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Abstract: Serous extra-uterine Miillerian tumors include lesions previously classified either as serous
ovarian, fimbrial, or primary peritoneal tumors. They should be distinguished from intra-uterine
(endometrial) serous tumors in spite of their common Miillerian differentiation lineage due to distinctive
clinical-pathological parameters. Increased risk for these cancers is driven primarily by cell non-autonomous
hormonal factors associated with menstrual cycle progression, which can be accentuated by mutations in
BRCA1/2. Additional factors, such as inflammatory conditions and others, may also contribute to elevated
cancer risk in some individuals. The most consistent molecular alterations associated with serous extra-
uterine Miillerian carcinomas, whether they arise in the context of familial predisposition or BRCA-
independent hormonal factors, include severe aneuploidy superimposed on P53 mutations. Their near
polyploid nature strongly suggests a role for mitotic errors associated with cytokinesis failure in their
pathogenesis. A molecular mechanism is proposed involving a combination of both cell non-autonomous and
cell autonomous factors in the development and progression of serous extra-uterine Miillerian tumors. Cell
non-autonomous factors lead to increased cellular proliferation in extra-uterine serous Miillerian epithelium
and contribute to the site-specificity of cancers associated with germline BRCA mutations. Cell autonomous
factors in individuals with BRCAI mutations lead to failure of cytokinesis following recovery from a cell cycle
arrest at the mitotic spindle assembly checkpoint. In individuals with intact BRCAI/2 function, recovery
from such arrest might be facilitated by CCNEI amplification and ensuing centrosome duplication leading
to increased microtubule anchoring, accounting for frequent amplification of this cyclin observed in tumors
not associated with BRCA1/2 mutations. The cell non-autonomous factors provide an opportunity for using
pharmacological means to control cancer incidence in individuals at elevated risk for these cancers such as
BRCA1/2 mutation carriers, underscoring the importance of better understanding their determinants and
downstream targets. The cell autonomous factors discussed here account for the molecular features of high-
grade serous extra-uterine Miillerian carcinomas, which are regarded as a disease of chromosomes, and
underscore the potential merit of targeting components of the spindle assembly checkpoint in their clinical

management.
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Miillerian epithelial cancers include all epithelial cancers characteristics in spite of their common Miillerian features,
traditionally referred to as ovarian carcinomas in addition as these cancers include several histological subtypes and
to those from organs derived from the Millerian ducts originate from different anatomic sites. This chapter focuses
such as uterus and cervix. They represent a heterogeneous primarily on serous tumors of the fallopian tube fimbriae
group with variable biological and clinical-pathological and of intra- and extra-ovarian endosalpingiosis, which have
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been traditionally referred to as either serous ovarian, tubal,
or primary peritoneal carcinomas.

The alleged Miillerian origin of tumors that were once
categorized as ovarian has led some authors to regard all
serous tumors of the upper reproductive tract as a single
entity, regardless of whether they originate from inside
(e.g., endometrium) or outside (e.g., fimbriae) the uterus.
However, the clinical management of intra-uterine tumors
depends on several parameters that do not apply to extra-
uterine tumors, such as lymphovascular invasion, depth of
myometrial invasion, and others, underscoring the merit
of distinguishing intra- from extra-uterine tumors. The
term serous extra-uterine Millerian epithelial tumors
(“EUMET”), which was proposed earlier (1), will be used
in this chapter to reflect modern concepts about their origin
and histogenesis, and to emphasize this distinction.

Although the exact molecular mechanisms intrinsically
associated with the development of serous extra-uterine
Miillerian tumors are still unclear, their well-established risk
factors and molecular characteristics, as well as observations
with in vitro models and experimental animals, can provide
important clues. Current knowledge in these areas will
first be reviewed, followed by an attempt to synthesize this
information into a working model of cancer development.

Insights from non-genetic risk factors

Most extra-uterine Miillerian tumors occur sporadically,
without evidence of genetic predisposition. Knowledge of
environmental factors associated with predisposition to
any cancer type can provide important insights into the
mechanisms underlying its development. This is particularly
true of EUMET where strong predisposing factors have
been identified.

Reproductive factors

An active ovulatory cycle is the best established risk factor for
the sporadic form not only of the serous subtype of EUMET,
but of all subtypes except mucinous (2,3). Interruption
of ovulatory activity protects against the development of
this disease independently of whether such interruption is
achieved through pregnancy or oral contraceptives, although
there is evidence of a first pregnancy being more protective
than subsequent ones. For example, use of oral contraceptives
for 5 years results in an approximately 40% decrease in
lifetime extra-uterine Miillerian cancer risk, which is similar
to the protective effect of five pregnancies after the first (4).
Fathalla (5) sought to explain the association between
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ovulatory activity and cancer risk several decades ago by
proposing that chronic breakage and repair of the ovarian
coelomic epithelium (the epithelial cell layer that lines
the ovarian surface) resulting from monthly releases of
the egg might predispose this epithelium to malignant
transformation (the incessant ovulation hypothesis). This
hypothesis seemed attractive given the known association
between cancer predisposition and cellular proliferation,
one of the consequences of chronic repair. It was also well
in line with the prevailing idea, at the time it was first
formulated, that serous extra-uterine Miillerian tumors
originated in the ovarian coelomic epithelium. However,
not only is it not supported by current concepts about
the cell of origin of these tumors (1,6), but also it fails
to account for all epidemiological data. For example,
the disproportionately increased protective effect of
later pregnancies compared to early ones, as well as the
progressive rise in extra-uterine Miillerian cancer incidence
after menopause, cannot be readily accounted for by the
incessant ovulation hypothesis (2,3). There was a 51%
reduction in risk of developing these cancers in women who
had given birth after the age of 35 compared to nulliparous
women in a population based case-control study involving
477 patients with EUMET and 660 controls. Although
prior births further reduced the risk, the magnitude of the
protective effect of an early pregnancy was less than that of
a pregnancy occurring after age 35 (2).

Although the incessant ovulation hypothesis is still widely
quoted, most authors currently favor the view that it is the
hormonal changes associated with the normal menstrual
cycle that may have a lasting effect on predisposition to
neoplastic transformation. Estradiol, which is unopposed
during the first half (follicular phase) of the menstrual cycle,
stimulates growth of benign and malignant EUMET cells
in vitro, while progesterone, which is elevated during the
second half (luteal phase) of the cycle, inhibits the growth
of the same cells (7). The fact that pituitary gonadotropins,
which have high circulating levels around menopause,
stimulate the growth of EUMET in vitro suggests that
hormonal changes associated with menopause may also play
a role (7). Also supporting a role for the hormonal changes
associated with menstrual cycle progression as risk factors
for EUMET development is evidence that exogenous
administration of such hormones, for example the use of
hormone replacement therapy to alleviate the symptoms
of menopause, is a significant risk factor (8). A study
examining the long-term effects of oral contraceptives in
macaques suggested that the direct action of progestins
is primarily responsible for the protective effects of oral
contraceptives (9).
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Different authors have also attempted to account for
the association between ovulatory activity and cancer risk
based on additional mechanisms leading to hormonal
changes in individuals with uninterrupted normal menstrual
cycles. For example, the “stromal hyperactivity hypothesis”
stipulates that although most ovarian follicular cells
undergo apoptosis following release of the egg and the
ensuing luteinization period, some may persist and retain
their hormone-producing ability (10). This would result in
an accumulation of steroid producing cells proportionate
to the number of lifetime ovulations. Indeed, the basal
levels of circulating estradiol were higher in premenopausal
women with a greater lifetime number of ovulatory cycles in
a longitudinal study (10). A role for androstenedione, the
major ovarian hormone in post-menopausal women that is
also suppressed by oral contraceptives, has been suggested
by Risch (11) and further supported by the fact that
circulating levels of this hormone are higher in the serum
of patients with extra-uterine Miillerian cancer compared
to matched controls (12).

Inflammatory factors

Although reproductive factors associated with the menstrual
cycle are by far the strongest risk determinants of EUMET,
a role for inflammation has also been suggested (13).
Application of talc, an irritant, on the perineal area has
consistently been associated with a small to moderate
increase in risk of the serous subtype as well as of mucinous
and clear cell subtypes (14). Inflammatory conditions
such as pelvic inflammatory disease (PID) have also been
associated with increased risk (15-20). The association
between endometriosis and the endometrioid subtype
(13,21-26) is often regarded as further supporting a role
for inflammation in EUMET predisposition. Relevance
to the serous subtype is supported by epidemiological
evidence that endometriosis is associated with increased
risk of low-grade serous extra-uterine Miillerian
carcinomas (27). The apparent association between PID not
involving endometriosis and risk of extra-uterine Miillerian
cancer (28,29), as well as the evidence for a protective effect
of anti-inflammatory drugs (30-33), provide further support
for the notion that inflammation can influence the risk of
extra-uterine Miillerian cancers including those showing
serous differentiation.

Diet

The influence of diet has also been studied as it pertains to
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EUMET. Data regarding the role of dietary saturated fat is
controversial. One retrospective study showed an increased
risk of mucinous tumors in women with diets high in
saturated fats (34) while another large study found only
a weakly positive, non-linear association between extra-
uterine Miillerian epithelial cancers of all subtypes except
mucinous (35). Milk consumption and, more precisely,
consumption of galactose, which is high in countries with
elevated risks of EUMET such as Scandinavian countries
and others, has been proposed as a risk factor for this
disease. However, subsequent data could not confirm
this association, including in individuals with a functional
polymorphism in an enzyme involved in galactose
metabolism (36-38).

Smoking

Multiple studies have linked cigarette smoking with risk
of mucinous extra-uterine Miillerian cancer, but not of
any other subtypes (39-41). This parallels the reported
effect of smoking on endocervical carcinomas, which also
show mucinous differentiation. The proposed mechanism
is a combination of direct DNA damage by carcinogens
in cigarette smoke superimposed on the ability of these
carcinogens to accumulate in mucin-secreting cells. Not
only has smoking not been shown to increase the rate of
serous cancers, but also, it has been shown to decrease
the relative risk of clear cell EUMET. These findings
underscore differences in the mechanisms driving the
development of various subtypes of EUMET and reinforce
the view that serous tumors are not carcinogen-driven, but
primarily hormone-driven.

Insights from genetic risk factors

Approximately 15% of all extra-uterine Miillerian
carcinomas are familial (42). Almost all familial cases
belonging to the serous subtype are due to germline
mutations in the BRCAI or BRCA2 genes, which are also
associated with hereditary breast cancer. Approximately
40% of women carrying a germline BRCA1 mutation
develop serous extra-uterine Miillerian epithelial cancer in
their lifetime while the risk for BRCA2 mutation carriers
is about 20% (43-49). Given that the risk of these tumors
in the general population is only 1.7%, cancer-causing
mutations in either one of these two genes are highly
penetrant.

Little progress has been made in our understanding
of the molecular basis for the strong association between
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the BRCAI mutation carrier state and serous EUMET
predisposition in spite of the decades that have elapsed since
the isolation of this gene (50). Individuals with germline
BRCAI mutations are predisposed almost exclusively to
cancers of the breast and reproductive organs in spite of
the fact that this gene product is expressed ubiquitously
in most cell types. Cellular processes associated with the
full-length BRCAI nuclear protein that are often invoked
as potentially underlying the alleged tumor suppressor
function of this protein include cell cycle regulation,
regulation of apoptosis, DNA repair, chromatin remodeling,
transcriptional regulation, X chromosome inactivation, and
post-translational modification (51-55). The site specificity
of cancers associated with BRCAI mutations is surprising
given the importance of these cellular processes in most
mammalian cell types. The next section is an attempt to
reconcile the wide tissue distribution of BRCAI expression
with the highly restricted pool of cell types that are at
elevated risk of cancer in BRCAI mutation carriers.

Potential link between genetic and reproductive
risk factors

Cell non-autonomous bypotbesis

BRCAI and BRCA2 mutations, the main determinant of
genetic risk for serous extra uterine Miillerian carcinomas,
are rare in the sporadic form of this disease. An explanation,
which would also account for the site specificity of the
tumors that develop in BRCAI and BRCA2 mutation
carriers, is that inactivation of either one of these two
genes might mimic important risk factors associated with
sporadic extra-uterine Millerian tumors, and would thus
be redundant in individuals exposed to the sporadic risk
factors. A possible scenario, given the fact that ovulatory
activity is currently regarded as the most important risk
factor for the sporadic form of these tumors, would be
that a germline BRCAI mutation could lead to alterations
in the dynamics of the menstrual cycle, or in the levels of
hormones associated with menstrual cycle progression, that
would mimic the consequences of incessant ovulation. The
fact that pregnancy or oral contraceptive use, both of which
have a strong protective effect against sporadic EUMET,
are also protective against these cancers in BRCA1 mutation
carriers (56,57) is supportive of this idea of redundancy
between genetic and non-genetic risk factors. The finding
by Tone et al. (58) that the expression profile of high-grade
serous carcinomas in BRCA mutation carriers resembles
more closely that of the fallopian tube epithelium during
the secretory phase than the proliferative phase of the

© Translational Cancer Research. All rights reserved.

Dubeau. Insights into extra-uterine Miillerian cancer development

menstrual cycle further underscores the role of ovulatory
activity associated with menstrual cycle progression in the
pathogenesis of BRCA-driven tumors.

"This hypothesis is referred to as the cell non-autonomous
hypothesis of cancer predisposition in BRCAI mutation
carriers. It implies that a germline BRCAI mutation, in
addition to directly influencing cells at risk of cancer
development, also influences these cells indirectly and
from a distance due to the consequences of such germline
mutations on cells involved in menstrual cycle regulation
that communicate with tissues at increased cancer risk via
either endocrine or paracrine mechanisms. The hypothesis
stipulates that the resulting changes in inter-cellular
interactions between cells that regulate the menstrual cycle
and serous extra-uterine Miillerian epithelium contribute
to increased cancer risk in the latter. The hypothesis does
not rule out the notion of direct, cell-autonomous effects
superimposed on cell non-autonomous effects. The fact
that cancerous tissues undergoing chemotherapy in BRCA1
mutation carriers appear to be under selective pressure to
regain a normal BRCAI function suggest a limited cell-
autonomous role for BRCAI mutations once the cancer
phenotype has been established (59,60).

Insights from experimental animals

Chodankar ez al. (61) sought to test the cell non-autonomous
hypothesis in an animal model by investigating the
consequences of disrupting communications between cells
that control the estrous cycle and Miillerian epithelium.
Given the central role of ovarian granulosa cells in regulating
progression through the normal menstrual cycle, plus the
fact that these cells secrete a variety of hormones such as
estradiol, Miillerian inhibiting substance, and others that
are known to influence EUMET cell growth in vitro, these
authors used the Cre-/lox system driven by a truncated form
of the Fshr promoter to specifically inactivate the Breal gene
in mouse granulosa cells. The mice indeed developed benign
tumors that were clearly of epithelial (as opposed to granulosa
cell) origin in strong support of a cell non-autonomous
mechanism. These results raise the possibility that EUMET
predisposition in human BRCAI mutation carriers is due,
at least in part, to decreased BRCAI expression in ovarian
granulosa cells, thereby disrupting control mechanisms
that these cells exert on serous extra-uterine Miillerian
epithelium. The findings by Hu et a/. (62) that down-
regulation of BRCA1I in primary cultures of human granulosa
cells results in increased expression of aromatase, the rate-
limiting enzyme in estradiol biosynthesis, is well in line with
this hypothesis. It is not clear whether the same mechanism
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is also responsible for breast cancer predisposition in BRCA1
mutation carriers. The fact that ovulatory activity, which is
largely controlled by ovarian granulosa cells, has a strong
influence on predisposition to breast cancer in addition to
EUMET suggests that the mechanisms of predisposition to
breast cancer in mutation carriers could indeed be similar.
"This idea is further strengthened by the demonstration that
oophorectomy can protect against breast cancer in BRCA1
mutation carriers (63).

Hormonal mediators of a cell non-autonomous mechanism

Hong et al. (64) sought further insights into the mechanisms
whereby a BRCAI mutation could contribute to cancer
development via a cell non-autonomous mechanism. These
authors specifically looked at the consequences of a Breal
mutation in ovarian granulosa cells on the relative lengths of
different phases of the estrus cycle and on circulating levels of
specific hormones important for the regulation of this cycle.
The estrus cycle is equivalent to the human menstrual cycle,
the most important risk factor for the sporadic form of serous
extra-uterine Miillerian carcinomas. Indeed, the average length
of the proestrus phase, which corresponds to the follicular
phase of the human menstrual cycle, was longer in mutant
mice than in wild type littermates relative to the metestrus
phase (corresponding to the luteal phase of the menstrual
cycle). Mutant mice also had higher circulating levels of
estradiol. They concluded that mice carrying a Brez] mutation
had both increased and prolonged estrogen stimulation
unopposed by progesterone (64). The physiological relevance
of these findings is underscored by a follow up study showing
evidence of increased steroid hormone stimulation in end-
organs targeted by estrogens such as the endometrium and
long bones in Brezl-deficient mice (65). Mutant mice showed
increased endometrial thickness and increased bone length and
density, providing strong support for the idea that the presence
of a Breal mutation in ovarian granulosa cells leads to increased
estrogen stimulation. Although the authors used mice carrying
homozygous Brcal mutations in these studies in order to
magnify the measurable consequences of such mutations, they
also showed that mice carrying heterozygous mutations, such
as present in human BRCAI mutation carriers, showed effects
similar to those present in homozygous mutants on sex steroid
hormone biosynthesis, albeit of lesser magnitude (65).

Evidence for a cell non-autonomous mechanism in buman

Although direct evidence for a cell non-autonomous effect of
BRCA1 mutations in human is still lacking, observations with
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the UK Familial Ovarian Cancer Screening Study cohort
(UKFOCSS), which showed that human BRCAI mutation
carriers have a sex hormone dysregulation and altered end-
organ hormone-sensitivity during the menstrual cycle,
provide strong support for this notion (66). Endometrial
thickness was higher during the follicular phase [OR 1.11,
95% confidence interval (CI), 1.03-1.20; P=0.006) and lesser
in the luteal phase (OR 0.90, 95% CI, 0.83-0.98; P=0.027)
of BRCAI mutation carriers compared to non-carriers while
median luteal phase progesterone and estradiol levels were
respectively 121% (P<0.001) and 33% (P=0.007) higher in
mutant compared to controls. These results were not due to
differences in oral contraceptive use in carriers (66).

Insights from The Cancer Genome Atlas (TCGA)
dataset and other molecular profiling studies

Extensive data about molecular changes associated with
high-grade serous extra-uterine Miillerian carcinomas are
now readily available through TCGA (67), which includes a
dataset of mRNA expression, miRINA expression, promoter
methylation, and DNA copy number abnormalities in
hundreds of such tumors, most of which were also subjected
to whole exome sequencing analyses. Gene expression
profiling studies that had preceded this project had already
uncovered significant differences in the expression profile of
each major extra-uterine Miillerian epithelial tumor subtype
(68-71), leading the way to the development of potentially
useful biomarker panels for distinguishing between
subtypes associated with different clinical outcomes or with
different therapeutic responses independent of classical
histological parameters (72-74). Additional data from the
Cancer Genome project led to the separation of high-
grade serous extra-uterine Miillerian carcinomas into four
different subgroups, respectively named differentiated,
immunoreactive, mesenchymal, and proliferative, based
on their expression profile of mRNA and miRNA (67).
Separation into these four subtypes correlated well with
independent findings by other investigators (74,75) as
well as with three molecular subtypes identified based on
miRNA expression. In addition, significant differences in
overall survival were found based on expression of 108 genes
selected from the TCGA dataset, 85 associated with good
survival, as well as based on miRNA profiling subtypes.
Another contribution of TCGA that is of potential
importance to our understanding of serous extra-uterine
Miillerian epithelial tumor development is the observation
that abnormalities in BRCAI and BRCA2 appear to be
mutually exclusive of amplification of CCNEI in these
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tumors. Indeed, although CCNEI amplification is present in
26% of tumors associated with wild type BRCAI or BRCA2,
it is seen in only 8% of those with mutations in either
one of these two genes (67). This observation led to the
idea that these cancers can be divided into two molecular
classes, one driven by abnormalities in cellular pathways
controlled by BRCA gene products and the other by
CCNE]I amplification. This leaves approximately two thirds
of these cancers with no characteristic abnormality except
for P53 mutations and aneuploidy. Indeed, no individual
gene or pathway other than P53 and those previously
associated with familial predisposition to these tumors is
unraveled from the Cancer Genome dataset. Although
several mutations in potentially targetable pathways were
found, none are frequent enough to provide potential
therapeutic targets applicable to a significant proportion of
these cancers. Severe numerical chromosomal abnormalities
leading to aneuploidy is the only consistent molecular
alteration associated with these tumors in addition to P53
mutations, the latter being presumably needed to overcome
cell cycle checkpoints triggered by those ploidy changes.
This has led to the notion that high-grade serous extra-
uterine Millerian carcinomas are primarily a disease of
chromosomes, implying an important role for mitotic errors
in their development.

Insights from in vitro studies

Cell culture models mimicking the genetic background
of cancer precursor lesions, such as the model developed
by Luo et al. (76), can provide clues about the cellular
mechanisms leading to the near polyploid state that typically
characterizes serous high-grade extra-uterine Miillerian
carcinomas. These authors used cultures of cystadenomas,
the benign counterparts of extra-uterine Miillerian
carcinomas, in which SV40 large T antigen was forced-
expressed. These genetic manipulations not only allow
extension of in vitro life span by overcoming senescence, but
also provide a genetic background not unlike that present in
cancer precursor lesions because this antigen, by binding to
RB and P53, leads to a constitutively active cell cycle in cells
deprived of a functional P53 similarly to the situation in
serous EUMET precursor lesions. Further characterization
of this cell culture model suggested that accumulation of
chromosomal abnormalities that are initially left unchecked
due to the absence of a normal P53 function eventually
overwhelms ability to overcome the spindle assembly
checkpoint complex, resulting in a prolonged mitotic arrest.
Recovery from such arrest, which is facilitated by lowering
BRCAI expression levels, results in resumption of cell cycle
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activity without cytokinesis, leading to tetraploidy and, if
the process repeats itself, even higher degrees of polyploidy
with ensuing aneuploidy (77,78). This scenario is a central
element of the model of cancer development proposed in
the next section.

It is interesting that cultures of extra-uterine Miillerian
tumors of low malignant potential derived similarly and
in parallel to those of cystadenomas, in spite of absence of
normal P53 function due to forced expression of SV40 large T
antigen, do not undergo a similar mitotic arrest and that their
ploidy status remains substantially more stable than that of
cystadenomas (79). It is tempting to relate such chromosome
stability in culture to the fact that these tumors are typically
diploid and genetically stable in vivo (80,81). In fact,
aneuploid tumors of low malignant potential are associated
with a more aggressive clinical course and their response to
chemotherapeutic agents may be more typical of carcinomas,
raising the possibility that at least some of the those tumors
are carcinomas incorrectly diagnosed as LMP tumors (81-84).
Indeed, the possibility of using ploidy status as a diagnostic tool
to help distinguish tumors of low malignant potential from
carcinomas has been suggested (80). Further understanding
of the mechanisms underlying the apparent protection against
chromosomal instability in cultures of tumors low malignant
potential should further increase our understanding of the
development of aneuploidy, one of the hallmarks of cancer.

A model for serous extra-uterine Miillerian
carcinoma development

The model illustrated in Figure 1 is based on published
data and arguments reviewed in this chapter. It is well
established that cancer, in general, arises in a background of
cell proliferation. It is probable that the main proliferation
signal for serous extra-uterine Miillerian carcinoma
precursors comes from the hormonal changes associated
with the menstrual cycle that act cell non-autonomously
as predicted by the aforementioned cell non-autonomous
hypothesis. This cell non-autonomous scenario is magnified
either by increased ovulatory activity (incessant ovulation)
in individuals affected by sporadic cancers, or by the
consequences of decreased BRCA1 or BRCA2 gene dosage
in BRCA1/2 mutation carriers.

It is also well-established that extra-uterine Miillerian
serous tumors almost always carry P53 mutations and that such
mutations are present not only after acquisition of invasive
and metastatic ability, but also in precursor lesions (85). The
presence of such mutations in cells subjected to growth
stimulation (via the cell non-autonomous pathway driven
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Proliferating cell
population

Cell non-autonomous
proliferation signal

Aneuploid high grade
carcinoma

Sustained
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M phase arrest

Cytokinesis
failure

inactivation
CCNEA1
amplification

Proliferating tetraploid
cell population, either
single- or bi-nucleated

Figure 1 A model for high-grade serous extra-uterine Miillerian carcinoma development. Stimulation of cellular proliferation of serous

extra-uterine Miillerian epithelium is triggered by cell non-autonomous mechanisms as a consequence of either reproductive factors (e.g.,

incessant ovulation) or decreased BRCA gene dosage (e.g., in BRCA mutation carriers). In the absence of a functional P53 (a nearly universal

feature of high-grade serous extra-uterine Miillerian carcinomas), such increased proliferative activity leads to accumulation of chromosomal

defects that eventually lead to a cell cycle arrest at the spindle assembly checkpoint. Overcoming this arrest can be facilitated either by

absence (or reduced amounts) of a functional BRCA1 or by CCNEI amplification; both of these scenarios result in polyploidy due to

cytokinesis failure and subsequent aneuploidy and cancer development.

by the ovulatory cycle) inevitably leads to accumulation of
chromosomal abnormalities due to absence of important
cell cycle checkpoints controlled by P53, as observed in
the iz vitro model described by Luo et 4l. (76). Eventually,
chromosomal abnormalities become overwhelming,
resulting in a cell cycle arrest at the spindle assembly
checkpoint (77,78). As illustrated in Figure I, two different
mechanisms can lead to recovery from this mitotic arrest,
both leading to aneuploidy from a polyploid intermediate.
In the absence of reduced or absent BRCAI function either
due to a germline mutation or promoter methylation, cells
overcome this checkpoint and return to interphase without
completing cytokinesis as described by Yu ez a/. (78). The
resulting bi-nucleated cells may eventually show a single,
enlarged nucleus following subsequent mitoses as depicted
in Figure 1.

In the presence of normal BRCA1/2 function, cells arrested
at the spindle assembly checkpoint might overcome this
checkpoint via an alternate mechanism entailing CCNE]
amplification, as suggested by the Cancer Genome Atlas dataset,
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which shows frequent amplification of this cyclin in the absence
of BRCA1/2 mutations (see above). The proposed mechanism
is that centrosome duplication, one of the consequences of
CCNE]I over-expression (86), leads to increased microtubule
formation and anchoring (87), resulting in disruption of the
spindle assembly checkpoint.

Thus, the combination of cell non-autonomous factors
driven by hormonal factors or BRCA mutations, and of
cell autonomous factors entailing recovery from a mitotic
arrest at the spindle assembly checkpoint, leads to polyploid
cell populations that invariably become aneuploid due
to instability of the polyploid state. The combination of
chromosomal imbalances, superimposed on accumulation
of additional genetic defects provides an excellent soil for
malignant transformation. The cell non-autonomous effects
influence proliferation of serous extra-uterine Miillerian
epithelium and account for the site specificity of the tumors
associated with the BRCA mutation carrier state while
the cell autonomous effects lead to the characteristic near
polyploid state of these cancers. Relevance to human tumors
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Figure 2 Polyploid nature of high-grade serous extra-uterine
Millerian carcinomas. (A,B) Photographs of typical human high-
grade serous extra-uterine Miillerian carcinomas. The thin arrows
in (A) point to bi/multi-nucleated cells while the thick arrows in (B)

point to multipolar mitoses.

is illustrated in Figure 2, which shows examples of either bi-
nucleated cells (Figure 24) or multipolar mitoses (Figure 2B)
in histological photographs of representative high-grade
serous extra-uterine Miillerian carcinomas.

Concluding remarks

The cell non-autonomous mechanism of cancer predisposition
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discussed in this article has important implication for
prevention of serous extra-uterine Miillerian carcinomas
because it is based on circulating mediators of cancer risk
that should be readily targetable with pharmacologic agents
or even, perhaps, life style modifications. This underscores
the importance of fully elucidating the nature of these
mediators and of understanding their consequences on the
biology of serous extra-uterine Miillerian epithelium. Better
understanding of the cell autonomous mechanisms involved
in serous extra-uterine Miillerian carcinoma development,
on the other hand, should lead to strategies to reduce the
likelihood of recovery from a cell cycle arrest thought to play
an important role in the development of these cancers, both as
cancer preventive and therapeutic measures. It is hoped that
progress in both of these areas will have a significant impact on
the morbidity and mortality associated with these important
cancers of women.
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