53:(6)295-299.

Vlahovic G, Crawford J. Activation of tyrosine kinases in cancer.
Oncologist 2003;8:(6)531=538.

Cantley LC, Auger KR, Carpenter C, et al. Oncogenes and signal trans-
duction. Cell 1991;64:281-302.

Derynck R. The physiology of transforming growth factor-alpha. Adv
Cancer Res 1992,58:27-52.

Wen D, Peles E, Cupples R, et al. Neu differentiation factor: a transmem-
brane glycoprotein containing an EGF domain and an immunoglobulin
homology unit. Cell 1992;69:559-572.

Yamamoto T, Ikawa S, Akiyama T, et al. Similarity of protein encoded by
the human c-erb-B-2 gene to epidermal growth factor receptor. Nature
1986;319:230-234.

Niikura H, Sasano H, Sato S, et al. Expression of epidermal growth factor-
related proteins and epidermal growth factor receptor in common epithe-
lial ovarian tumors. Int | Gynecol Pathol 1997;16:60-68.

Skirnisdottir I, Seidal T, Sorbe B. A new prognostic model comprising p53,
EGFR, and tumor grade in early stage epithelial ovarian carcinoma and
avoiding the problem of inaccurate surgical staging. Int | Gynecol Cancer
2004;14:259-270.

Bast RC Jr., Boyer CM, Jacobs I, et al. Cell growth regulation in epithelial
ovarian cancer. Cancer 1993;71:1597-1601.

Meden H, Marx D, Rath W, et al. Overexpression of the oncogene c-erb B2
in primary ovarian cancer: evaluation of the prognostic value in a Cox pro-
portional hazards multiple regression. Int | Gynecol Pathol 1994;13:45-53.
Slamon DJ, Godolphin W, Jones LA, et al. Studies of the HER-2/neu
proto-oncogene in human breast and ovarian cancer. Science 1989;244:
707-712.

Wu Y, Soslow RA, Marshall DS, et al. Her-2/neu expression and amplifi-
cation in early stage ovarian surface epithelial neoplasms. Gynecol Oncol
2004;95(3):570-575.

Lee CH, Huntsman DG, Cheang MC, et al. Assessment of Her-1, Her-2,
and Her-3 expression and Her-2 amplification in advanced stage ovarian
carcinoma. Int | Gynecol Pathol 2005;24:147-152.

Mayr D, Kanitz V, Amann G, et al. HER-2/neu gene amplification in ovar-
ian tumours: a comprehensive immunohistochemical and FISH analysis
on tissue microarrays. Histopathology 2006;48(2):149-156.

Harwerth IM, Wels W, Schlegel J, et al. Monoclonal antibodies directed to
the erbB-2 receptor inhibit in vivo tumour cell growth. Br | Cancer
1993;68:1140-1145.



_______ &Y

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

Section I: Epidemiology of Gynecologic Cancer

Bookman MA, Darcy KM, Clarke-Pearson D, et al. Evaluation of mono-
clonal humanized anti-HER2 antibody, trastuzumab, in patients with
recurrent or refractory ovarian or primary peritoneal carcinoma with
overexpression of HER2: a phase II trial of the Gynecologic Oncology
Group. J Clin Oncol 2003;21:283-290.

Pollak MN, Schernhammer ES, Hankinson SE. Insulin-like growth factors
and neoplasia. Nat Rev Cancer 2004;4(7):505-518.

Pollak M. Insulin-like growth factor-related signaling and cancer develop-
ment. Recent Results Cancer Res 2007;174:49-53.

LeRoith D, Roberts CT Jr. The insulin-like growth factor system and can-
cer. Cancer Lett 2003;195(2):127-137.

Resnicoff M, Ambrose D, Coppola D, et al. Insulin-like growth factor-1
and its receptor mediate the autocrine proliferation of human ovarian car-
cinoma cell lines. Lab Invest 1993;69:756-760.

Sayer RA, Lancaster JM, Pittman J, et al. High insulin-like growth factor-
2 (IGF-2) gene expression is an independent predictor of poor survival for
patients with advanced stage serous epithelial ovarian cancer. Gynecol
Oncol 2005;96:355-361.

Lu L, Katsaros D, Wiley A, et al. The relationship of insulin-like growth
factor-I1, insulin-like growth factor binding protein-3, and estrogen recep-
tor-alpha expression to disease progression in epithelial ovarian cancer.
Clin Cancer Res 2006;12:1208-1214.

Board R, Jayson GC. Platelet-derived growth factor receptor (PDGFR): a
target for anticancer therapeutics. Drug Resist Updat 2005;8(1-2):75-83.
Fantl WJ, Johnson DE, Williams LT. Signalling by receptor tyrosine
kinases. Annu Rev Biochem 1993;62:453-481.

Wilczynski SP, Chen YY, Chen W, et al. Expression and mutational analy-
sis of tyrosine kinase receptors c-kit, PDGFRalpha, and PDGFRbeta in
ovarian cancers. Hum Pathol 2005;36:242-249.

Henriksen R, Funa K, Wilander E, et al. Expression and prognostic signif-
icance of platelet-derived growth factor and its receptors in epithelial
ovarian neoplasms. Cancer Res 1993;53:4550-4554.

Versnel MA, Haarbrink M, Langerak AW, et al. Human ovarian tumors
of epithelial origin express PDGF in vitro and in vivo. Cancer Genet
Cytogenet 1994;73:60-64.

Inoue M, Kyo S, Fujita M, et al. Coexpression of the c-kit receptor and the
stem cell factor in gynecologic tumors. Cancer Res 1994;54:3049-3053.
Baiocchi G, Kavanagh JJ, Talpaz M, et al. Expression of the macrophage
colony-stimulating factor and its receptor in gynecologic malignancies.
Cancer 1991;67:990-996.

Garofalo A, Naumova E, Manenti L, et al. The combination of the tyro-
sine kinase receptor inhibitor SU6668 with paclitaxel affects ascites for-
mation and tumor spread in ovarian carcinoma xenografts growing ortho-
topically. Clin Cancer Res 2003;9(9):3476-3485.

Alberts DS, Liu PY, Wilczynski SP, et al. Phase II trial of imatinib mesylate
in recurrent, biomarker positive, ovarian cancer (Southwest Oncology
Group Protocol S0211). Int ] Gynecol Cancer 2007;17(4):784-788.
Paley PJ. Angiogenesis in ovarian cancer: molecular pathology and thera-
peutic strategies. Curr Oncol Rep 2002;4:165-174.

Rasila KK, Burger RA, Smith H, et al. Angiogenesis in gynecologic oncol-
ogy-mechanism of tumor progression and therapeutic targets. Int |
Gynecol Cancer 2005;15(5):710-726.

Starling N, Cunningham D. Monoclonal antibodies against vascular
endothelial growth factor and epidermal growth factor receptor in
advanced colorectal cancers: present and future directions. Curr Opin
Oncol 2004;16:385-390.

Otrock ZK, Makarem JA, Shamseddine Al. Vascular endothelial growth
factor family of ligands and receptors: Review. Blood Cells Mol Dis
2007;38(3):2.58-268.

Shen GH, Ghazizadeh M, Kawanami O, et al. Prognostic significance of
vascular endothelial growth factor expression in human ovarian carci-
noma. Br | Cancer 2000;83:196-203.

Paley PJ, Staskus KA, Gebhard K, et al. Vascular endothelial growth fac-
tor expression in early stage ovarian carcinoma. Cancer 1997;80:98-106.
Baird A, Bohlen P. Peptide growth factors and their receptors I. In: Sporn
MRA, ed. Handbook of Experimental Pharmacology. Berlin: Springer-
Verlag; 1990:369.

Di Blasio AM, Cremonesi L, Vigano P, et al. Basic fibroblast growth factor
and its receptor messenger ribonucleic acids are expressed in human ovar-
ian epithelial neoplasms. Am | Obstet Gynecol 1993;169:1517-1523.
Olson TA, Mohanraj D, Carson LF, et al. Vascular permeability factor
gene expression in normal and neoplastic human ovaries. Cancer Res
1994;54:276-280.

Reynolds K, Farzaneh F, Collins WP, et al. Association of ovarian malig-
nancy with expression of platelet-derived endothelial cell growth factor.
J Natl Cancer Inst 1994;86:1234-1238.

Monk BJ, Han E, Josephs-Cowan CA, et al. Salvage bevacizumab (rhuMAB
VEGF)-based therapy after multiple prior cytotoxic regimens in advanced
refractory epithelial ovarian cancer. Gynecol Oncol 2006;102:140-144.
Wrana JL, Attisano L, Wieser R, et al. Mechanism of activation of the
TGF-beta receptor. Nature 1994;370:341-347.

Nash MA, Ferrandina G, Gordinier M, et al. The role of cytokines in both
the normal and malignant ovary. Endocr Relat Cancer 1999;6(1):93-107.
Cate R, Donohoe P, MacLaughlin D. Mullerian inhibting substance. In:
Sporn MRA, ed. Peptide Growth Factors and Their Receptors I. Handbook
of Experimental Pharmacology. Berlin: Springer-Verlag; 1990:179.

319.

320.

321.

322.

324.

325.

326.

327.

328.

329.

330.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.
348.

349.

Sunde JS, Donninger H, Wu K, et al. Expression profiling identifies altered
expression of genes that contribute to the inhibition of transforming
growth factor-B signaling in ovarian cancer. Cancer Res 2006;66:
8404-8412.

Suliman A, Lam A, Datta R, et al. Intracellular mechanisms of TRAIL:
apoptosis through mitochondrial-dependent and -independent pathways.
Oncogene 2001;20(17):2122-2133.

Kolesnick R, Golde DW. The sphingomyelin pathway in tumor necrosis
factor and interleukin-1 signaling. Cell 1994;77:325-328.

Kilian PL, Kaffka KL, Biondi DA, et al. Antiproliferative effect of inter-
leukin-1 on human ovarian carcinoma cell line (NIH:OVCAR-3). Cancer
Res 1991;51:1823-1828.

. Li BY, Mohanraj D, Olson MC, et al. Human ovarian epithelial cancer

cells cultures in vitro express both interleukin 1 alpha and beta genes.
Cancer Res 1992;52:2248-2252.

Lewis MP, Sullivan MH, Elder MG. Regulation by interleukin-1 beta of
growth and collagenase production by choriocarcinoma cells. Placenta
1994;15:13-20.

Savarese TM, Fraser CM. In vitro mutagenesis and the search for struc-
ture-function relationships among G protein—coupled receptors. Biochem
71992;283(Pt 1):1-19.

Wu S, Meeker WA, Wiener JR, et al. Transfection of ovarian cancer cells
with tumor necrosis factor-alpha (TNF-alpha) antisense mRNA abolishes
the proliferative response to interleukin-1 (IL-1) but not TNF-alpha.
Gynecol Oncol 1994;53:59-63.

Isonishi S, Jekunen AP, Hom DK, et al. Modulation of cisplatin sensitivity
and growth rate of an ovarian carcinoma cell line by bombesin and tumor
necrosis factor-alpha. J Clin Invest 1992;90:1436-1442.

Kohn EC, Sandeen MA, Liotta LA. In vivo efficacy of a novel inhibitor of
selected signal transduction pathways including calcium, arachidonate,
and inositol phosphates. Cancer Res 1992;52:3208-3212.

Gutkind JS. The pathways connecting G protein—coupled receptors to the
nucleus through divergent mitogen-activated protein kinase cascades.
J Biol Chem 1998;273:1839-1842.

Su B, Karin, M. Mitogen-activated protein kinase cascades and regulation
of gene expression. Curr Opin Immunol 1996;8:402.

. Shen YH, Godlewski J, Zhu J, et al. Cross-talk between JNK/SAPK and

ERK/MAPK pathways: sustained activation of JNK blocks ERK activa-
tion by mitogenic factors. J Biol Chem 2003;278:26715-26721.
Garrington TP, Johnson GL. Organization and regulation of mitogen-
activated protein kinase signaling pathways. Curr Opin Cell Biol 1999;11:
211-218.

Cobb MH. MAP kinase pathways. Prog Biophys Mol Biol 1999;71:
479-500.

Davis RJ. The mitogen-activated protein kinase signal transduction path-
way. J Biol Chem 1993;268:14553-14556.

Nevins JR. E2F: a link between the Rb tumor suppressor protein and viral
oncoproteins. Science 1992;258:424-429.

Givant-Horwitz V, Davidson B, Lazarovici P, et al. Mitogen-activated pro-
tein kinases (MAPK) as predictors of clinical outcome in serous ovarian
carcinoma in effusions. Gynecol Oncol 2003;91:160-172.

Persons DL, Yazlovitskaya EM, Cui W, et al. Cisplatin-induced activation
of mitogen-activated protein kinases in ovarian carcinoma cells: inhibition
of extracellular signal-regulated kinase activity increases sensitivity to cis-
platin. Clin Cancer Res 1999;5:1007-1014.

Chang F, Lee JT, Navolanic PM, et al. Involvement of PI3K/Akt pathway
in cell cycle progression, apoptosis, and neoplastic transformation: a tar-
get for cancer chemotherapy. Leukemia 2003;17:590-603.

Mills GB, Fang X, Lu Y, et al. Specific keynote: molecular therapeutics in
ovarian cancer. Gynecol Oncol 2003;88:588-592; discussion $93-S96.
Cristiano BE, Chan JC, Hannan KM, et al. A specific role for AKT3 in the
genesis of ovarian cancer through modulation of G(2)-M phase transition.
Cancer Res 2006;66:11718-11725.

Campbell IG, Russell SE, Choong DY, et al. Mutation of the PIK3CA gene
in ovarian and breast cancer. Cancer Res 2004;64:7678-7681.

Shayesteh L, Lu Y, Kuo WL, et al. PIK3CA is implicated as an oncogene in
ovarian cancer. Nat Genet 1999;21:99-102.

Cheng JQ, Godwin AK, Bellacosa A, et al. AKT2, a putative oncogene
encoding a member of a subfamily of protein-serine/threonine kinases, is
amplified in human ovarian carcinomas. Proc Natl Acad Sci USA
1992;89:9267-9271.

Yuan ZQ, Sun M, Feldman R, et al. Frequent activation of AKT2 and
induction of apoptosis by inhibition of phosphoinositide-3-OH kinase/Akt
pathway in human ovarian cancer. Oncogene 2000;19:2324-2330.

Azzi A, Boscoboinik D, Hensey C. The protein kinase C family. Eur J
Biochem 1992;208:547-557.

Rossomando A, Wu ], Weber M], et al. The phorbol ester-dependent acti-
vator of the mitogen-activated protein kinase p42mapk is a kinase with
specificity for the threonine and tyrosine regulatory sites. Proc Natl Acad
Sci USA 1992;89:5221-5225.

Heichman KA, Roberts JM. Rules to replicate by. Cell 1994;79:557-562.
Hunter T, Pines ]J. Cyclins and cancer. II: Cyclin D and CDK inhibitors
come of age. Cell 1994;79:573-582.

Klingmuller U, Lorenz U, Cantley LC, et al. Specific recruitment of
SH-PTP1 to the erythropoietin receptor causes inactivation of JAK2 and
termination of proliferative signals. Cell 1995;80:729-738.



350.

351.
352.

353.

354.

355.

356.

357.

358.

359.

360.

363.

364.

365.

366.

367.

368.

369.

Nurse P. Ordering S phase and M phase in the cell cycle. Cell 1994;79:
547-550.

Sherr CJ. G1 phase progression: cycling on cue. Cell 1994;79:551-555.
Farley JH, Birrer M]J. Biologic directed therapies in gynecologic oncology.
Curr Oncol Rep 2003;5:459-467.

Akiyama T, Ohuchi T, Sumida S, et al. Phosphorylation of the retinoblas-
toma protein by CDK2. Proc Natl Acad Sci USA 1992;89:7900-7904.
DeCaprio JA, Furukawa Y, Ajchenbaum F, et al. The retinoblastoma-suscep-
tibility gene product becomes phosphorylated in multiple stages during cell
cycle entry and progression. Proc Natl Acad Sci USA 1992;89:1795-1798.
Farley J, Smith LM, Darcy KM, et al. Cyclin E expression is a significant
predictor of survival in advanced, suboptimally debulked ovarian epithe-
lial cancers: a Gynecologic Oncology Group study. Cancer Res 2003;63:
1235-1241.

Casey PJ, Gilman AG. G protein involvement in receptor-effector cou-
pling. J Biol Chem 1988;263:2577-2580.

Cockeroft S, Thomas GM. Inositol-lipid-specific phospholipase C isoenzymes
and their differential regulation by receptors. Biochem ] 1992;288(Pt 1):1-14.
Fang X, Gaudette D, Furui T, et al. Lysophospholipid growth factors in
the initiation, progression, metastases, and management of ovarian cancer.
Ann NY Acad Sci 2000;905:188-208.

Guo Z, Liliom K, Fischer D], et al. Molecular cloning of a high-affinity
receptor for the growth factor-like lipid mediator lysophosphatidic acid
from Xenopus oocytes. Proc Natl Acad Sci USA 1996;93:14367-14372.
Kelvin DJ, Michiel DE, Johnston JA, et al. Chemokines and serpentines:
the molecular biology of chemokine receptors. | Leukoc Biol 1993;54:
604-612.

. Neel BG, Tonks NK. Protein tyrosine phosphatases in signal transduction.

Curr Opin Cell Biol 1997;9:193-204.

. Tonks NK, Neel BG. From form to function: signaling by protein tyrosine

phosphatases. Cell 1996;87:365-368.

Brady-Kalnay SM, Tonks NK. Protein tyrosine phosphatases as adhesion
receptors. Curr Opin Cell Biol 1995;7:650-657.

Peles E, Nativ M, Campbell PL, et al. The carbonic anhydrase domain of
receptor tyrosine phosphatase beta is a functional ligand for the axonal
cell recognition molecule contactin. Cell 1995;82:251-260.

Lorenz U, Bergemann AD, Steinberg HN, et al. Genetic analysis reveals
cell type—specific regulation of receptor tyrosine kinase c-Kit by the pro-
tein tyrosine phosphatase SHP1. | Exp Med 1996;184:1111-1126.

Li DM, Sun H. PTEN/MMAC1/TEP1 suppresses the tumorigenicity and
induces G1 cell cycle arrest in human glioblastoma cells. Proc Natl Acad
Sci USA 1998;95:15406-15411.

Haas-Kogan D, Shalev N, Wong M, et al. Protein kinase B (PKB/Akt)
activity is elevated in glioblastoma cells due to mutation of the tumor sup-
pressor PTEN/MMAC. Curr Biol 1998;8:1195-1198.

Ramaswamy S, Nakamura N, Vazquez F, et al. Regulation of G1 progres-
sion by the PTEN tumor suppressor protein is linked to inhibition of the
phosphatidylinositol 3-kinase/Akt pathway. Proc Natl Acad Sci USA
1999;96:2110.

Eng C. Genetics of Coden syndrome: through the looking glass of oncol-
ogy. Int ] Oncol 1998;12:701.

Chapter 3: The Biology of Gynecologic Cancer
370.

371.
372.
373.
374.
375.

376.

377.

378.
379.
380.

381.

382.

383.
384.
385.

386.
387.

388.

389.

390.

69

Obata K, Morland SJ, Watson RH, et al. Frequent PTEN/MMAC muta-
tions in endometrioid but not serous or mucinous epithelial ovarian
tumors. Cancer Res 1998;58:2095-2097.

Risinger JI, Hayes AK, Berchuck A, Barrett JC. PTEN/MMAC1 mutations
in endometrial cancers. Cancer Res 1997;57:4736-4738.

Villafranca JE, Kissinger CR, Parge HE. Protein serine/threonine phos-
phatases. Curr Opin Biotechnol 1996;7:397-402.

Goldberg Y. Protein phosphatase 2A: who shall regulate the regulator?
Biochem Pharmacol 1999;57:321-328.

Schonthal AH. Role of PP2A in intracellular signal transduction path-
ways. Front Biosci 1998;3:D1262-D1273.

Tonks NK. Protein tyrosine phosphatases and the control of cellular sig-
naling responses. Adv Pharmacol 1996;36:91-119.

Manzano RG, Montuenga LM, Dayton M, et al. CL100 expression is
down-regulated in advanced epithelial ovarian cancer and its re-expres-
sion decreases its malignant potential. Oncogene 2002;21:4435-4447.
Giles RH, van Es JH, Clevers H. Caught up in a Wnt storm: Wnt signaling
in cancer. Biochim Biophys Acta 2003;1653:1-24.

Orford K, Crockett C, Jensen JP, et al. Serine phosphorylation-regulated
ubiquitination and degradation of beta-catenin. | Biol Chem 1997;272:
24735-24738.

Monaghan H, MacWhinnie N, Williams AR. The role of matrix metallo-
proteinases-2, -7 and -9 and beta-catenin in high grade endometrial carci-
noma. Histopathology 2007;50:348-357.

Kildal W, Risberg B, Abeler VM, et al. Beta-catenin expression, DNA
ploidy and clinicopathological features in ovarian cancer: a study in 253
patients. Eur | Cancer 2005;41:1127-1134.

Mello CC, Conte D Jr. Revealing the world of RNA interference. Nature
2004;431:338-342.

Fire A, Xu S, Montgomery MK, et al. Potent and specific genetic interfer-
ence by double-stranded RNA in Caenorhabditis elegans. Nature.
998;391:806-811.

Rana TM. Illuminating the silence: understanding the structure and func-
tion of small RNAs. Nat Rev Mol Cell Biol 2007;8:(1)23-36.

Liu W, Mao SY, Zhu WY. Impact of tiny miRNAs on cancers. World |
Gastroenterol 2007;13:497-502.

Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 2004;116:281-297.

Vazquez F, Vaucheret H, Rajagopalan R, et al. Endogenous trans-acting
siRNAs regulate the accumulation of Arabidopsis mRNAs. Mol Cell
2004;16(1):69-79.

Volpe TA, Kidner C, Hall IM, et al. Regulation of heterochromatic silencing
and histone H3 lysine-9 methylation by RNAI. Science 2002;297(5588):
1833-1837.

Mochizuki K, Gorovsky MA. Small RNAs in genome rearrangement in
Tetrahymena. Curr Opin Genet Dev 2004;14(2):181-187.

Grivna ST, Pyhtila B, Lin H. MIWI associates with translational machin-
ery and PIWI- interacting RNAs (piRNAs) in regulating spermatogenesis.
Proc Natl Acad Sci USA 2006;103:13415-13420.

Zaratiegui M, Irvine DV, Martienssen RA. Noncoding RNAs and gene
silencing. Cell 2007;128(4):763-776.






CHAPTER 4 B TUMOR INVASION,
ANGIOGENESIS, AND METASTASIS:
BIOLOGY AND CLINICAL APPLICATION

CHRISTINA M. ANNUNZIATA, NILOFER S. AZAD,
EBONY R. HOSKINS, AND ELISE C. KOHN

Genetic instability is at the heart of malignant transformation.
This is manifest in part by the activation of signaling events
triggering malignant cells to stimulate their local microenvi-
ronment, invade locally, and then metastasize to distant sites
(Fig. 4.1). Invasive and metastatic disease is responsible for
much of the morbidity and mortality associated with cancer.
The search for factors affecting this process began as far back
as 1889 when Sir James Paget noted that women who died of
breast cancer tended to have a higher frequency of metastases
to bone and ovaries. He further commented that the process
was not random and, even more importantly, represented a
relationship between the “seed,” tumor cells of a given type, and
“soil,” the microenvironment providing the growth advantage
to the cells (1). Scientists have turned much attention toward
dissecting the sequence of events that comprises these key steps
in the disease process and translating that understanding to
development of targeted therapeutics (2). Signals in the cancers
that stimulate and maintain the invasive and angiogenic phe-
notype can also drive survival. Recognition of the regulation
and roles of angiogenesis, invasion, and tumor survival in the
dissemination of gynecologic cancers has and will continue to
lead to improved patient care and outcome.

CLINICAL IMPLICATIONS OF
INVASION, ANGIOGENESIS,
AND METASTASIS

Invasion

Survival, recurrence, and response to treatment strongly corre-
late with tumor invasion that leads to nodal and distant metas-
tases (3). Epithelial ovarian tumors of low malignant potential
(LMP/borderline) are characterized by their lack of penetration
into the ovarian stroma (4). These tumors rarely metastasize,
recur late, and have an overall survival at 5 years in excess of
95% (4). The importance of invasion depth is reflected in the
International Federation of Gynecology and Obstetrics (FIGO)
staging systems for both cervical and endometrial cancer (35).
The stage and frequency of cervical cancer metastasis increases
as the depth of invasion exceeds 5 mm (6,7). Extent of invasion
significantly contributed to a model predicting disease-free sur-
vival in multivariate analyses of early cervical cancer and other
cancers (8). Clinical outcome in endometrial cancer is also
affected by depth of invasion. As myometrial invasion proceeds

beyond the depth of 50%, the risks of nodal metastases and
treatment failure escalate (9). In addition to FIGO stage and
tumor type, depth of invasion has independent prognostic
value in endometrial cancer (10). Invasion has been used as a
discriminating clinical feature in the application of therapeutic
modalities, especially for local therapies such as radiation and
intraperitoneal chemotherapy. Invasion is thus an important
behavior contributing to the clinical outcome of gynecologic
malignancies.

Angiogenesis

Angiogenesis is the process of forming new blood vessels from
a preexisting vascular network. Its role in cancer was first
detailed by Folkman (11,12) and Liotta (13) in the 1970s.
Angiogenesis is now considered to be an invasive process
itself, and is prognostically important in tumor survival and
progression. Several points in the process of angiogenesis have
been successfully targeted in cancer therapy (11).

Endothelial cells from tumor samples can be identified and
quantified by immunohistochemistry analysis of angiogenic
markers such as von Willebrand’s factor, factor VIII, CD31, or
CD34 (14). Microvessel density has been correlated with dis-
ease relapse in cervical cancer (15), ovarian cancer (16,17),
and endometrial cancer (18). High microvessel counts
occurred in cervical cancer patients of all stages who devel-
oped early disease recurrence (19). Increased microvessel
number in endometrial carcinomas has been associated with
recurrent disease, progression-free survival, and overall sur-
vival (18,20). The extent of angiogenesis correlated with pro-
gression-free survival and overall survival in ovarian cancers.
CD34 was the most useful discriminator of microvessels in
advanced-stage ovarian cancers (21); counts and stage of dis-
ease were associated with overall survival and disease-free sur-
vival, respectively.

The expression of vascular endothelial growth factor (VEGF),
a potent angiogenesis stimulator, can complement microvessel
density (MVD) in the clinical assessment of angiogenesis. VEGF
correlated with poor outcome in early-stage and LMP ovarian
tumors; a statistically significantly worse median disease-free
survival was found in patients with VEGF-positive tumors
(22). Raspollini et al. (16) demonstrated that increased MVD
and higher expression of VEGF were independent predictors of
disease survival in serous ovarian cancer. Thus, neoangiogenesis
is a consistent clinical predictor of poor progression-free survival
in gynecologic malignancies.
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FIGURE 4.1. Paradigm of cancer progres-
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decade. Invasive ovarian cancer is diagnosed
approximately 15 years later, with the major-
ity of patients diagnosed dying of the disease
within 5 years.

Diagnosis & Intervention

Epithelial Ovarian Cancer

Diagnosis & Intervention

Metastasis

Both autocrine and paracrine signaling by growth factors and
cytokines activate programs for invasion and angiogenesis in
the progression toward metastasis. Once activated, these
events set the stage for dissemination. Activation and modula-
tion of the local microenvironment induces further permissive
events supporting tumor metastasis.

Metastatic activity and pattern of spread is important in
the diagnosis, prognosis, and treatment of all malignancies.
Patterns of spread vary between and within tumors and follow
the biology and location of the primary tumor. Consider dis-
tinct patterns of spread of gynecologic cancers. Cervical and
endometrial cancers tend to follow the general adenocarci-
noma pattern of early local extension with nodal involvement
predicted by locally invasive behavior, followed by distant dis-
semination (23,24). The presence of nodal metastases is a
poor prognostic sign for gynecologic malignancies, a manifes-
tation of invasion that results in upstaging and high risk of
relapse. A study of fallopian tube cancer revealed a 76-month
median survival in patients without lymph node metastases.
This was in contrast to a 33-month median survival in
patients with documented nodal disease (25).

Unlike other invasive adenocarcinomas, however, epithelial
ovarian tumors disseminate broadly within the abdominal cavity

o ]=]=]=]

FIGURE 4.2. Schema of invasion and
metastasis. (A) Normal epithelium, extracel-
lular matrix (ECM), and endothelium. (B)
Early transformation and carcinoma in situ.
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(C) Stromal invasion requiring proteolysis

and ECM degradation. (D) Intravasation
requiring further proteolysis. (E) Migration.
(F) Extravasation into distant sites.

prior to nodal and hematogenous dissemination (26-28). This
occurs from tumor cell shedding, followed by adhesion to the
serosal and peritoneal surfaces and migration of the malignant
epithelium. Common sites of early extension are bowel and
bladder serosal surfaces and the abdominal and pelvic peri-
toneum. Surface shedding, a nurturing milieu within the
ascites, and the supportive local microenvironment of the
serosa and peritoneum can result in extensive microscopic
tumor burden. The microscopic and insidious nature of the
surface extension of ovarian cancer limits the success of com-
plete surgical resection. Disease can be found on the abdominal
peritoneum of the diaphragm in patients before microscopic
nodal involvement (FIGO stage IIIA vs. IIIC). This is in sharp
contrast to other gynecologic malignancies; Matsumoto et al.
compared the process of lymphatic invasion of ovarian, cervi-
cal, and endometrial cancers (29) and showed that cervical and
endometrial cancers tended to involve pelvic nodes earlier in
the metastatic process than ovarian malignancies.

BIOLOGY OF INVASION

Invasion is the active translocation of a cell across tissue bound-
aries and through host cellular and extracellular matrix barriers
(Figure 4.2). It is tightly regulated in the physiologic settings of
wound healing, embryogenesis, and trophoblast implantation.
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The components and events of physiological invasion and
malignant invasion are similar. Invasion requires cellular adhe-
sion and proteolysis, coupled with activation of migration and
survival pathways (30). Quantity, activation, and regulation are
what set the two forms of invasion apart. These checkpoints are
disrupted or altered in the setting of malignancy.

Adhesion

Both cell-cell and cell-stroma interactions are involved in
physiologic and malignant invasion. Connections through cell
adhesion molecules, integrins, and cadherins stabilize tissue
integrity and provide survival and activation signals (31). Loss
of these connections is associated with increased metastatic
potential (32,33). Cell polarity and organization during
spreading and migration are regulated by cell interaction with
extracellular matrix (ECM) proteins through the integrin fam-
ily, and with other cells through the transmembrane glycopro-
teins, cadherins. Activation of these cell surface receptors
passes signals from the microenvironment to the intracellular
environment, thereby affecting cellular behavior. Differential
expression and activation of adhesion molecules has been
described as differentiating normal from malignant cells (32).

Cadherins

Cadherins are transmembrane glycoproteins that mediate cell-cell
interactions in a fashion dependent upon extracellular calcium.
The intracellular domain of the cadherins form complexes with
the catenin family of cytoplasmic proteins (34). Cadherin-
catenin complexes are linked to the cytoskeleton through
direct interactions between a-catenin and a-actinin (35).
Interaction with the ECM thus transmits signals intracellu-
larly via cadherin/catenin complexes, thereby affecting both
structural morphology and functional differentiation.

E-cadherin is the most extensively studied member of the
family. E-cadherin functions as a metastasis-suppressor molecule
in several types of carcinomas (36). Loss of E-cadherin expres-
sion is associated with an invasive phenotype. A transgenic
mouse model of pancreatic islet cell carcinoma demonstrated
that loss of E-cadherin was associated with early invasion and
metastasis (37). The role of E-cadherin is less defined in ovarian
cancer, based on its variable patterns of expression. In contrast
to other normal epithelial cells, normal ovarian surface epithe-
lium (OSE) rarely expresses E-cadherin (38,39), whereas acti-
vated metaplastic OSE cells and primary ovarian cancers often
express this protein. E-cadherin protein expression is then lost
as tumors become more poorly differentiated or increase their
metastatic potential (37). E-cadherin expression becomes
scant or absent in metastases, consistent with its description as
a metastatic suppressor (36,40—-42). Exogenous expression of
E-cadherin in OSE cells induced expression of markers asso-
ciated with preneoplastic and metaplastic OSE (43). Hence,
alterations associated with control of E-cadherin could facili-
tate invasion in malignancy.

Integrins

The integrins are transmembrane glycoproteins composed of
noncovalently linked a- and B-subunit heterodimers. Integrins
serve both as cell adhesion molecules and as signaling mole-
cules regulating apoptosis, proliferation, invasion, metastasis,
angiogenesis, and survival. A variety of extracellular matrix
proteins interact as ligands, including collagens, laminin,
tenascin, fibronectin, vitronectin, von Willebrand’s factor, and
thrombospondin (44). Matrix engagement is an important
stimulus of invasive behavior, signaling through integrins
to activate focal adhesion kinase (FAK), phosphatidylinositol
3’-kinase (PI3K) and the AKT/protein kinase B pathway.

Feedback interdependence between these proteins was demon-
strated experimentally when overexpression of AKT2 in ovar-
ian cancer led to up-regulation of 1 integrins and resulted in
increased invasion and metastasis (45).

Integrins also exhibit the capability of serving as mechanore-
ceptors, allowing for the translation of mechanical external sig-
nals into biochemical messages such as during collagen matrix
contraction (46). The avB3 integrin plays a fundamental role in
angiogenesis, invasion, and survival. Its activation initiates a
calcium-dependent signaling pathway, leading to an increase in
cell motility and survival signals. This integrin is expressed on
epithelial, endothelial, and uterine smooth muscle cells, as well
as leukocytes. avB3 integrin is expressed minimally in normal
or resting blood vessels and is up-regulated both on activated
vascular endothelium and tumor epithelium, suggesting a role
in tumor proliferation as well as angiogenesis (47-51). There is
elevated expression of avB3 in cervical cancers (52) and ovarian
cancers (53), that shows an increasing gradient of expression as
cells progress from LMP tumors to invasive epithelial cancers
(54). Cross talk may occur between the avB3 integrin and the
tyrosine kinase domains of angiogenic growth factor receptors,
amplifying downstream activation of survival and proliferation
cascade (55,56). Agents directed against integrins have been
tested in a variety of models, with clinical results still forthcom-
ing. Examples of these agents can be found in Table 4.1.

Proteolysis

Local proteolysis occurs in both the tumor and stromal com-
partments. The process of intravasation and extravasation
depends upon the ability to secrete proteolytic enzymes
required to degrade the barriers within the extracellular matrix.
Overexpression of such enzymes occurs in almost all cells
within the tumor-host microenvironment (30). Degradation of
the basement membrane is affected by net proteolytic activity
that is determined by the balance of activated proteolytic
enzymes and their inhibitors. A positive correlation with
tumor aggressiveness has been shown for a variety of degrada-
tive enzymes, including heparanases and seryl-, thiol-, and
metal-dependent enzymes (57-59). Proteolytic behavior may
therefore be a logical molecular target to interrupt the invasive
and metastatic process in malignancy.

Matrix Metalloproteases

Matrix metalloproteases (MMPs) are a family of neutral met-
alloenzymes secreted as latent proenzymes. They require cleav-
age of the amino-terminal domain, and their activity depends
on the presence of Zn?* and/or Ca2* (60). There are five sub-
classes grouped according to substrate specificity: interstitial
collagenases, gelatinases, stromelysins, membrane-type MMPs,
and elastases. Increased MMP activity has been detected in and
shown to correlate with invasive and metastatic potential in a
wide rage of cancers, including gynecologic, lung, prostate,
breast, and pancreatic cancers (30,61-63). Epithelial ovarian
carcinoma cells derived from primary ovarian tumors, metastatic
lesions, or ascites overexpressed MMP-2 (gelatinase A) and
MMP-9 (gelatinase B) (64). Increased MMP-2 expression was
observed in cervices with high-grade cervical intraepithelial
neoplasia (CIN) and invasive cervical carcinoma when com-
pared to normal and low-grade CIN cervices (65). Expression
of MMP-13 (collagenase-3) is abundant in vulvar carcinomas
metastatic to lymph nodes. MMP-13 was associated with
tumor-cell expression of MTI-MMP and stromal-cell expres-
sion of MMP-2 (66). Therefore, MMPs may serve as useful
markers for detection of disease and/or as targets for therapeu-
tic intervention to prevent tumor progression.

The activity of MMPs is regulated by a family of five proteins
known as the tissue inhibitors of metalloproteases (TIMPs).
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TABLE 4.1

MOLECULAR THERAPEUTICS OF INVASION,
ANGIOGENESIS, AND METASTASIS

Target Drug

AKT Perifosine
PX-316
A-443654

c-Kit Imatinib

Cetuximab
Panitumumab
Matuzumab
Gefitinib
Erlotinib
Lapatinib
Vandetanib
Canertinib
Leflunomide

PI-88

Epidermal growth factor receptor (EGFR1)

Heparanase

ERBB2 (HER2/neu) Trastuzumab
Lapatinib

Canertinib

Volociximab
Cilengitide
Vitaxin
Endostatin
Angiostatin

Integrins

Marimastat
COL-3

BAY 12-9566
MMI 270
ABT-518

Matrix metal oproteases (MMPs)

mTOR/FRAP Temsirolimus
Rapamycin

RADO001
ps3 ONYX-015
PI3K PX-866
Imatinib
Sunitinib
Leflunomide

Platelet-derived growth factor receptor
(PDGFR)

Protein kinase C-a (PKC-a) Bryostatin-1

UCN 01
Raf-kinase Sorafenib
ISIS 5132
ISIS 2503
Ras Tipifarnib
Lonafarnib
L-778123
Vascular endothelial growth factor Bevacizumab
(VEGF) VEGEF trap
Vascular endothelial growth factor Sorafenib
receptor-1/2 (VEGFR-1/2) Vandetanib
Sunitinib
Angiogenesis (unknown targets) Thalidomide
Lenalidomide
IL-12

In concert with MT1-MMP, TIMP-2 can regulate activation of
MMP-2, whereas it can also directly inhibit MMP-2 function
(67). The balance between levels of activated MMPs and free
TIMPs determines the balance between matrix degradation
and matrix formation. Altering this equilibrium affects the
progression of the invasive phenotype. Immunohistochemistry
of MMP-2 and TIMP-2 in endometrial tumors showed that the
quantity of MMP-2 increased with histologic grade, while
TIMP-2 decreased (68). This pattern of MMP and TIMP
expression correlated clinically, serving as indicator of local
and distant metastasis. Similar data for MMPs and their
inhibitors were found in ovarian cancer (69).

TIMPs have independent activities as well. TIMP-2 inhibits
basic fibroblast growth factor-induced stimulation of endothe-
lial-cell proliferation independent of its ability to inhibit MMP
activity (70). TIMP-1 and TIMP-2 have been shown to inhibit
tumor-induced angiogenesis in experimental systems (71) and
to have antiapoptotic activity in lymphomas (72). Such infor-
mation has led to development of novel agents affecting the
expression or activity of MMPs and TIMPs. Multiple syn-
thetic inhibitors of MMPs have been studied in preclinical and
clinical trials (73,74) demonstrating a variety of antineoplastic
effects that have not translated successfully to the clinic.
Clinical response to the MMP inhibitor class has been disap-
pointing either from lack of activity and/or unexpected toxic-
ity. A new generation of inhibitors has been developed and is
reaching clinical testing (see Table 4.1 for examples) (75).

Serine Proteases

Plasminogen activators (PAs) are serine-specific proteases that
convert inactive plasminogen to active plasmin, a trypsin-like
enzyme that degrades a variety of proteins, including fibrin,
fibronectin, type IV collagen, vitronectin, and laminin. Plasmi-
nogen activator exists in two forms: tissue-type plasminogen
activator (tPA), the primary plasminogen activator in plasma,
and urokinase plasminogen activator (uPA). uPA is involved
primarily in cell-mediated proteolysis during macrophage
invasion, wound healing, embryogenesis, and metastasis (76).
Production of uPA in ovarian carcinoma cells is reported as
17- to 38-fold higher than that found in normal ovarian
epithelial cells (77,78). The role of uPA in ovarian cancer has
been shown in preclinical models. Its production is stimulated
by multiple ovarian-cancer-derived growth factors, such as
lysophosphatidic acid (79). Approaches to molecular targeting
of uPA and its related family of regulatory molecules are
undergoing preclinical evaluation. New inhibitory agents
directed to uPA include bikunin and soybean kunitz inhibitor,
which block messenger RNA (mRNA) and protein expression
of uPA, and down-regulate uPA through Src-dependent signal-
ing pathways, respectively (80-82).

Cellular Events Promoting Invasion

ras Family

The ras family of oncoproteins is a group of integral modulators
of signal transduction pathways and its members are potent
inducers of mitogenesis and invasion (83). K-ras mutations have
been found in 50% of mucinous ovarian cancers and 40% of
LMP tumors, but are generally uncommon in serous ovarian
cancers (84). Approximately 10% to 30% of endometrial can-
cers show K-ras mutations (85,86). H-ras mutations have been
associated with the progression of papillomavirus-induced
lesions in the uterine cervix (87). Mutated or overexpressed,
ras functions in invasion and angiogenesis in multiple ways.
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Several ras family members have been shown to regulate angio-
genesis. Colorectal carcinoma cell lines constitutively expressing
K-ras- and H-ras-mutant cell lines had increased VEGF expres-
sion (88). H-ras induction of VEGF expression was mediated by
TGF-B and basic fibroblast growth factor (bFGF), both of which
are potent proangiogenic growth factors produced in tumor
autocrine and paracrine loops (89). Therapeutics inhibiting far-
nesyltransferase (FTase) proteins such as RAS can decrease
VEGEF expression i vitro and in vivo (90), suggesting that far-
nesyltransferase inhibitors (FTIs) may have a multifunctional
role in cancer treatment (Table 4.1). FTIs are an evolving family
of agents under investigation.

BIOLOGY OF ANGIOGENESIS

New Vessel Formation

Blood Vessels

Angiogenesis is a rate-limiting step in the growth of tumors
and in the development of metastases (91,92). Tumor growth
is limited by nutrient requirements and waste removal, and
metastasis depends on tumor cells’ access to the vasculature
for dissemination (92-95). Net tumor volume represents a
balance between cellular proliferation and cell death. Lack of
angiogenesis limits growth, creating a balance between prolif-
eration and death rates (Fig. 4.3) (93). A tumor mass larger
than 0.125 mm? exceeds its capacity to acquire nutrients by
simple diffusion. Further expansion of the tumor mass
requires new blood vessel formation (11).

The formation of tumor neovasculature consists of multi-
ple, interdependent steps similar to the process of invasion
(96). Activation of endothelial cells by stimuli such as injury or
inflammation, and tumor secretion of proangiogenic cytokines
and growth factors, induces expression of a pro-invasive phe-
notype in the endothelial cells. This is manifest by local degra-
dation of the capillary basement membrane, followed by
endothelial-cell invasion into the surrounding stroma and

migration of endothelial cells in the direction of the angiogenic
stimulus. Proliferation of endothelial cells occurs at the leading
edge of the migrating column, and the endothelial cells begin to
organize into three-dimensional structures to form new capil-
lary tubes (3,97). The switch of endothelial cells from quies-
cent to activated is regulated by angiostimulatory and angio-
static signals (91). These include cytokines, fibrin, and
integrins (98-101). These different angioregulatory processes
have been targeted for therapeutic inhibition in cancer and
inflammatory diseases. The results of these efforts are promis-
ing, as some cancers are highly responsive to antiangiogenic
therapy. Investigators are characterizing a number of new mol-
ecular pathways that may be involved in the process of angio-
genesis. Examples of these pathways include the ephrin (102),
notch (103), hedgehog (104), sprouty (105), roundabouts (106),
and slits pathways (106). These may prove to be novel sites for
molecular targeting (Table 4.1 and Fig. 4.3).

Lymphangiogenesis

Tumors frequently metastasize to lymph nodes. The lymphatic
system is composed of ducts ending in lymphatic capillaries anal-
ogous to the blood circulatory system. Lymphangiogenesis is
the process of forming new lymphatic vessels. It is similarly a
dynamic system and undergoes remodeling. A tumor, there-
fore, may prompt formation of its own lymphatic drainage by
secreting factors stimulating lymphangiogenesis (107). The
cytokines and receptors for lymphangiogenesis, described in
the next section, are analogous to, yet distinct from, those
involved in new blood vessel formation. Our understanding of
this process is in its infancy, but the identification of lymphatic-
specific markers has provided initial structural insights (108).

Angio-Immunology (Vascular Leukocytes)

An alternative model of neoangiogenesis proposes that tumor-
infiltrating leukocytes can be stimulated to differentiate into
endothelial cell precursors (109). Typically, leukocytes express
CD45 but not VE-cadherin, while endothelial cells have
VE-cadherin but not CD45 (110). A distinct population of
cells was isolated from primary cases of stage III ovarian cancer
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based on their expression of these two markers: those that
expressed markers of both leukocytes (CD45) and endothelial
cells (VE-cadherin) (110). Such cells also expressed vascular
endothelial growth factor receptor-2 (VEGFR2) and formed
vessel-like structures when stimulated in vitro with VEGF
(110). New blood vessels, therefore, may be derived from two
distinct yet interrelated pathways, each under the influence of
VEGEF. The proposed vascular leukocytes may provide addi-
tional targets for therapeutic intervention based on their
unique pattern of cell surface markers.

Growth Factors Promoting Angiogenesis

Vascular Endothelial Growth Factor

VEGE, described initially as vascular permeability factor, was
purified from ovarian cancer xenograft ascites (98,111). Five
isoforms of VEGF have been identified (A through E). VEGF-A,
-B, and -E stimulate angiogenesis by binding VEGFR1 (VEGF-A
and -B) or VEGFR2 (VEGF-A and -E); isoforms -C and -D sig-
nal through VEGFR3 to stimulate lymphangiogenesis (108).
VEGFs are mitogens for vascular endothelial cells, induce capil-
lary tube formation, cause increased vascular permeability and
protein extravasation, stimulate endothelial-cell migration, and
promote endothelial-cell survival (112). They have critical roles
in normal gynecologic function, including endometrial cycling,
ovarian follicle maturation, and corpus luteum formation and
regression (113). VEGF-A also functions in gynecologic
pathologies, including endometriosis (114) and polycystic ovar-
ian disease (115). VEGFs are products of known tumor-growth-
factor signaling cascades, such as the lysophosphatidic acid
(LPA), NF-kB, and PI3K pathways in ovarian cancer (116-118).
Expression is up-regulated in a variety of tumors, including most
gynecologic malignancies, and correlates with poor outcome
(119,120). Tumor cells, stromal support cells, and endothelial
cells express VEGFs, indicating that they are paracrine media-
tors of angiogenesis in cancer. Both primary and metastatic ovar-
ian carcinoma cells can coexpress VEGFs and VEGF receptors
1 (Flt) and 2 (KDR), thus providing autocrine stimulation (121).
This was the first example of localization of VEGFR2 expres-
sion in nonendothelial cells.

A strong correlation exists between the degree of vasculariza-
tion of a tumor and VEGF expression (122). Circulating VEGF
concentrations may be influenced by numerous factors including
hormones, cytokines, and hypoxia that affect the expression of
VEGEF protein and mRNA (123-125). Plasma and urine concen-
trations of VEGF increase during tumor progression. In a study
of advanced epithelial ovarian carcinomas, patients with tumors
expressing higher levels of VEGF had shorter survival (126) and
concordant results were found with serum levels of VEGF (120).
This growth factor accumulates in malignant ascites and con-
tributes to increasing the ascites burden through its effects on
vascular permeability (127,128). The role of VEGF in malignant
ascites of ovarian cancer has been exploited therapeutically in
several studies, which noted decreases in ascites volume after
treatment with bevacizumab, the anti-VEGF monoclonal anti-
body (129-132). Thus, VEGF is a prognostic factor and molec-
ular target for gynecologic malignancies.

Epidermal Growth Factor

Epidermal growth factor (EGF) is a potent mitogen and
chemoattractant for many tumor types, stromal cells, and
endothelial cells (133). It is a prototype for successful targeting
of growth-factor pathways in the era of molecularly targeted
therapeutics. EGF expression has been correlated with malig-
nant invasion and angiogenesis in a variety of tumors
(133-136). This is a pathway subject to positive feedback,

since tumors that produce and secrete EGF can up-regulate
expression of EGF receptor (EGFR) in the local vasculature.
This phenomenon was associated with an antivascular and
antitumor response to EGFR inhibition (137). This may be an
important site of intervention, but can also lead to a mecha-
nism for escape from single molecular targeted therapies, for
example, by tumor production of bFGF when VEGF is down-
regulated (138,139).

The EGFR pathway may be important in gynecologic can-
cers. Ovarian cancer patients with circulating EGF concentra-
tions below 1 ng/mL had significantly better survival than those
with higher EGF concentrations (140). Increased expression of
EGF receptors ErBB1/HER1(EGFR) and ErBB2/HER2/neu was
associated with increased metastasis and reduced survival in
ovarian carcinoma (140-142). Concurrent expression of EGF-
related proteins such as EGFR and cripto ligand correlated with
stage of serous and clear cell ovarian cancers at surgery (143).

EGFR antagonists have putative antiangiogenic activity.
ERBB2 (HER2/neu) is expressed at a lower level in gyneco-
logic malignancies as compared to breast cancer, but is
nonetheless a poor prognostic factor (141). Overexpression of
ERBB2 in cultured cells has been shown to overcome thera-
peutic inhibition of EGFR kinase owing to shifting the balance
from EGFR homodimers to ERBB2 heterodimers that retain
signaling capacity (144). Laboratory investigation and clinical
targeting of this class of agents is complicated by the potential
of members of the EGFR (HER) family of receptors to het-
erodimerize. Gefitinib is an oral EGFR inhibitor that was
studied in phase 2 trials in ovarian cancer, but was ineffective
in achieving objective responses or stabilization of disease
(145,146). Thus, it may be important to evaluate the expres-
sion of the family of receptors and/or to identify expression of
the family of ligands to optimize therapeutic intervention of
this pathway. Optimal intervention may require combinations
of inhibitors that target multiple family members or multiple
approaches to inhibition such as simultaneous inhibition of
both ligand binding and kinase signaling.

Platelet-Derived Growth Factor

Platelet-derived growth factor (PDGF) expression has been
demonstrated in epithelial ovarian carcinomas but not border-
line ovarian tumors (147). PDGF is a dimeric protein com-
posed of two closely related A- and B-chain polypeptides
encoded by independent genes (148). The dimer is a multi-
functional cytokine that acts in an autocrine and paracrine
fashion in ovarian cancer and angiogenesis. Three isoforms of
PDGF (AA, AB, and BB) bind to two distinct receptors,
PDGFRB and -a (149). PDGF and its receptors promote
tumor angiogenesis (123,150,151). PDGF stimulates migration
of endothelial cells by increasing transcription and secretion of
VEGF by PDGFR-expressing endothelial cells; activation of
PI3K is important for this response (123). Similarly, PDGF-BB
induced VEGF expression in vascular smooth muscle cells and
support cells through activation of the PI3K-AKT pathway
(152). In addition, PDGF-mediated secretion of VEGF pro-
tected endothelial cells in vitro from apoptosis caused by
serum starvation, indicating an indirect role of PDGF in sup-
porting tumor angiogenesis through activation of survival
pathways (152). There is a greater expression of PDGF and
PDGFRB and -a genes in ovarian cancer than in normal
epithelial ovarian cells and borderline tumors (149,153).
PDGF and PDGFRP were detected by immunohistochemistry
in 73% and 36% of malignant tumor samples, respectively,
but no staining occurred in normal ovarian surface epithelial
(OSE) cells or benign tumors (149). Furthermore, those
patients without detectable PDGFRB had a 76% chance of
survival at 40 months, equivalent to that of patients with
early-stage ovarian cancer. Stromal expression of PDGFRf
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supports its role in angiogenesis (31,149). Imatinib is an
oral inhibitor of PDGFR in addition to bcr-abl and ¢-KIT,
and has been approved for treatment of chronic myeloge-
nous leukemia and gastrointestinal stromal tumors (154).
Preclinical studies demonstrating that imatinib inhibited the
PDGFR kinase led to the hypothesis that it could have
antiangiogenic activity and potentially direct anticancer
activity (155). This hypothesis was not borne out in phase 2
trials, which showed no clinical benefit of single-agent ima-
tinib in ovarian cancer (156,157).

Intracellular Signals Promoting Angiogenesis

p53

P33 regulates multiple cellular functions including gene tran-
scription, DNA synthesis and repair, apoptosis, angiogenesis,
invasion, and metastasis (158,159). p53 is mutated in over
half of all human cancers (160), including ovarian (161,162),
endometrial (163), and cervical cancers (164). p53 has been
linked to angiogenesis through several intermediates. Loss of
wild-type p53 can down-regulate thrombospondin-1, an ECM
protein and potent inhibitor of angiogenesis. Higher levels of
thrombospondin-1 expression were demonstrated in fibrob-
lasts with wild-type p53, whereas loss of p53 was associated
with a decrease in thrombospondin-1 (165). An inverse rela-
tionship between thombospondin-1 expression and angio-
genic activity was also found. The migration of endothelial
cells and cancer cell lines grown in media from wild-type p53
fibroblasts was abrogated by antibody against throm-
bospondin-1. Thus, one mechanism of p53-mediated angio-
genesis is its regulation of thrombospondin-1.

VEGF is downstream of p53 regulation through several
mechanisms. First, hypoxia induces VEGF expression via multi-
ple intermediates, such as hypoxia-inducible factor-1a (HIF-1cx)
and src (166-168). Hypoxia-induced src-mediated overexpres-
sion of VEGF may be augmented by mutant p53 (167). Cell lines
containing mutant p53 expressed 80% less VEGF than those
with wild-type p53. Overexpression of src increased VEGF in
cells with p53 mutations, but wild-type p53 had a dominant
effect, causing a net decrease in VEGF expression (167).
Secondly, coexpression of MDM-2 with p53 correlates with
increased VEGF expression in angiosarcomas (169). Eighty per-
cent of the angiosarcomas showed elevated expression of both
MDM-2 and p53 and had increased VEGF expression. Mutant
p353 also has been shown to act through the protein kinase C
pathway to increase VEGF expression (170,171). Thus, several
mechanisms for p53-regulated VEGF expression exist, suggesting
a key role for p53 in the modulation of angiogenesis.

Biology of Metastasis

Intravasation occurs first in the progression toward metastasis.
The tumor cell must migrate toward and adhere to the stromal
side of the vascular basement membrane, degrade the matrix at
that local site, migrate through the damaged basement mem-
brane, and interpolate between endothelial cells in order to
enter the vasculature (Fig. 4.2). Circulating tumor cells cannot
complete the process of metastatic dissemination without
reversing the process, extravasating at a favorable secondary
site. That, coupled with stimulation of local angiogenesis and
tumor cell proliferation, leads to a metastatic focus. All these
events are programmed into the cell. However, the metastatic
cascade is a very inefficient process. Although millions of
tumor cells are shed into the circulation system daily, less than
0.01% of the shed cells successfully lead to metastases (172).
Such heterogeneity in metastatic competence implies that

not all patients with circulating tumor cells will develop
detectable metastatic disease. Thus, insight into these biologi-
cal mechanisms may lead to new and better therapeutic targets
and interventions.

Migration

Neoplastic cells migrate from the primary tumor mass and
successfully traverse tissue barriers to induce metastasis to a
site distant from the primary tumor (Fig. 4.1). This may
involve simple cell locomotion from the primary into the
interstitial stroma and subsequent shedding as seen in early
ovarian cancer spread. Alternatively, it may require penetra-
tion and proteolysis of tissue obstacles, as occurs in active
invasion. Furthermore, tumor cells have to survive the stage of
vascular transport and arrest in the capillary bed of distant
organs to engage in a second round of invasion and extravasa-
tion, whereby neoplastic cells exit from the vessel lumen into
the surrounding stromal tissue (173). This key step in the cas-
cade of events composing the invasive process of angiogenesis
and metastasis is endothelial-cell and tumor-cell migration.

Chemokines and Growth Factors Promoting
Metastasis

In order to achieve locomotion, cancer cells must initiate and
maintain a complicated dynamic consisting of coordinated
pseudopodal extension and attachment coupled with cell
translocation and detachment. Tumor cells respond to a number
of stimuli including host-derived motility and growth factors,
extracellular matrix components, and tumor-secreted autocrine
factors. Examples of these include the insulin-like growth factors
(IGF-I, IGF-II), hepatocyte growth factor (HGEF, also known
as scatter factor) (174), fibroblast growth factors (FGFs), and
PDGFs (175). ECM proteins or fragments may also stimulate
chemotaxis (176-178). Some of these ECM fragments, such as
endostatin and angiostatin, can have inhibitory activity
(179,180). Thus, the dynamic process of migration is the bal-
ance of positive and negative regulatory influences in the local
environment. This process stops in physiologic migration
when sufficient events have occurred. Regulation of migration
is aberrant in malignancy, allowing for progression of the
metastatic phenotype Advancements in our understandmg of
autocrine and paracrine stimulation of migration have uncov-
ered new molecular targets for therapeutic interruption.

Autotaxin

The concept and role of autocrine growth factors is a long-
standing and well-accepted biologic event. Some growth factors
support motility and survival. Autotaxin (ATX) is a potent
motility-stimulating glycoprotein that acts on both the tumor
and the extracellular environment (181,182). ATX has been
shown to stimulate tumor-cell migration, endothelial-cell migra-
tion and tube formation, and angiogenesis (183). ATX is linked
to the production of lysophosphatidic acid (LPA) in the cellular
microenvironment, cleaving lysophosphatidylcholine (LPC) to
release LPA. It is thus an important component of the LPA regu-
latory pathway and a novel extracellular molecular target.

Lysophosphatidic Acid

LPA is a lipid that was initially characterized as a factor prop-
agating ovarian cancer cells in ascites (184,185). It has been
proposed as both a biomarker for diagnosis and a potential
target for therapy of ovarian cancer (186). LPA is known to
induce tumor and endothelial cell proliferation, migration,
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and survival through its stimulation of the PI3K pathway in
ovarian cancer (185,187). Interestingly, one study with ovar-
ian cancer cells in vitro showed that LPA-induced migration
could be inhibited by alendronate, a commercially available
bisphosphonate (188). The receptor for LPA is a G-protein-
coupled receptor; since G-protein-coupled receptors are the
most successfully druggable targets (189), agents inhibiting
the LPA receptor are in development (190).

Intracellular Signals Promoting Metastasis

Anoikis, or homelessness, is defined as apoptosis that occurs
from loss of adhesion-linked survival signals (191). Malignant
cells surviving in effusions or ascites have developed mecha-
nisms to overcome anoikis. Ovarian cancer cells must develop
such survival mechanisms early in their progression since
malignant ascites and effusions occur before parenchymal
metastases, in contrast to most other solid tumors. A molecu-
lar pattern of this process has been detected in ovarian cancer
cells harvested from malignant effusions (192). Anoikis can be
overcome by constitutive activation of the survival signals
through genomic, transcriptional, and protein activation
events that no longer depend on the “home” extracellular
environment. These signals allow metastasis to occur.
Malignant tumors consist of phenotypically heterogeneous
populations that differ in their capacity to invade surrounding
tissue, induce angiogenesis, and travel to distant sites
(92,95,193). As with cellular transformation, loss of function
and gain of function events have been demonstrated in the
regulation of metastatic suppression and promotion.

PIK3CA

PIK3CA encodes the p110a catalytic subunit of PI3K. It has
been implicated in ovarian carcinogenesis and may act syner-
gistically with RAS-mediated pathways to increase cell motil-
ity and metastasis (194). The PI3K p110 catalytic subunit
shows increased gene copy number that results in increased
transcription and translation of PIK3CA in ovarian cancer cell
lines and patient samples, and that signal is transmitted
through overactivation of the PI3K p85 regulatory subunit.
This in turn activates the AKT pro-survival pathway and pro-
vides protection from anoikis in the absence of integrin
engagement (46,194-196). Further, PI3K has lipid kinase
activity wherein it phosphorylates phosphatidylinositol 4,5-
phosphate (PIP2) to generate PIP3, a regulatory molecule for
several other pathways involved in adhesion and motility such
as phospholipase C-8 (PLC-3), which is involved in the
detachment process required for motility (197).

PTEN

PTEN (phosphate and tensin homolog) has been identified as
a tumor- and metastasis-suppressor gene. Loss-of-function
mutations of PTEN that result in the loss of the catalytic
domain have been found in multiple human tumors including
endometrial and ovarian cancers (196,198,199). It encodes a
tyrosine and lipid phosphatase (200) that inhibits cell migra-
tion, spreading, and focal adhesion, in part by dephosphory-
lating focal adhesion kinase (FAK). A significant decrease in
integrin-mediated cell spreading and focal adhesion formation
in vitro was associated with a 60% decrease in tyrosine phos-
phorylation of FAK in PTEN-overexpressing cells (201). Cell
invasion, migration, and growth were down-regulated by
expressing PTEN in an ovarian cancer cell line, confirming

the metastatic suppressor phenotype (201). PTEN is also
important as a regulator of survival pathways. Loss of PTEN
function leaves PI3K and AKT in their activated states, driving
the pro-invasive, pro-angiogenic, and pro-survival pathways.
Thus, PTEN activity is a critical step in metastasis regulation.

NOVEL TECHNOLOGIES TO
STUDY MOLECULAR
MECHANISMS OF METASTASIS

Advances in technology are yielding new genes and new
directions for studying the molecular mechanism of inva-
sion, angiogenesis, and metastasis. To date, this information
has been gained through examination of cultured cells and
through animal models. Analysis from metastatic cell popu-
lations as they exist in their native environment may provide
new insight into additional genes, proteins, and signal trans-
duction pathways critical to oncogenic events. Several tech-
nologies have been developed that may aid in the direct
evaluation of cancer cells.

Microdissection

Laser capture microdissection has provided more control in
microdissection and markedly advanced our ability to evaluate
events ongoing in human gynecologic and other tumors (202).
Captured cells isolated from the appropriately fixed tissues can
be used for genomic, expression, and protein studies. In one
instance of the use of microdissected ovarian cancer cells from
fixed tissues, a 50% loss of heterozygosity at chromosomal
locus 8p21 was identified. This high rate of allelic loss, suggest-
ing the presence of a tumor-suppressor gene at that locus, was
missed by prior studies in which hand microdissection or no cell
selection was performed and has led to further studies to iden-
tify the putative suppressor gene (203). Advances in the field of
microdissection use immunohistochemistry guidance for identi-
fication of target cells (204) and have led to more precise inter-
rogation of ovarian tumor vasculature (205).

High-Throughput cDNA Screening

The use of frozen or ethanol-fixed tissues is optimal for gene
expression studies, and these products have been applied to
investigative and high-throughput screening techniques.
c¢DNA libraries from microdissected tissues have the advan-
tage of representing the genes expressed from a specific cell
population and can be compared to local stroma to discern
differential gene regulation in the microenvironment. A novel
growth factor, granulin-epithelin precursor (GEP), was identi-
fied as a possible ovarian cancer invasion gene from differen-
tial analysis of cDNA libraries from microdissected ovarian
tumor epithelium (206-208). This finding would have been
missed using nonmicrodissected cells since this gene is
expressed ubiquitously in stromal cells. Microdissected sam-
ples can be adapted to high-throughput gene expression pro-
filing by microarray analysis (209).

Proteomic Technology

New proteomic technologies applied to gynecologic cancer
tumors and serum samples can identify proteins and protein
pathways involved in the development and progression of these
cancers. High-throughput approaches for global unbiased
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searches can uncover protein family associations or signatures
(210). Application of surface-enhanced or matrix-associated
mass spectrometry with higher order bioinformatics and mass
sequencing is now being used to generate large volumes of
information related to the malignant process. This will advance
development of databases of proteomic information from
which target validation and therapeutic application can proceed
in a directed fashion.

We recently completed clinical trials applying tissue pro-
teomics to evaluate effects of targeted agents (145). The clini-
cal trials assessed the targeted activity of the EGFR-inhibitor
gefitinib and the c-kit/PDGFR inhibitor imatinib in patients
with recurrent ovarian cancer. Percutaneous 16- to 18-gauge
core needle tumor biopsies were obtained prior to beginning
therapy and after 4 weeks of treatment. Tumor and stromal
cells were separated using laser capture microdissection and
analyzed separately by tissue lysate arrays (TLA). Arrayed
samples were analyzed for the levels of EGFR and its activated
(phosphorylated) forms, as well as downstream signaling mol-
ecules AKT and extracellular-signal-regulated kinase (ERK),
and their activated forms. No clinical benefit was seen with
either agent, but the TLAs confirmed the targeted activity of
each drug. TLA results from both trials suggested that target
inhibition was present but that the blocked signal was not
essential for tumor growth, the level of inhibition was insuffi-
cient to completely prevent receptor signaling, and/or the
receptor function was unrelated to the malignancy at this
advanced and recurrent state of disease. Statistics did show,
however, a relationship for signaling parameter and clinical
toxicity by grade and by trend of toxicity. Increasing EGFR,
AKT, p-ERK, and p-EGFR moieties in tumor after treatment
were statistically significantly associated with increasing over-
all toxicity (p = 0.05), gastrointestinal toxicity (p < 0.03),
and skin toxicity (p = 0.029) (157). This illustrates the
strength of the tissue lysate array. These clinical trials demon-
strated the ability to incorporate invasive sample collection
and detailed biochemical analysis to confirm target modula-
tion and to correlate the biochemical proteomic events with
clinical and toxicity events.

CLINICAL APPLICATION:
THERAPY DIRECTED AGAINST
INVASION, ANGIOGENESIS, AND
METASTASIS

Molecular Targeted Agents: Monoclonal
Antibodies

Bevacizumab is a recombinant humanized version of the
murine antihuman VEGF monoclonal antibody. The VEGF-
neutralizing antibody inhibits VEGF-induced signaling, result-
ing in reduced angiogenesis and tumor growth. It has been
FDA-approved based on prolonging survival when given in
combination with chemotherapy in metastatic colon cancer,
and has activity in breast and lung cancer as well (211,212). As
a single agent, bevacizumab has been shown to prolong pro-
gression-free survival compared to placebo in a phase
2 trial in renal cell cancer (213). Moreover, a phase 2 study
(GOG 170D) of bevacizumab in ovarian cancer demonstrated
a 17% response rate with an added 40% of patients having
stable disease in women treated with two or fewer prior thera-
pies (214). The addition of bevacizumab to front-line
chemotherapy and to maintenance therapy in epithelial ovar-
ian cancer is now being evaluated in a large phase 3 trial (GOG
218). Recent results from the GOG phase II trial of beva-
cizumab in cervical cancer are promising. NB not publised yet.

Cetuximab is a recombinant chimeric antibody to EGFR1
that is presently approved for treatment of metastatic colon
cancer and unresectable head and neck cancer, with activity in
breast and non-small-cell lung cancer as well. As monother-
apy, cetuximab produced a 9% response rate in irinotecan
refractory colon cancer (215) and showed responses in head
and neck cancer (216). Cetuximab has also been effective as a
radiation sensitizer, prolonging survival (49 vs. 29 months) in
unresectable head and neck cancer treated with concomitant
radiation (217). It is being evaluated in advanced cervical can-
cer in combination with cisplatin (GOG 76DD) and with radi-
ation (GOG 9918). Panitumumab is a second-generation
human antibody to the extracellular domain of EGFR1 and
has been approved as last-line therapy in metastatic colon
cancer (218,219). Preclinical and early-phase clinical work is
pending for multiple other monoclonal antibodies that target
pro-angiogenic receptors and pathways.

ERBB2 (HER2/neu) is expressed in less than 10% of epethe-
lial ovarian cancer (EOC) and approximately 18% of uterine
papillary serous carcinoma (220,221). Trastuzumab is a mono-
clonal antibody to ERBB2 and prolongs survival significantly
in ERBB2 positive breast cancer in both the adjuvant and
metastatic settings (222,223). A phase 2 trial of trastuzumab in
recurrent ovarian cancer (GOG-160) showed only a 7.3%
response rate in 41 patients with ERBB2 overexpression (2+ or
3+ by immunohistochemistry) (224). It is presently under
study in a phase 2 trial in advanced endometrial cancer.

Molecular Targeted Agents: Kinase Inhibitors

In addition to direct targeting of VEGF with bevacizumab, a
number of small-molecule inhibitors of the VEGF receptors
have been developed and have reached clinical trials.
VEGFR?2 is the most commonly targeted. Preclinical data
have shown this approach to be active in reducing endothe-
lial-cell proliferation, migration, and vascular development,
and xenograft models have confirmed activity in a number of
solid tumors (225).

Sorafenib is an oral Raf and VEGFR2 kinase inhibitor that
has been approved for treatment of metastatic renal cell can-
cer (226); it is presently being studied in a GOG phase 2 study
in ovarian cancer (GOG-170F). Gefitinib, an oral EGFR
inhibitor, was studied in phase 2 trials in ovarian cancer but
did not produce objective responses or stabilization of disease
(145,146). Imatinib, an oral inhibitor of bcr-abl, ¢-KIT, and
PDGEFR, has been approved for treatment of chronic myeloge-
nous leukemia and gastrointestinal stromal tumors; it had no
activity in phase 2 trials of relapsed/refractory ovarian and
endometrial cancer (154,156,157). Lapatinib is an oral EGFR
and ERBB2 inhibitor that has activity in breast cancer
(227,228) and is being studied in a phase 2 trial in ovarian
cancer, among other malignancies. Sunitinib, a VEGFR and
PDGFR inhibitor, is approved for treatment of metastatic
renal cell cancer (229), while erlotinib, another EGFR
inhibitor, is approved as a single agent for treatment of
metastatic lung cancer (230) and in combination with gemc-
itabine for pancreatic cancer (231). Vandetanib, a dual EGFR
and VEGFR inhibitor, has been shown in preclinical work to
have activity in EOC (232) and is currently in a phase 2 trial
for recurrent ovarian cancer. Numerous other small molecules
targeting these pathways are presently under development.

Combination Therapy

Further refinement of targeted therapy is focused on the
hypothesis that inhibiting angiogenesis signals in combination
with each other or with chemotherapy may be more effective
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FIGURE 4.4. Example of combined targeted
therapy against angiogenesis. Bevacizumab
blocks VEGF from binding to its receptor,
VEGFR2. Sorafenib inhibits downstream sig-
naling from the receptor by blocking its tyro-
sine kinase activity, as well as that of other
signal transduction molecules such as Raf.

than when used as single agents. In an attempt to target the
VEGEF pathway in vertical series, bevacizumab was combined
with sorafenib, as Raf-kinase is a downstream effector of
VEGFR2 (Fig. 4.4). A phase 1 trial of sorafenib and beva-
cizumab in combination has demonstrated a partial response
rate of 47% (7 out of 15 patients) in heavily pretreated EOC
(233). A phase 2 trial of bevacizumab combined with sorafenib
for ovarian cancer is accruing at the National Cancer Institute
as of this writing. Many other ongoing phase 2 clinical trials
are testing targeted agents combined with chemotherapy in
gynecologic malignancies (234). Trials are widely varied and
range from paclitaxel and carboplatin in combination with an
EGEFR tyrosine kinase inhibitor or an anti-EGFR monoclonal
antibody, to proteasome inhibitor with irinotecan.

CONCLUSIONS

Continued scientific, epidemiologic, and clinical advances
are critically needed until successful, reproducible, and accu-
rate early detection of gynecologic tumors becomes routine.
Understanding the biology, regulation, and implications of
the process of invasion and angiogenesis will continue to
drive new biomarker and therapeutic target identification
and intervention. Similarity between dysregulated invasion of
angiogenesis and unregulated motility of metastasis allows
the potential for duality of intervention. The tumor’s inter-
action with its microenvironment becomes the focus for sci-
entific dissection and therapeutic application (31). Here, the
process of autocrine and paracrine regulation, signal pathway
activation, and cell-cell conversation are critical. The use of
the newer and high-throughput technologies to identify col-
lections of biologic targets rather than one gene or protein at
a time can make the process more streamlined and provide a
broader view of the interaction of events. Together, improved
understanding, study of events in the patient populations,
and cooperative and collaborative progress will allow us to
overcome invasion and metastasis, the major causes of mor-
bidity and mortality associated with gynecologic cancers.
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