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Abstract

The association between ovarian cancer risk and reproductive factors has been well established, and
two main theories, incessant ovulation and gonadotropin stimulation, have been proposed to explain
the mechanism. Recent studies using animal models of ovarian tumorigenesis, and analysis of ovarian
tissues from prophylactic oophorectomies, suggest that depletion of ovarian follicles might underlie

the epidemiological findings linking reproductive history and ovarian cancer risk.

Introduction

The aetiology of ovarian cancer is complex and incompletely understood, although
epidemiological data decisively link ovulation frequency and reproductive hormones to
ovarian cancer risk.1=3 Increased parity and oral contraceptive use are the clearest examples
of factors that decrease ovarian cancer risk, both of which limit ovulation. Two main theories,
incessant ovulation? and gonadotropin stimulation,576 have been proposed to explain the
aetiology of ovulation in ovarian cancer risk, 78 but neither completely nor satisfactorily
explains the dramatic increase in ovarian cancer incidence that occurs in the immediate
postmenopausal period and that continues to rise as the ovary ages after menopause. Most
(90%) ovarian cancers are derived from the surface epithelium, and nearly 85-90% of ovarian
cancer develops postmenopause. Therefore, understanding how the depletion of germ cells,
loss of follicular structure that surrounds the oocyte or germ cell, and cessation of ovulation,
all of which define menopause, influence the development of ovarian carcinomas is of
particular importance. On the basis of studies with the germ-cell-deficient Wv mice (figure 1)
and examination of human ovarian tissues from prophylactic oophorectomies, we suggest that
depletion of germ cells and the loss of ovarian follicular function that follows might underlie
the link between reproductive factors and ovarian cancer risk.

Aetiology of ovulation in ovarian cancer

Nearly 40 years ago, Fathalla proposed the theory of incessant ovulation to clarify the
association between ovulation frequency and the risk of developing epithelial ovarian cancer.
4 This hypothesis attributes the occurrence of ovarian cancer in modern day women (and
domestic egg-laying hens), which is rare in other mammals, to ovulation that recurs monthly
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throughout the reproductive I|fet|me of women if not punctuated by anovulatory periods during
pregnancy and breast-feedlng The repetitive wounding during the release of the ovum and
the cell proliferation that occurs postovulation to repair the ovarian surface epithelium have
been proposed to result in mutations accumulating in the epithelial cells and ultimately the
formation of tumours.® This central mechanism is supported experimentally in cell culture and
is generally well accepted. Moreover, combined oestrogen—progesterone formulations of oral
contraceptives that act by suH)ressing ovulation decrease the risk of ovarian cancer by about
40% after 3 years of use. Why pregnancy and oral contraceptives provide a long-term
protection, however, might be more complex than by simply limiting ovulation, because more
recent studies suggest that progesterone, which is increased during pregnancy and by oral
contraceptives, mlzqht also affect the clearing of transformed cells from the ovarian surface-
epithelial Iayers 3 Because the likelihood of cells carrying potentially transforming
mutations increases with age, the age of either the last full-term pregnancy or the last regular
use of proglestin-containing oral contraceptives is a protective factor, and the benefit decreases
after time.

Gonadotropin stimulation in ovarian cancer risk

Onthe basis of the same epidemiological data, the gonadotropin stimulation theory, by contrast,
postulates that surges of pituitary gonadotropins that initiate each ovulation and persist in high
levels for many years after menopause also stimulate the ovarian surface-epithelial cells and
induce cell transformation. 6 During ovulation, gonadotropins stimulate an inflammatory-
like process mediated by many cytokines and proteolytic enzymes, WhICh leads to rupture of
the ovarian surface-epithelial layer for the release of the ovum.14-16 After rupture of the
follicle and the release of the ovum at the ovarian surface, the oestrogen-producing follicle is
converted to a progesterone-producing corpus luteum, which then feeds back to inhibit
gonadotropin levels. In menopause, which is caused by a total depletion in the number of germ
cells present in the ovary and accompanied by the loss of the follicular structure that surrounds
the germ cells, the feedback endocrine loop from the corpus luteum is absent, and serum
gonadotr%plns and levels of proinflammatory cytokines are even higher in perimenopausal
ovaries. Thus increased gonadotropin levels in postmenopausal women might foster an
mflammatory environment that cannot lead to ovulation, but might contribute to ovarian cancer
risk, 1 by causing either remodelling or morphological changes in the surface epithelium,
which allow the transformation of genetically compromised cells and the development of
cancerous lesions.20:21 This theory seems more fitting to explain the dramatic increase in
ovarian cancer incidence in the perimenopausal and postmenopausal years.22 ~24 The average
age of menopause, although it varies somewhat between women and cultures, is 51 years,
which closely precedes the average age of ovarian cancer diagnosis, which is 54 years.

Ovarian ageing

The incidence of ovarian cancer continues to increase after menopause, and age—even more
so than a family history of ovarian cancer—is the best prediction of ovarian cancer risk. 1-3
Ovaries from older women have been noted to show more morphological changes than those
from younger women. 25 Presumably ovulation and subsequent repair cause these age-
dependent changes, or so-called ovarian agemg 6 which might represent preneoplastic
areas or lesions. Recently, prophylactic surgeries have allowed a closer and crucial examination
of these morphological changes and potential preneoplastic lesions in healthy women.27—29
These morphological features include papillomatosis, deep-surface invaginations, inclusion
cysts, and epithelial stratifi cations, which are noted most frequently in perlmenopausal and
immediate postmenopausal ovaries of both BRCA1/2 carriers and non-carriers, 25 and might
very well be the result of ovarian ageing.
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Germ-cell-defi cient Wy mouse model

Recent laboratory studies of the germ-cell-deficient Wv mouse also provide intriguing ideas
about the aetiology of ovarian cancer.30 The Wv mice harbour a point mutation in the c-Kit
gene that greatly decreases the tyrosine-kinase activity of c-Kit, affecting the development of
germ cells, pigment cells, and mast cells.31 Homozygous Wv-mutant mice have a similar
lifespan as wildtype mice, but are essentially sterile due to the germ-cell defect.32 Wv/Wv
females contain less than 1% of the normal number of oocytes at birth, and once reproductive
age is reached, ovarian follicles are rapidly depleted.33 Subsequently, serum gonadotropins
are increased and substantial epithelial morphological changes develop, including surface
invaginations, inclusion cysts, papillomatosis, and benign ovarian tumours, known as tubular
adenomas.30:34 These tumours are derived from ovarian surface-epithelial cells, resembling
human ovarian changes that might result from ageing.3O In the absence of germ cells, as in the
Wv mouse, suppression of gonadotropin release prevents the development of the ovarian
tubular adenomas, 3° yet gonadotropin administration alone (ie, germ cells are present in the
ovaries) does not result in epithelial tumours.36:37 Moreover, transgenic mouse models
targeting the gonadotropin pathway without depletion of oocytes do not develop epithelial
tumours. Female mice overexpressing follicle-stimulating hormone (FSH) in levels far
exceeding those in postmenopausal women develop haemorrhagic and cystic ovaries, but do
not develop epithelial lesions. 38 Additionally, genetic knockouts of the FSH receptor in the
ovary, in which circulating serum FSH levels are high but non-functioning, do not develop
epithelial cancers, but instead sex-cord tumours, which represent only a small subset of human
ovarian cancers.39 Thus, the early depletion of germ cells and subsequent increase in
gonadotropins in the Wv mice might constitute a relevant, albeit exaggerated model, mimicking
the postmenopausal biology and ovarian morphological ageing in women.

Follicle depletion

Studies of the Wv mice prompted us to postulate that depletion of ovarian germ cells and
follicles might underlie the aetiology of ovarian cancer risk associated with reproductive factors
and menopause status (figure 2), and might in fact unify incessant ovulation and gonadotropin
stimulation as mechanisms.

Follicle depletion explains the age-dependent risk of ovarian cancer: ovarian cancer generally
develops in the immediate postmenopausal years, when ovarian follicles are depleted. The
depletion of ovarian follicles obviously precedes and causes increased serum gonadotropins,
which stimulate an inflammatory environment in the ovary that is permissive to transformation
of surface epithelial cells and tumour development. Furthermore, both incessant ovulation and
gonadotropin stimulation will accelerate the depletion of ovarian follicles. Additionally,
protective factors, such as the use of birth-control piIIs,40 and cyclo-oxygenase inhibitors,

might preserve follicles. Cyclo-oxygenases participate in follicle development and
ovulation, 4445 and their inhibition might slow follicle maturation and extend follicle lifespan.
Findings show that lifetime ovulation correlates with premenopausal, but not postmenopausal,
ovarian cancer risk, 6 and a decrease of pituitary gonadotropin release with hormone-
replacement therapy does not decrease ovarian cancer risk.47 These findings also support the
notion that the presence of ovarian follicles, rather than ovulation and gonadotropin
stimulation, is a major determinant of ovarian cancer risk.

Conclusion

The follicle-depletion hypothesis predicts that follicle preservation and delaying reproductive
ageing might prevent ovarian cancer or decrease the risk of developing this disease, and that
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menopause timing might correlate with ovarian cancer incidence, which can be verified by
epidemiological studies designed to assess these factors.

Search strategy and selection criteria

Information for this Personal View was obtained by searches of PubMed using the search
terms: “ovarian cancer”, “menopause”, “follicle depletion”, “gonadotropins”, “ovarian
cancer risk”, and “Wv mice”. Only papers published in English between 1957 and 2007

were included.
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Figure 1. Ovarian morphological changes in germ-cell-deficient Wv mice

(A) Mature wildtype-mouse ovary contains many germ cells and follicles at various stages of
development. (B) Wv ovary from a same-age mouse is depleted of germ cells and follicles and
epithelial morphological changes, including tubular adenomas, permeate the ovary.
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Figure 2. Model depicting the hypothesis that germ-cell and follicle depletion underlies the aetiology
of ovarian cancer risk associated with reproductive factors and menopause

Lancet Oncol. Author manuscript; available in PMC 2009 July 20.




