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Abstract

Recent morphologic, immunohistochemical and molecular genetic studies have led to the
development of a new paradigm for the pathogenesis and origin of epithelial ovarian cancer (EOC)
based on a dualistic model of carcinogenesis that divides EOC into two broad categories
designated type | and type Il. Type I tumors are comprised of low-grade serous, low-grade
endometrioid, clear cell and mucinous carcinomas and Brenner tumors. They are generally
indolent, present in stage | (tumor confined to the ovary) and are characterized by specific
mutations, including KRAS, BRAF, ERBB2, CTNNB1, PTEN PIK3CA, ARID1A, and PPPR1A,
which target specific cell signaling pathways. Type | tumors rarely harbor TP53 and are relatively
stable genetically. Type Il tumors are comprised of high-grade serous, high-grade endometrioid,
malignant mixed mesodermal tumors (carcinosarcomas) and undifferentiated carcinomas. They
are aggressive, present in advanced stage, and have a very high frequency of TP53 mutations but
rarely harbor the mutations detected in type | tumors. In addition, type Il tumors have molecular
alterations that perturb expression of BRCA either by mutation of the gene or by promotor
methylation. A hallmark of these tumors is that they are genetically highly unstable. Recent
studies strongly suggest that fallopian tube epithelium (benign or malignant) that implants on the
ovary is the source of low-grade and high-grade serous carcinoma rather than the ovarian surface
epithelium as previously believed. Similarly, it is widely accepted that endometriosis is the
precursor of endometrioid and clear cell carcinomas and as endometriosis is thought to develop
from retrograde menstruation these tumors can also be regarded as involving the ovary
secondarily. The origin of mucinous and transitional cell (Brenner) tumors is still not well
established, although recent data suggest a possible origin from transitional epithelial nests located
in paraovarian locations at the tubo-peritoneal junction. Thus, it now appears that type | and type
Il ovarian tumors develop independently along different molecular pathways, and that both types
develop outside the ovary and involve it secondarily. If this concept is confirmed it leads to the
conclusion that the only true primary ovarian neoplasms are gonadal stromal and germ cell tumors
analogous to testicular tumors. This new paradigm of ovarian carcinogenesis has important
clinical implications. By shifting the early events of ovarian carcinogenesis to the fallopian tube
and endometrium instead of the ovary, prevention approaches, for example, salpingectomy with
ovarian conservation, may play an important role in reducing the burden of ovarian cancer while
preserving hormonal function and fertility.
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Molecular

Paradigms, as defined by Kuhn in his seminal work “The Structure of Scientific
Revolutions”, are the best ways of explaining progress in science (1). Kuhn believed that
textbooks, which describe progress, as a cumulative, incremental process leading to a
growing corpus of scientific knowledge present an unrealistic and biased view. Instead, he
felt that a more accurate depiction could be gleaned by looking at what scientists do most of
the time, which he termed normal science, and normal science is governed by paradigms. A
paradigm generates a consensus among scientists working in a particular field about how
work in that field should be done. It also identifies puzzles, assures scientists that each
puzzle has a solution, and provides standards for evaluating solutions. Normal science
involves showing how nature can be fitted into the categories provided by the paradigm.
When puzzles arise that repeatedly resist solutions a crisis of confidence occurs. During a
crisis the paradigm is subjected to testing and might be rejected. If that occurs a new
paradigm replaces the previous one and a scientific revolution has occurred.

The operative paradigm of ovarian carcinogenesis is that epithelial ovarian cancer (EOC) is
composed of several different types, but since the vast majority is high-grade serous
carcinoma (HGSC) differences between the types are obscured and therefore, EOC is
regarded as a single disease. Moreover, since carcinomas in the female pelvis tend to
involve the ovary, often as the dominant mass, they have all been regarded as ovarian in
origin. This paradigm is based on taxonomy, specifically morphologic classifications, which
took shape in the 1930s and 40s (2-4) matured in the 1950s and 60s (5) and culminated with
the WHO Classification in 1973 (6). The histologic classifications created a structure that
provided the basis for performing clinicopathologic studies but apart from these studies, the
tools necessary to study pathogenesis were not available and therefore our understanding of
ovarian carcinogenesis was limited.

Arguably, research within this paradigm has failed to identify the precursor of EOC (7-19)
and as a result current management is empirical. Despite advances in radical surgery and
cytotoxic chemotherapy, overall survival has not changed in over 50 years. In the last two
decades attention has focused on early detection but unfortunately, this strategy has also
failed to provide a survival benefit. Accordingly, there are “persistent puzzles” which have
resisted solutions and hence a “crisis of confidence” exists.

The introduction of molecular biology and the development of new methods of tissue
sampling are now ushering in a paradigm shift, which can be considered “revolutionary”.
The concepts that are emerging and shaping this new paradigm are novel and highly
provocative. Some of them will be confirmed and others will be modified or discarded, as
scientists in the process of performing “normal science” within the framework of the new
paradigm attempt to clarify and resolve issues that have frustrated progess in reducing the
burden of this disease.

Pathogenesis of Epithelial Ovarian Carcinoma

The introduction of the “borderline (low malignant potential)” category was an important
step in refining the morphologic classification of EOC by identifying a group of tumors,
defined as lacking destructive invasive growth that had a significantly better outcome than
the invasive carcinomas. Since it was rare to find a borderline tumor coexisting with an
invasive carcinoma it was generally believed that they were unrelated. In 1996 a relationship
between serous borderline tumor (SBT) and invasive serous carcinoma was described based
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on the subdivision of SBT into two groups. One group designated “atypical proliferative
serous tumor (APST)” behaved in a benign fashion and a second, smaller group, designated
“micropapillary serous carcinoma (MPSC)” also termed “noninvasive low-grade serous
carcinoma” behaved like a low-grade malignant tumor (20). Moreover, this latter subset was
closely associated with invasive low-grade serous carcinoma (LGSC) and the investigators
proposed that MPSC was the immediate precursor of LGSC. The key element leading to this
conclusion was the recognition that LGSC was a distinct entity that differed from HGSC in
several ways (see below). Prior to this, serous carcinoma was graded well, moderately and
poorly differentiated with the implication that serous carcinoma was a spectrum of disease in
which well differentiated carcinoma (LGSC) progressed to poorly differentiated carcinoma
(HGSC). Following this morphologic study linking APST to MPSC and LGSC, a series of
molecular genetic studies was performed, which culminated in the proposal of a dualistic
model to explain the pathogenesis of EOC (21).

Dualistic Model of Carcinogenesis

Briefly, the dualistic model accommodates and confirms the heterogeneous nature of EOC
and places the major histologic types into two groups (type I and type Il) based on their
distinctive clinicopathologic and molecular genetic features. It also links specific histologic
types with their putative precursor lesions. Thus, type | tumors are comprised of low-grade
serous carcinomas, low-grade endometrioid, clear cell and mucinous carcinomas which
develop in a stepwise fashion from well-established precursor lesions, such as borderline
tumors and endometriosis. They typically present as large masses that are confined to one
ovary (stage la), are indolent and have a good prognosis. The type | tumors are relatively
genetically stable and typically display a variety of somatic sequence mutations that include
KRAS, BRAF, PTEN, PIK3CA CTNNBL1 (the gene encoding beta catenin), ARID1A and
PPP2R1A but very rarely TP53 (21-23). In contrast, type Il tumors are comprised of HGSC
(usual type of serous carcinoma), high-grade endometrioid carcinoma, malignant mixed
mesodermal tumors (carcinosarcomas) and undifferentiated carcinomas, which present in
advanced stage (stages 11-1V) in over 75% of cases; they grow rapidly and are highly
aggressive. Type Il tumors, of which HGSC is the prototypic type, are chromosomally
highly unstable and harbor TP53 mutations in >95% of cases (24); they rarely display the
mutations found in the type | tumors. BRCA inactivation, either by mutation or inactivation
of expression of BRCA and its downstream genes via promoter methylation occurs in up to
40-50% of HGSC (25). BRCA inactivation has not been reported in the type | tumors.

Serous Tumors

The relationship of APST and MPSC to LGSC based on morphologic studies was supported
by mutational analysis, gene expression studies and methylation profiling demonstrating that
these three tumor types shared molecular alterations that differed dramatically from HGSC
(25-30). Initial molecular genetic studie focused on individual genes (Fig 1) but more recent
studies have highlighted the importance of molecular signaling pathways (Fig 2). For
example, the MAPK signaling pathway is important for the cellular response to a variety of
growth and differentiation factors and activating mutations in KRAS or one of its
downstream effectors, BRAF, (mutations of KRAS and BRAF are mutually exclusive) results
in constitutive activation of MAPK-mediated signaling in more than half of APSTs, MPSCs
and LGSCs (31-34). In addition, a 12-bp insertion mutation of ERBB2 (encoding HER2/
neu), which activates an upstream regulator of K-Ras, has been detected in 9% of these
tumors. Interestingly, tumors with ERBB2 mutations lack KRAS and BRAF mutations
(35,36). Accordingly, 60-70% of APSTs, MPSCs and LGSCs express active MAPK (37);
they rarely harbor TP53 mutations. Recent studies have further clarified the molecular
pathogenesis of APST, MPSC and LGSC. First, KRAS and BRAF mutations have not been
detected in serous cystadenomas, the putative precursor of SBTs, but laser capture
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microdissection studies have detected these mutations in the adenoma epithelium and APST
epithelium in serous cystadenomas containing small APSTs suggesting that these mutations
occur early in the development of APST (38). In an attempt to elucidate the relationship of
APST to LGSC a recent study compared the gene expression profiles of APST, MPSC and
LGSC and found that MPSC is closer molecularly to invasive LGSC than to APST (26) and
that the genes involved in MAPK signaling showed higher expression in MPSC than in
APST. In addition, a previous study reporting that MPSC harbors a pattern of chromosomal
imbalance distinct from that of APST (39) confirms the proposal that LGSC develops in a
stepwise fashion from cystadeno(fibro)ma to APST and MPSC, supporting the biological
role of the KRAS-BRAF-MEK-MAPK pathway in the development of LGSC. By globally
profiling the epigenetic landscape, we have recently reported that the methylation profiles in
low-grade serous carcinoma are closer to APST and serous cystadenoma than high-grade
serous carcinoma (30). This finding lends further support to the dualistic model of ovarian
serous carcinogenesis.

In contrast to LGSC, HGSC harbors TP53 mutations in >95% of cases (25), but rarely
contains KRAS or BRAF mutations. Aside from TP53 mutations no other mutations are
consistently found in sporadic (nonfamilial) HGSCs including mutations of BRCA1 and
BRCAZ2, which characterize familial HGSC (The Cancer Genome Atlas, unpublished). On
the other hand, inactivation of the BRCA1/2 genes by other mechanisms, such as
hypermethylation of the BRCA1 promoter, occurs relatively frequently and as a result
inactivation of BRCA1/2 by mutation or other mechanisms occurs in 40-50% of sporadic
HGSCs (26). The most striking molecular feature of HGSC is diffuse and high levels of
DNA copy number gains or losses, which include CCNEL (cyclin E1), NOTCH3, AKT2,
RSF1, and PIK3CA loci (40). Despite their distinct molecular signatures, LGSC and even an
APST is sometimes clonally associated with a synchronous HGSC, suggesting that such
progression rarely does occur (41).

Clear Cell and Endometrioid Tumors

After serous carcinoma, endometrioid and clear cell carcinomas are the most frequent types
of EOC accounting for approximately 15-20% of EOC in Western countries. The molecular
genetic alterations that underlie the development of these tumors are now beginning to
emerge. Based on genome-wide mutational analysis, the most common molecular genetic
changes in clear cell carcinoma are a somatic inactivating mutation of ARID1A (22,23), a
tumor suppressor gene detected in about 50% of cases, an activating mutation of PIK3CA in
about 50% of tumors (42) and deletion of PTEN, a tumor suppressor gene involved in the
PI3K/PTEN signaling pathway, in about 20%(43), supporting the role of an aberrant PI3K/
PTEN pathway in the development of clear cell carcinoma. In addition, SNP array analysis
has identified frequent amplification of the ZNF217 (zinc finger protein 217) locus and
deletion of the CDKN2A/2B locus in clear cell carcinomas, suggesting that the pathways
involving these two genes are also important in their development.

Like clear cell carcinoma, mutations that deregulate PI3K/PTEN signaling are common in
low-grade endometrioid carcinoma and, in fact, mutation of the tumor suppressor gene
PTEN, which occurs rarely in other types of EOC, has been reported in approximately 20%
of ovarian low-grade endometrioid carcinomas (44,45). Another mechanism by which
activation of PI3K signaling occurs is through activating mutations of PIK3CA, which has
been detected in 20% of low-grade endometrioid carcinomas (42). The Wnt/b-catenin
signaling pathway, which is involved in the regulation of several important cellular
processes including proliferation, motility and survival, is deregulated in up to 40% of
ovarian endometrioid carcinomas, usually on the basis of activating mutations of CTNNBI,
the gene that encodes B-catenin (46). Notably, mutation of CTNNBL1 has been associated
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with squamous differentiation, low tumor grade and a favorable outcome, features that
characterize low-grade endometrioid carcinoma (47-50).

Although low-grade endometrioid carcinomas are easily recognized, the distinction of high-
grade endometrioid carcinoma from HGSC can be very difficult. Some pathologists even
question the existence of high-grade endometrioid carcinoma regarding it as a variant of
HGSC whereas others classify high-grade endometrioid carcinoma as “mixed high-grade
endometrioid carcinoma and HGSC” or as “HGSC with features of endometrioid
carcinoma”. It is therefore of interest that in a study of ovarian endometrioid carcinomas of
all grades, low-grade endometrioid carcinomas were characterized by mutations that
deregulate the canonical Wnt/p-catenin and PI3BK/PTEN signaling pathways and lacked
TP53 mutations whereas high-grade endometrioid carcinomas lacked Wnt/B catenin or
PI3K/PTEN signaling pathway defects and frequently harbored TP53 mutations (47). A few
high-grade endometrioid carcinomas did, in addition, to TP53 mutation, display molecular
changes found in the low-grade endometrioid carcinomas suggesting that some low-grade
endometrioid carcinoma may progress to high-grade carcinoma. The findings parallel those
seen in the serous tumors, namely that generally low- and high-grade tumors develop
independently but that rarely progression of a low-grade to a high-grade tumor occurs. The
similar high frequency of TP53 mutations in the high-grade endometrioid carcinoma as in
HGSC suggests that both develop in a similar fashion, via TP53 mutation, and that most
high-grade endometrioid carcinoma is closely related or is a variant of HGSC.

Morphologic studies over the past two to three decades have repeatedly shown an
association of endometrioid and clear cell carcinoma with endometriosis and early molecular
genetic studies demonstrated LOH in the same chromosomal regions in endometrioid
carcinoma and adjacent endometriosis (51) confirming a clonal relationship between
endometriosis and endometrioid carcinoma. In addition, a recent study reported mutation of
ARID1A in atypical endometriosis adjacent to clear cell carcinoma but not in distant sites of
endometriosis further linking endometriosis to clear cell carcinoma and thereby providing
further evidence that endometriosis is the likely precursor of endometrioid and clear cell
carcinoma (23). Although both clear cell and endometrioid carcinomas are derived from
endometriosis and share some molecular genetic features, such as mutation of ARID1A and
deletion of PTEN, they clearly adopt different molecular programs for their development, as
is evident by their distinctly different morphologic phenotype and clinical behavior. For
example, canonical Wnt signaling pathway defects and microsatellite instability, which
occur frequently in low-grade endometrioid carcinoma have only rarely been detected in
clear cell carcinoma (46). Also it has been recently demonstrated that unlike all the other
types of EOC, clear cell carcinoma has significantly longer telomeres and this finding
correlates with poor outcome (52).

Finally, morphologic studies have linked the endocervical-type mucinous borderline tumor,
also referred to as “atypical proliferative seromucinous tumor”, to endometriosis in about a
third of cases (53). We are unaware of any molecular genetic studies of these neoplasms,
however, we have recently detected ARID1A mutations in two of these neoplasms
suggesting that they are more closely related to endometrioid than to serous or mucinous
tumors (unpublished data) further confirming the role of endometriosis as a precursor for a
variety of “endometrioid-related” ovarian neoplasms.

Mucinous Tumors

These tumors have been the least studied histologic types probably due to their relative
rarity (approximately 3% of EOC). KRAS mutations occur in up to 75% of primary
mucinous carcinomas and using KRAS as a molecular marker, laser capture microdissection
studies have shown the identical KRAS mutation in mucinous carcinomas and adjacent
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mucinous cystadenomas and borderline tumors (32,54,55) supporting the morphological
continuum and tumor progression in ovarian mucinous neoplasms.

In summary, each of the major histologic types of EOC is associated with a different set of
cell signaling pathways abnormalities, which for the type | tumors are shared with their
respective precursor lesions (borderline tumors and endometriosis) supporting their stepwise
progression (Fig 2). In contrast, the type Il tumors, aside from a very high frequency of
TP53 mutations and molecular alterations of BRCA1/2, are characterized by marked genetic
instability and lack other mutations. The identification and characterization of their
precursor lesions have only recently been recognized (see below).

Origin of Epithelial Ovarian Carcinoma

Serous Tumors

The conventional view of the origin of serous tumor has been that they were derived from
the ovarian surface epithelium or cortical inclusion cysts. Therefore, there was surprise and
skepticism when a group of Dutch investigators in 2001 first described tubal intraepithelial
carcinomas (TICs), later designated “serous tubal intraepithelial carcinomas (STICs)” and
occult invasive HGSCs in the fallopian tube that closely resembled ovarian HGSC, in
women with a genetic predisposition to ovarian cancer (56). Similar lesions were not found
in the ovaries of the same women. In hindsight, the failure to identify the tubal carcinomas
in the past was because it was assumed that precursors of ovarian carcinoma would logically
be in the ovaries, and therefore the fallopian tubes were not carefully examined (7-19). It
was subsequently proposed that implantation of malignant cells from the tubal carcinoma to
the ovary develop into a tumor mass that gives the impression that the tumor originated in
the ovary (57,58) (Fig. 3). Additional studies in which fallopian tubes were carefully
examined confirmed that STICs and small, early invasive tubal carcinomas occurred not
only in women with a genetic predisposition for the development of ovarian cancer but also
in 50-60% of women without known BRCA mutations (sporadic ovarian cancer) (Fig 4)
(59-67). Moreover, these carcinomas were almost always detected in the fimbria (Fig 5) and
it has been proposed that earliest neoplastic change begins in secretory-type cells (63,66).
Further evidence supporting the proposal that STICs are precursors was the identification of
STICs in women without ovarian cancer as well as the presence of identical TP53 mutations
in STICs and concomitant ovarian HGSCs, indicating a clonal relationship between them
(66,68). A gene profiling study showing that the gene expression profile of HGSC is more
closely related to fallopian tube epithelium than to ovarian surface epithelium (69) and
immunohistochemical studies showing that HGSC expresses PAX8, a mullerian marker, but
not calretinin, a mesothelial marker (ovarian surface epithelium has a mesothelial not a
mdllerian morphologic phenotype) lends further support to the proposal that the tubal
lesions are precursors of HGSC and not the ovarian surface epithelium (70). Further
confirmation of the link between STICs and HGSC is the demonstration that both STICs and
concomitant ovarian HGSCs, besides co-expressing p53, also co-express pl16, FAS, Rsf-1,
and cyclin E1 (71) (Fig 6). In addition, a recent study showed that STICs, like other
precancerous lesions, have relatively short telomeres (72).

As previously noted, in studies of ovarian and primary peritoneal HGSC in which the
fallopian tubes were completely sectioned using the SEE-FIM protocol (63), STICs were
identified in 50-60% of cases (66,67). This raises the question as to the source of the
remaining ovarian carcinomas that lack evidence of tubal involvement. One possibility is
that small STICs were missed despite complete sampling of the tubes and, in fact, it has
been shown that leveling the fallopian tube blocks can detect additional STICs not found in
the original sections (67). Another possibility is that the carcinoma developed from ovarian
cortical inclusion cysts. Although it is generally stated that these cysts develop by
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invagination of ovarian surface epithelium, there is reason to believe that during ovulation,
as the fimbria come into close contact with the ovary, tubal epithelial cells implant on the
disrupted ovarian surface to form a cortical inclusion cyst (70) (Fig 7). Parenthetically, tubal
epithelial cells are easily dislodged for culture in the laboratory by flushing the fallopian
tube (56, Shih, 1-M, unpublished data). In addition, ovulation itself with the release of
follicular fluid, which has been shown to contain reactive oxygen species (free radicals), and
possibly associated changes in the microenvironment, such as inflammation, may play a role
in early ovarian carcinogenesis. This is consistent with epidemiologic evidence linking
decreased ovulation (either as a result of oral contraceptive usage or multiple pregnancies)
with a decreased risk of ovarian cancer (73,74). Therefore, some HGSCs may develop from
ovarian cortical inclusion cysts (75) but these cysts could be derived, not from the ovarian
surface epithelium but from implanted fimbrial tubal epithelium (70) (Fig 8). Also as the
fallopian tubes are now being more carefully studied additional abnormalities in the
fallopian tube epithelium have been discovered. These include cytologic abnormalities that
fall short of STICs which we have tentatively designated “serous tubal intraepithelial lesions
(STILs)” (Fig

6) and termed by others “tubal intraepithelial lesions in transition (TILT)” (76). In addition,
short stretches of normal appearing fallopian tube epithelium that strongly expresses p53,
and in which TP53 mutations have occasionally been identified, have been termed “p53
signatures” (68). Although these lesions may represent the very early events in serous
carcinogenesis, it is not clear, at this time, whether STILs and p53 signatures are precursor
lesions or that they are benign “reactive” changes that over express p53 and have no
biological relevance to neoplasia. It is conceivable that some are precursors and others are
not; clearly this is an area that requires further investigation.

It appears that LGSC may also be derived from fallopian tube epithelium. Careful
examination of fallopian tubes in women with APSTs discloses what we have recently
described as “papillary tubal hyperplasia”. This lesion is characterized by small, papillary
clusters of bland-appearing tubal epithelium (both secretory and ciliated cells) that are often
associated with psammoma bodies. Varying numbers of these clusters can be detected in the
tubal lumen and appear to bud from the tubal epithelium (unpublished data). We speculate
that these detached clusters of tubal epithelium pass through the tube and implant on the
ovary where they can develop into APSTs or implant on the pelvic or abdominal peritoneum
to produce noninvasive implants.

Clear Cell and Endometrioid Tumors

As previously noted it is well established by morphologic and, more recently, by molecular
genetic studies that low-grade endometrioid and clear cell carcinomas develop from
endometriotic cysts (endometriomas) and are frequently associated with implants of
endometriosis elsewhere in the pelvis (77). Although the precise origin of endometriosis has
not been completely established, specifically, whether it develops in situ in the peritoneum
through a process of metaplasia or from retrograde menstrual flow, the preponderance of
data favor the latter mechanism (78). Admittedly, the former theory is more difficult to
prove experimentally. Thus, if retrograde menstruation accounts for most cases of
endometriosis, it is logical to assume that endometrioid and clear cell tumors develop from
endometrial tissue that implanted on the ovary and therefore the ovary is involved
secondarily (79) (Fig. 9). Of further interest has been the observation that the eutopic
endometrium in women with endometriosis exhibits intrinsic molecular abnormalities,
including activation of oncogenic pathways (78). Presumably, these changes permit the
endometrial tissue to implant, survive, and invade ovarian and peritoneal tissue. This
hypothesis, by which endometrioid and clear cell carcinoma develop from endometrial
tissue implanted on the ovary, is supported by epidemiologic evidence showing that the
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protective effect for tubal ligation is seen only for endometrioid and clear cell carcinoma as
tubal ligation would interrupt passage of endometrial tissue from entering the peritoneal
cavity but would not interfere with tubal cells from the fimbria implanting on the ovary and
developing into HGSC (80).

Mucinous Tumors

Studies over the last decade have shown that the majority of the gastrointestinal-type tumors
involving the ovary are secondary (81,82) and that, in fact, primary mucinous carcinomas of
the ovary are one of the least common types of EOC comprising about 3% of EOC.
Malignant Brenner tumors are the least common type of EOC. The origin of these mucinous
tumors and Brenner tumors tumors is puzzling, as unlike serous, endometrioid, and clear cell
tumors, they do not display a mullerian phenotype. Although it has been argued that
mucinous tumors bear some relationship to the endocervix, the mucinous epithelium that
characterizes them more closely resembles gastrointestinal mucosa. It seems unlikely that
they develop from cortical inclusion cysts, as mucinous metaplasia involving cortical
inclusion cysts is a very rare finding. On the other hand, the association of Brenner tumors
and mucinous tumors has been recognized for many years. In a provocative study of
mucinous cystadenomas and Brenner tumors, it was reported that after extensive sectioning,
mucinous cystadenomas contained foci of Brenner tumor in 18% of cases (83). Interestingly,
mucinous tumors were frequently associated with Walthard cell nests that are composed of
benign transitional-type epithelium, frequently found in paraovarian and paratubal locations.
This raises the possibility that mucinous tumors and Brenner tumors have the same
histogenesis arising from these microscopic transitional cell nests at the tubal-peritoneal
junction, which would be consistent with their non-millerian appearance (84). The study
reported that Brenner tumors are small (median size 0.5 cm), whereas mucinous
cystadenomas are large (median size 9 cm). The investigators then went on to speculate that
as a small Brenner tumor grows, the mucinous component becomes dominant resulting in
the development of a mucinous cystadenoma that, as it enlarges, compresses and eventually
obliterates the adjacent ovary and Brenner tumor giving the appearance that it arose in the
ovary. The findings in this study are intriguing but must be regarded as preliminary.
Additional morphologic and molecular genetic studies are necessary to determine whether
this concept is valid. Another subset of gastrointestinal-type mucinous tumors can arise from
ovarian mature cystic teratomas (85).

In summary, the data support the view that serous tumors develop from the fallopian tube,
that endometrioid, and clear cell tumors arise from endometrial tissue passing through the
fallopian tube resulting in endometriosis and mucinous, and Brenner tumors develop from
transitional-type epithelium located at the tubal-peritoneal junction (84). The concept that
EOC originates outside the ovary and involves it secondarily has emerged only recently,
because in the past, the default diagnosis of carcinomas involving the pelvis and abdomen
was that these were ovarian. A carcinoma is classified as tubal in origin only when the bulk
of the tumor involves the fallopian tube rather than the ovary, and there is evidence of an
intraepithelial (in situ) tubal carcinoma (86). Similarly, HGSC that extensively involves the
peritoneum, omentum, and other abdominal organs, is classified as primary ovarian, if there
is as little as 5mm of tumor involving the ovaries. Although the recent data suggesting that
EOC arises in extraovarian sites and involves the ovaries secondarily are compelling, serous
neoplasms (low- and high-grade) involve the ovaries and other pelvic and abdominal organs,
such as the omentum and mesentery, much more extensively than the fallopian tubes.
Similarly, although endometrioid and clear cell carcinomas develop from endometriosis that
frequently involve multiple sites in the pelvis, these neoplasms are almost always confined
to the ovaries. It is likely that the propensity for growth in the ovary is mulifactorial, but the
precise reasons for this are unknown.
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The New Paradigm and its Clinical Implications

The aforementioned molecular genetic and morphologic studies have provided new insight
into the pathogenesis and origin of EOC and in so doing have ushered in a new paradigm.
These studies provide compelling evidence that contrary to what was previously believed,
EOC is not primarily ovarian in origin but rather secondary leading to the conclusion that
the only true primary ovarian neoplasms are gonadal stromal and germ cell tumors
analogous to testicular tumors. This is not merely of academic interest because it also has
profound clinical implications. Given the distinctly different morphologic, molecular genetic
and clinical features of this diverse group of tumors classified as EOC it is important to
evaluate the triad of early detection, treatment and prevention according to whether tumors
are type | or type Il and then to consider the various histologic types that constitute the type

I group individually as there is considerable diversity in their pathogenesis which will have a
direct impact on how they are managed.

Early Detection

Treatment

The dualistic model highlights the heterogeneity of ovarian carcinoma and points out that
one screening test will not be effective in detecting all the different types of ovarian
carcinomas. Type | tumors (low-grade serous, low-grade endometrioid, clear cell, and
mucinous) are slow growing and attain a large size while still confined to the ovary. They
are easily detected by pelvic examination and/or transvaginal ultrasound. Moreover, they
constitute only 25% of ovarian cancers and account for approximately 10% of ovarian
cancer deaths (87). Therefore, it can be argued that the development of a biomarker
screening test is not urgently needed for type | tumors. More importantly, the recognition
that type 11 tumors [high-grade serous and undifferentiated carcinomas, and malignant
mixed mesodermal tumors (carcinosarcomas)] represent 75% of all ovarian carcinomas, are
responsible for 90% of ovarian cancer deaths (87) and originate outside the ovary
underscores the importance of diagnosing these tumors early in their evolution.
Unfortunately, screening approaches designed to detect them while confined to the ovary
have been unsuccessful (87), and are not likely to succeed, because these tumors are almost
never confined to the ovary at diagnosis. This has been clearly demonstrated by a study of
nearly 400 carefully staged patients from the Washington Center Hospital in Washington
DC, which is a primary care hospital that found less than 1.1% of HGSCs were confined to
the ovary at diagnosis (82) and a report from the British Columbia Tumor Registry which
found only 0.5% of HGSCs limited to the ovary at diagnosis (89). The futility of detecting
early-stage ovarian cancer was recently underscored in a large multi-institutional
prospective study [Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial] in
which, despite intensive annual screening of nearly 35,000 women with CA 125 and
transvaginal ultrasound, 70% of the women presented with advanced stage disease, which
was no different from unscreened populations (88). For type Il tumors, the goal in screening
should be the detection of low volume disease even if outside the ovary rather than stage |
disease (tumor confined to the ovary). This can only be accomplished by developing a panel
of sensitive and specific biomarkers that are expressed early in ovarian carcinogenesis.

Treatment of type | and type Il tumors, like early detection, must be individualized. Type |
tumors are generally low-grade, slow growing and localized to the ovary at diagnosis
spreading late in their evolution. Accordingly, when confined to the ovary, salpingo
oophorectomy probably suffices. On the other hand, when these tumors have spread beyond
the ovary, chemotherapeutic agents that are effective against the more rapidly proliferating
type Il tumors are not as effective for the slow growing type | tumors. Therefore, new
approaches for advanced- stage type | tumors are needed. Since deregulation of signaling
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pathways as a result of somatic mutation of genes is responsible for driving progression in
type | tumors, these genes could provide potential targets for therapeutic intervention. For
example, in many type | carcinomas, there is constitutive activation of the MAPK signaling
pathway because of mutations in ERBB2, KRAS or BRAF, the upstream regulators of
MAPK. It is therefore conceivable that MAPK kinase inhibitors could prolong disease-free
interval and improve overall survival in patients with such advanced stage type | tumors,
when combined with conventional therapeutic modalities.

In contrast to the type | tumors, treatment for type 11 tumors should be initiated on the basis
of detection of sensitive and specific biomarkers before the appearance of morphologically
recognizable disease, when therapy will likely be more effective. A related and unresolved
question is what should be the management of a patient in whom a STIC is diagnosed but
who has no other evidence of disease. The finding of positive pelvic washings in patients
with only a STIC indicates that these microscopic lesions can shed malignant cells (59). This
clinical dilemma highlights the importance of an accurate diagnosis of a STIC. As this is a
recently described entity and pathologists have limited experience with it this can be
extremely challenging. A recent study showed that even among expert gynecologic
pathologists the reproducibility of a diagnosis of STIC was only moderate (90). We have
developed an algorithm that utilizes p53 and Ki-67 immunostaining in conjunction with
morphology to make a diagnosis. With this algorithm we were able to achieve high
reproducibility (kappa of 0.74) (91) (see http://www.ovariancancerprevention.org).

The frequent inactivation of the DNA repair pathways involving BRCA 1/2 offers a new
approach to treatment by taking advantage of BRCA pathway inactivation to induce cell
death using small molecule inhibitors that suppress other DNA repair pathways. In fact, the
feasibility and efficacy of this approach have recently been demonstrated in preclinical and
clinical studies of ovarian cancer patients with poly(ADP-ribose) polymerase (PARP)
inhibitors such as olaprib and AG014699. It is therefore likely that PARP inhibitors will be
effective in treating sporadic and hereditary ovarian type Il carcinomas as a monotherapy or
in combination with other cytotoxic reagents (92-95).

The mounting evidence that ovarian cancer does not develop in the ovary, and the lack of
success of ovarian cancer screening provide a strong argument for directing efforts at
prevention. It has been well established in epidemiologic studies that reducing the number of
ovulations during a woman’s life has a significant protective effect. Thus, the risk of EOC is
reduced by as much as 50% for women using oral contraceptives for 5 or more years (74)
and parity compared with nulliparity confers approximately a 50% decrease in risk (96).
These data provide strong evidence that ovulation plays an important role in ovarian
carcinogenesis and as previously described implantation of tubal epithelium from the
fimbria on denuded ovarian surface epithelium at the site of ovulation may be the culprit.
Accordingly, the entire approach to prophylaxis, not only for women at high risk of
developing ovarian cancer but also for the general female population, needs to be
reevaluated in the light of the evolving new paradigm of ovarian carcinogenesis. The
traditional approach for reducing risk for women with a family history of ovarian traditional
approach for reducing risk for women with a family history of ovarian carcinoma or who are
found to have BRCA1/2 mutations has been hysterectomy and bilateral salpingo-
oophorectomy. The ovarian tumors that develop are almost always HGSC and there has
been no convincing evidence that these women are at a higher risk of developing uterine
serous carcinoma. Therefore, if it can be unequivocally shown that the HGSC in these
women develop almost exclusively in the fimbria, then salpingectomy or fimbriectomy
alone would be sufficient to reduce the risk of ovarian cancer while providing the additional
benefit of conserving ovarian function and preserving fertility. This approach would have to

Hum Pathol. Author manuscript; available in PMC 2012 July 1.


http://www.ovariancancerprevention.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurman and Shih

Page 11

be evaluated in a randomized clinical trial comparing it to the standard treatment of bilateral
salpingo oophorectomy.

For women who are not considered to be at high risk but who undergo a hysterectomy for
benign uterine disease, many gynecologists have argued that bilateral oophorectomy should
be carried out to reduce the risk of developing ovarian cancer. However, in a recent
prospective study of nearly 30,000 women in the Nurses’ Health Study, it was shown that
compared with ovarian conservation, bilateral oophorectomy at the time of hysterectomy
was associated with an increased risk of death from all causes as well as being associated
with at increased risk of nonfatal coronary heart disease (97). Accordingly, for women
undergoing a hysterectomy for benign uterine disease, removal of only the fallopian tubes
with sparing of the ovaries would improve quality of life and overall survival while still
reducing the risk of ovarian carcinoma. Such an approach has important public health
implications, as approximately 300,000 women in the United States undergo elective
oophorectomy each year (97). Finally, for young women who are not at high-risk but who
are seeking a more permanent form of contraception, fimbriectomy or salpingectomy instead
of tubal ligation (tubal ligation leaves the fimbria intact and STICs are almost always
confined to the fimbria) could be performed thereby reducing their risk of developing EOC.

Conclusions

Recent morphologic, immunohistochemical and molecular genetic studies have led to the
development of a new paradigm for the pathogenesis and origin of EOC. The paradigm is
based on a dualistic model of carcinogenesis that divides EOC into two broad categories
designated type | and type Il. Type | tumors are generally indolent, present in stage | (tumor
confined to the ovary) and develop from borderline tumors and endometriosis. They are
characterized by specific mutations, including KRAS, BRAF, ERBB2, CTNNB1, PTEN
PIK3CA, ARID1A, and PPPR1A but rarely TP53 and are relatively stable genetically.

Type 1l tumors are aggressive, present in advanced stage, and develop from intraepithelial
carcinomas in the fallopian tube. They have a very high frequency of TP53 mutations but
rarely harbor the mutations detected in type I tumors. In addition, type Il tumors have
molecular alterations that perturb expression of BRCA either by mutation of the gene or by
promotor methylation. They are also genetically highly unstable. Recent studies indicate that
both type I and type 11 tumors develop from extraovarian tissue that implants on the ovary.
In addition, the precursor lesions of type | and type Il tumors are being characterized and
have been linked to their respective carcinomas. Thus, the fallopian tube appears to be the
source of LGSC and HGSC. We believe that the low-grade serous tumors develop from a
recently described lesion designated “papillary tubal hyperplasia” and the high-grade
carcinomas from an intraepithelial carcinoma designated “serous intraepithelial tubal
carcinoma (STIC)”. Another possible mechanism for the development of HGSC is
dislodgement of normal tubal epithelium from the fimbria, which implants on the site of
rupture where ovulation occurred resulting in the formation of an inclusion cyst that may
then undergo malignant transformation. Endometrioid and clear cell carcinomas may also
originate from nonovarian, millerian-type tissue, as it is widely accepted that these tumors
develop from endometriosis that is thought to develop as a result of retrograde menstruation.
The origin of mucinous and transitional cell (Brenner) tumors is still not well established,
although recent data suggest a possible origin from transitional epithelial nests located in
paraovarian locations at the tubo-peritoneal junction. Thus, there is mounting evidence that
type | and type Il ovarian tumors develop independently along different molecular pathways,
and that both types develop outside the ovary and involve it secondarily. If this concept is
confirmed it leads to the conclusion that the only true primary ovarian neoplasms are
gonadal stromal and germ cell tumors analogous to testicular tumors. This new paradigm
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has profound clinical implications. By shifting the early events of ovarian carcinogenesis to
the fallopian tube and endometrium instead of the ovary, prevention approaches, for
example salpingectomy with ovarian conservation, which was never seriously considered in
the past, may play an important role in reducing the burden of this disease while at the same
time preserving hormonal function and fertility.

Many questions relating to the pathogenesis of EOC remain unanswered but the inability to
reconcile all of these issues at this time does not invalidate or negate the utility of the new
paradigm. As Kuhn remarked “To be accepted as a paradigm, a theory must seem better than
its competitors, but it need not, and in fact never does, explain all the facts with which it can
be confronted.”(1)
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Prevalence of histologic types of epithelial ovarian cancer and their associated molecular

genetic changes.
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Fig. 2.

Schematic illustration of pathway alterations involved in the development of low-grade
serous carcinoma. The cardinal molecular genetic changes include somatic mutations in
KRAS, BRFA and occasionally ERRB2 (encoding Her2/Neu) and PIK3CA. The mutated
gene products constitutively activate the signaling pathways that regulate cellular
proliferation and survival and promote tumor initiation and progression through several
mechanisms including up regulation of glucose transporter-1. The size of the boxes
containing specific genes reflects the relative frequency of the mutation and the thickness of
the arrows indicates the relative contribution of the pathway alterations to tumor
development.
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Fig. 3.

Spread of serous ubal intraepitelial carcinoma (STIC) from the fimbria to the ovarian
surface. Adapted and reprinted with permission from American J Surg Pathol
2010;34:433-443. Reference 70.

Hum Pathol. Author manuscript; available in PMC 2012 July 1.

Page 20



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Kurman and Shih Page 21

STICs in 50-60% of
women with sporadic
pelvic HGSC. Am J Surg
Pathol 2007; 31:161
HGSC might develop as a result

of implantation of malignant STIC more often in BRCA
cells from the tubal carcinoma mutation carriers vs
to the ovary Lancet 2001; controls
358:844 (Mod Pathol 2009;22:1133)
Tubal lesions closely resemble STIC linked to pelvic HGSC in
HGSC in women with a genetic et a} high-risk .
predisposition to ovarian cancer. (sporadic HGSC). Am J Surg
J Pathol 2001; 195:451 Pathol 2007; 31:161
Sporadic reports of tubal
carcinoma and “dysplasia”
Hum Reprod 1998; 13:1425
1998 2001 2003 2007 2009 2010

Earlier studies of ovarian cancer precursors did not completely examine the fallopian tubes

Fig. 4.
Tubal origin of ovarian high-grade serous carcinoma (HGSC). A brief history. HGSC= high-
grade serous carcinoma, STIC= serous tubal intraepithelial carcinoma.
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Fig. 5.
Fimbria with two serous tubal intraepithelial carcinomas (STICs) and an associated papillary
invasive high-grade serous carcinoma highlighted by p53 immunostain.
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Fig. 6.
A serous tubal intraepithelial lesion (STIL) immediately adjacent to a serous tubal
intraepithelial carcinoma (STIC).
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Fig. 7.

Development of a cortical inclusion cyst from tubal epithelium. Adapted and reprinted with
permission from American J Surg Pathol 2010;34:433-443. Reference 70.
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Fig. 8.

Development of low-grade [type | pathway with KRAS or BRAF mutation) and high-grade
serous carcinoma [type Il pathway with TP53 mutation] from tubal epithelium by way of a
cortical inclusion cyst and cystadenoma or an intraepithelial carcinoma (STIC) implanting
directly on the ovary developing into a high-grade serous carcinoma. Reprinted with
permission from American J Surg Pathol 2010;34:433-443. Reference 70.
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Fig. 9.

Development of low-grade endometrioid and clear cell carcinoma from endometriosis by
retrograde menstruation. Reprinted with permission from American J Surg Pathol
2010;34:433-443. Reference 70.

Hum Pathol. Author manuscript; available in PMC 2012 July 1.



