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Abstract

Cancers of the reproductive system are a major source of
morbidity and mortality among women worldwide. Because
the uterus, ovaries, and cervix are hormonally responsive
tissues, exposure to endogenous or exogenous sex steroids
can profoundly affect the carcinogenic process. Animal
models developed to date provide valuable but imperfect
systems in which to study neoplasms of the reproductive
tract. Nonhuman primate models share the unique primate-
specific endometrial physiology of humans, but rarely de-
velop neoplasms of the reproductive tract. Therefore a
surrogate marker approach is required for the study of hor-
monally induced cancer risk in primates. Rodents provide
practical models in which tumorigenesis can be assayed in
a short time and, with appropriate interpretation, can be
used for assessment of risk, prevention, and therapeutic
strategies. In addition to the spontaneous strain-dependent
incidence of female reproductive cancers, the classical
chemical and hormonal carcinogenesis models, and the use
of xenograft approaches, novel genetically modified ani-
mals provide unique insights into relevant molecular
mechanisms. Caveats in the use of rodent models include
anatomical differences from the human reproductive tract,
the greater possibility of different metabolic responses to
hormonal agents than humans, strain variations in tumor
type and hormonal responsiveness, and unexpected tumor
phenotypes in genetically modified animals. Reported non-
mammalian models are limited primarily to the study of
ovarian carcinogenesis. Recent progress in the understand-
ing of cervical carcinogenesis is encouraging. Unmet needs
in this area of research include models of early events in
ovarian carcinogenesis and strongly predictive models of
endometrial cancer risk. Nonhuman primates remain indis-
pensable for the study of some aspects of reproductive
pathophysiology, but the best understanding of carcinogen-
esis in the reproductive tract requires a broad approach us-
ing complementary human, nonhuman primate, and
nonprimate studies.
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Hormone-dependent Reproductive Tract
Neoplasms in Women

he most common site for neoplasms of the reproduc-

tive tract in women in the United States is the body of

the uterus, followed by the ovary and the cervix (Jemal
et al. 2003). On a worldwide basis, the most common gy-
necological neoplasm in women is cervical cancer, second
only to breast cancer as the most common cancer of women
(Ferlay et al. 2001). Neoplasms of the endometrium and
ovarian surface epithelium are generally considered to be
hormone dependent because reproductive factors or effects
of sex steroids have been identified that alter the risk of their
development, and because they express sex steroid recep-
tors. The majority of endometrial cancers express estrogen
receptor alpha, occur in association with estrogen exposure,
and have a characteristic gene profile. Type I (estrogen-
dependent) neoplasms tend to have mutations in DNA mis-
match repair genes and the PTEN gene, whereas type II
(estrogen-independent) neoplasms are more likely to over-
express mutated forms of the tumor suppressor gene p53
(Oehler et al. 2003).

In the ovary, epithelial cancers are the most aggressive
and prevalent type of neoplasm, accounting for approxi-
mately 85% of ovarian neoplasms in women (Merino and
Jaffe 1993); hormonal risk factors include androgen expo-
sure and progesterone deficiency; expression of estrogen
and progesterone receptors is common but inconsistent.
Cervical carcinomas generally arise in association with par-
ticular human papilloma virus (HPV') subtypes (types 16
and 18). These neoplasms appear to be promoted by hor-
monal exposure (Smith et al. 2003), but they generally do
not express sex steroid receptors. Because of the high preva-
lence of these three specific neoplasms and the correspond-
ing need for animal model development, this article focuses
on epithelial neoplasms of the endometrium, ovarian sur-
face, and cervix uteri.

Developmental Effects

Despite the recognized potential for hormonal agents to in-
crease the incidence of hormone-dependent cancers, rela-

! Abbreviations used in this article: DES, diethylstilbestrol; HPV, human
papilloma virus; SCID, severe combined immunodeficiency; SERM, se-
lective estrogen receptor modulator.



tively few developmental influences on reproductive cancer
risk have been clearly identified in human populations. In
utero exposure to the potent estrogen diethylstilbestrol
(DESY) is associated with a two- to three-fold increase in
subsequent risk of vaginal clear-cell carcinoma and cervi-
cal/vaginal squamous carcinoma in women (Hatch et al.
2001; Swan 2000). This specific disease entity has been the
basis for considerable animal model development, as dis-
cussed below.

Hormones and Cancer Risk in
Premenopausal Women

During the reproductive years, several risk factors have
been identified for cancers of the reproductive tract. Obe-
sity, hyperinsulinemia, hyperandrogenemia, and relative hy-
perestrogenism caused by anovulation contribute to
increased endometrial cancer risk (Kaaks et al. 2002) and
ovarian cancer risk (Kuper et al. 2002). Parity is protective
against endometrial cancer (Terry et al. 1999). Ovarian dys-
function such as that caused by polycystic ovarian syn-
drome increases endometrial cancer risk in young women
(McDonald et al. 1977; Solomon 1999). Parity is protective
against ovarian cancer; androgen excess appears to increase
ovarian cancer risk, whereas progestin exposure diminishes
it (Risch 1998). The use of progestin-containing oral con-
traceptives is associated with a 25 to 50% lower relative risk
of epithelial ovarian cancer (Riman et al. 2002). With re-
spect to cervical carcinogenesis, the recognized contribution
of hormones is primarily in those women developmentally
exposed to DES. There may also be an adverse promoting
effect of oral contraceptive use on papillomavirus-induced
neoplasms (Smith et al. 2003), which may particularly relate
to long-term progestin use (Moodley et al. 2003).

Hormones and Cancer Risk in
Postmenopausal Women

Cancers of the endometrium occur primarily in older
women (mean age ~70 yr) (Purdie and Green 2001) and are
promoted by endogenous or exogenous estrogens. Estrogen
treatment of postmenopausal women was recognized in the
mid-1970s to be associated with endometrial hyperplasia
and endometrial cancer; the most complete meta-analysis of
estrogen and endometrial cancer risk indicates a doubling of
endometrial cancer risk in “ever” users of unopposed estro-
gen replacement, with nearly a 10-fold risk occurring in
women after prolonged use of several years (Grady et al.
1995). The estrogen-associated risk is obviated by concur-
rent progestin use (Grady et al. 1995). Other risk factors
include age, obesity, diabetes, early menarche, late meno-
pause, infertility, nulliparity, and tamoxifen use. Even the
relatively low serum estradiol concentrations in postmeno-
pausal women are associated with gradients of risk for en-
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dometrial cancer (Akhmedkhanov et al. 2001). The first
selective estrogen receptor modulator (SERM')—
tamoxifen—has been found to increase endometrial cancer
risk (Fisher et al. 1998). SERMs developed subsequently
have not been associated with increased endometrial cancer
risk, most likely because the lack of uterotrophic effects has
become an important screening criterion for SERMs (Gold-
stein and Nanavati 2002).

The effect of postmenopausal hormonal exposure on
ovarian cancer risk is currently unclear (Gambacciani et al.
2003). A recent study of nearly 800 women with ovarian
cancers, analyzed by subtype reported no overall effect of
estrogen replacement therapy or hormone replacement
therapy on ovarian cancer risk, but reported a significantly
greater relative risk of endometrioid and mucinous forms of
epithelial ovarian cancer in women taking unopposed estro-
gen replacement therapy (Purdie et al. 1999). Further evi-
dence of heterogeneity in disease expression was found by
Garner and colleagues, who found that a specific polymor-
phism (A2) in the estrogen-metabolizing enzyme CYP17
was associated with increased risk of epithelial ovarian can-
cer (Garner et al. 2002).

Cervical cancer in postmenopausal women is generally
considered to be hormone independent, and cervical cancers
do not usually express sex steroid receptors (Staebler et al.
2002). However, a randomized presurgical trial of women
with cervical cancer discovered that estrogen treatment in-
creased cellular proliferation in cervical tumors (Bhat-
tacharya et al. 1997). In contrast to this observation,
Megevand and colleagues found that postmenopausal status
or progestin treatment was associated with an increased
likelihood of incomplete excision of cervical neoplasms
(Megevand et al. 1996).

Nonhuman Primate Models: Strengths
and Limitations

Reproductive Physiology

Old World primates are unique among nonhuman species in
having a similar endometrial physiology to that of humans.
A physiologically and histologically similar, roughly
monthly menstrual cycle has been documented for several
macaque species (Attia 1998; Corner 1924; Ghosh et al.
1993; Okulicz et al. 1997), baboons (MacLennan and Wynn
1971), and the great apes (Graham 1973). Old World pri-
mates also undergo menopause, including cessation of ovar-
ian cyclicity, cessation of menses, and persistent elevations
in pituitary gonadotropins (Hodgen et al. 1977), although
reproductive senescence occurs later in life relative to
women (Graham 1979). Primate endometrial responses in
general may not be adequately modeled by studies of other
species such as rodents and domestic animals because those
species do not have the primate-specific pattern of cyclic
endometrial growth and menstrual shedding.
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Spontaneous Incidence of
Reproductive Neoplasms

Despite the physiological similarities between Old World
primates and humans, relatively few neoplasms of the fe-
male reproductive tract have been documented in nonhuman
primates, and the role of hormonal exposure is unknown in
most of these cases. The literature includes numerous gen-
eral reviews of tumor incidence in nonhuman primates (Be-
niashvilli 1989; Kent 1960; Lapin 1982; McClure 1973;
Seibold and Wolf 1973). The largest published necropsy
study of neoplasms in baboons, macaques, and African
green monkeys found that of more than 13,700 necropsy
examinations and 363 neoplasms diagnosed, only 25 in-
volved the female reproductive tract (Lapin 1982). A sub-
sequent review of the world literature encompassing all
nonhuman primate species reported a total of 18 cases in-
volving the uterus (primarily leiomyomas), nine cervical
neoplasms, including polyps, and 13 ovarian neoplasms,
only one of which was epithelial (Beniashvilli 1989). Aside
from these collected reports, two endometrial adenocarci-
nomas have been reported, one in a rhesus monkey (Strozier
et al. 1972) and the other in a Celebese black macaque
(Shaw et al. 1989). Only a few epithelial ovarian neoplasms
have been reported (Kraemer and Vera Cruz 1972).

In addition to published cases, uterine leiomyomas are
anecdotally considered common in macaques, to the degree
that cases are seldom published. This relatively low inci-
dence of endometrial and ovarian neoplasms in the pub-
lished literature must be considered a limitation of primate
models for hormone-dependent neoplasms of women, al-
though it should be remembered that a similarly small ran-
dom sample of women would detect few neoplasms. For
example, the incidence rate per 100,000 women is approxi-
mately 40 for endometrial cancer and 25 for ovarian cancer
(Jemal et al. 2003), and the number of nonhuman primate
necropsy examinations represented in all published reports
is probably less than 20,000.

Although cervical cancers have seldom been reported,
cervical dysplasias have been recognized for many years in
macaques (DiGiacomo 1977; Hertig et al. 1983). In recent
years, papillomaviruses have been identified in both benign
papillomas and malignant epithelial neoplasms of the cervix
and vagina of rhesus and cynomolgus macaques (Ostrow et
al. 1990; Wood et al. 2003). Corresponding penile lesions in
male animals have been identified, and there is molecular
biological evidence for sexual transmission of the viruses
(Ostrow et al. 1990; J.M.C., unpublished observations).
Given the high prevalence of papillomavirus-associated cer-
vical carcinomas in the human population, further explora-
tion of this unique model is indicated.

Modeling Hormonal Carcinogenesis in
Nonhuman Primates

Endometrial hyperplasia is readily induced in macaques by
unopposed estrogen treatment (Figure 1), with correspond-
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Figure 1 Endometrial hyperplasia and cystic change induced by
chronic exposure to conjugated equine estrogens (Premarin®) in a
cynomolgus monkey. The smaller section (left) is a transverse
section of the uterus of an ovariectomized animal. The larger sec-
tion (right) is an animal given a dose equivalent to 0.625 mg/
woman/day of conjugated equine estrogens. Hematoxylin and
eosin-stained histological section. Bar = 5 mm.

ing increases in expression of the proliferation marker Ki67
and progesterone receptor (Baskin et al. 2002; Cline et al.
2001, 2002). However, despite a number of studies involv-
ing chronic administration of estrogens to macaques, and
clear induction of endometrial hyperplastic changes, overt
endometrial carcinomas have not been induced experimen-
tally even after up to 3 yr of treatment with doses producing
serum estrogen concentrations in the same range as those of
women (Cline et al. 2002). Treatment using higher doses of
estrogens or longer duration might be reasonably expected
to result in the development of neoplasms, but this hypoth-
esis has not been tested. The incidence of high-risk types of
endometrial hyperplasia is also lower in macaques than in
women. The incidence rate of adenomatous hyperplasia
in women given “unopposed” estrogen treatment after
menopause is approximately 2% per year (Woodruff and
Pickar 1994), whereas endometrial changes induced in ma-
caques are almost invariably of the “simple” type, which if
seen in a woman would not clearly indicate increased en-
dometrial cancer risk. Macaques tend to respond to estro-
genic treatments with stromal proliferation to a greater
degree than women. Thus, the morphological criterion nec-
essary for the diagnosis of adenomatous hyperplasia
(closely packed endometrial glands) is seldom seen (Cline
et al. 2001, 2002).

Given the relatively low incidence of spontaneous neo-
plasms in nonhuman primates, their relatively long lifespan,
and the difficulties in assessing large number of animals, a
surrogate marker approach is required for modeling cancer
risk associated with hormonal treatments. Because hor-
monal effects on carcinogenesis are generally promoting
effects associated with increased cellular proliferation, the
most logical biomarker is cellular proliferation. We have
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