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New Insights Into the Pathogenesis of Serous Ovarian
Cancer and Its Clinical Impact

Keren Levanon, Christopher Crum, and Ronny Drapkin

A B S T R A C T

There are only a handful of concepts concerning cancer and carcinogenesis that are currently
beyond dispute. One such dogma is the adenoma-carcinoma sequence and that a multistep
accumulation of genetic alterations is required for transformation from a benign to a neoplastic
tissue. The inevitable derivative of this dogma is that every invasive carcinoma is in fact a missed
intraepithelial tumor, and furthermore, a late evolutionary stage in the sequence of development
from a precursor lesion. Until fairly recently, high-grade serous ovarian carcinoma seemed to be
one of the only known deviants of these concepts. In this article, we discuss the emergence of the
fallopian tube fimbria as a field of origin for high-grade serous carcinomas and present a binary
model of ovarian cancer pathogenesis that takes into consideration prior epidemiologic, morpho-
logic, and genetic data. With the rise of the fallopian tube secretory epithelial cell as a cell of origin
for high-grade pelvic serous carcinomas, the need to develop tools and model systems to
characterize the biology and physiology of this cell is recognized.

J Clin Oncol 26:5284-5293. © 2008 by American Society of Clinical Oncology

The body of literature on the involvement of
oncogenes and tumor suppressors in the patho-
genesis of many epithelial tumors has grown
tremendously over the past two decades. Despite
the diversity of aberrant pathways, it is now pos-
sible to begin to sketch out common themes for
many epithelial cancers and their precursor le-
sions. For instance, recent studies demonstrate
that in most epithelial tumors, one of the earliest
identifiable changes in precursor lesions is the
activation of the DNA damage repair (DDR) ma-
chinery and nuclear accumulation of p53 as re-
cently reviewed by Halazonetis et al.' In this
model, the DDR pathway is activated by replica-
tive stress and is considered a barrier to malignant
transformation by inducing cell cycle arrest, se-
nescence,” and apoptosis.

Most epithelial tumors also follow the adenoma-
carcinoma sequence’ scheme whereby a normal
epithelial cell undergoes genetic alterations of in-
creasing complexity resulting in a morphological
evolution toward a state that is phenotypically
consistent with a tumor cell.* This pathway has
been described in most epithelial tumors includ-
ing colorectal carcinoma, where this sequence was
first described by Jackman and Mayo in 1951,
breast, thyroid, prostate, bladder,” gastric, esoph-
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ageal, pancreatic, cervical, endometrial, head and
neck squamous cell carcinoma, skin,® and non—
small-cell lung carcinoma.® A subset of low-grade
adenocarcinomas of the ovary, specifically endo-
metrioid and mucinous tumors, also follow a similar
sequence.” Therefore, the two models of epithe-
lial carcinogenesis, the DDR pathway and the
adenoma-carcinoma pathway, are active in most
cancers studied. However, high-grade serous ovar-
ian carcinomas (HGSOC), which typically emerge
in the absence of recognizable pre-existing condi-
tions, have been one important exception. In fact,
the reproducible identification of a precursor and
preinvasive lesion for this tumor has eluded clini-
cians and scientists for decades.

The apparent defiance of serous carcinomas
to conform to the adenoma-carcinoma or DDR
models is likely linked to the propensity of this
tumor to spread early in its course. The dramati-
cally rapid spread of this malignancy in the pelvis
makes early-stage detection a highly rare event,
and even in such cases finding a clear spectrum of
continuous development from hyperproliferative
to neoplastic tissue requires deliberate rigorous
pathologic examination. Is it possible that serous
ovarian carcinoma is indeed a fundamentally dif-
ferent entity, with exceptional biologic behavior,
or have we been looking in the wrong place
all along?

Copyright © 2008 by the American Society of Clinical Oncology. All rights reserved.
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Recent molecular understanding correlated well with what was known
by oncologists and pathologists for a long time: high-grade serous
tumors differ from all other ovarian carcinomas in terms of their
development, prognosis, pathologic findings, and underlying genetic
alterations. This leads to the classification of ovarian cancers into type
1 tumors which are low grade and slowly developing (including endo-
metrioid, mucinous and low grade serous); and type 2 tumors which
are rapidly progressing high-grade serous carcinomas.®'° Expression
profiling studies have shown that high-grade tumors cluster separately
from low-grade carcinomas and borderline tumors.'"? Moreover,
the former is associated strongly with TP53 mutations, whereas the
latter are associated with mutations in KRAS, BRAF,'> PTEN,'*
and CTNNBI/B-catenin."

The serous subtype of ovarian carcinoma accounts for approxi-
mately 60% to 80% of ovarian cancer cases and is by far the most
aggressive histology. Fewer than 25% of the cases are detected at an
early stage (stages I and II), a statistic which reflects grimly on the
survival figures.'®'” Nearly 22,500 women are diagnosed with ovarian
cancer every year in the United States alone, with approximately
200,000 new cases worldwide, and more than 50% die of this
disease.'®*° High-grade serous carcinoma involves the surface of the
ovary, often bilaterally, and the peritoneal membranes, with rapid
onset of carcinomatosis, a fact that restricts the surgical options to
debulking only. Despite the introduction of taxanes to the therapeutic
protocols and the prolonged survival with intraperitoneal chemother-
apy administration, there has been little progress in improving cure
rates, a parameter that is still solely dependent on the disease stage at
time of presentation. Certain targeted therapeutics have advanced into
clinical trials in the past few years, but most of them have met with
little success.

Several germ-line mutations and copy number variations that
harbor increased risk for HGSOC have been reported, BRCAI and
BRCA2 being the most prevalent ones, accounting for 5% to 10% of
the cases with up to 54% lifetime risk.* Women recognized to have
BRCA mutations are currently treated with risk-reducing (prophylac-
tic) excision of the adnexa (bilateral salpingo-oophorectomy [BSO]).
This practice, which targets healthy women, has provided most of the
emerging data in the study of early serous carcinomas, as will be
discussed later.

The ongoing debate about the cell of origin of pelvic serous
carcinomas (defined as tumors of serous histology arising in the ovary,
fallopian tube, or peritoneum) was previously comprehensively re-
viewed by Piek et al,”* and from a pathological point of view by Crum
etal.>>> An updated review of the genetic pathways to ovarian carci-
nogenesis, including the serous subtype was recently published by
Landen et al.® This review aims to confront the traditional models for
serous carcinogenesis with accumulating data about the fallopian tube
being the site-of-origin of a large proportion of high-grade pelvic
serous carcinomas. We will focus on the proposed precursor lesions,
and show that they comply with the established models of epithelial
carcinogenesis. We will discuss the need to develop experimental
model systems to study this epithelium and will raise questions, both
clinical and biologic, that for the first time can actually be addressed as
the fog surrounding the origin of this disease begins to clear.

WWW.jco.org

The single layer of ovarian surface epithelium (OSE) constitutes less
than 1% of the total ovarian mass, yet more than 90% of ovarian
cancers are described as epithelial in origin. The OSE cells are uncom-
mitted mesothelial cells that express both epithelial and mesenchymal
markers.?°?® However, human OSE normally does not express cer-
tain markers of ovarian carcinomas such as E-cadherin, CA-125, and
human epididymis protein 4 (HE4).*>*

The OSE has endured as the field of origin for ovarian cancers
since the dawn of the incessant ovulation hypothesis, coined by
Fathalla in 1971.>' This hypothesis focuses on the OSE because of its
exposure to repeated trauma and repair processes with every ovula-
tory cycle. It combines observations about spontaneous ovarian can-
cer in animals, specifically hyperovulated hens** and epidemiological
data about risk factors in humans,> and hypothesizes that the greater
the total number of lifetime ovulatory cycles the greater the risk for
derangement of the repair mechanism of the OSE, leading to ovarian
carcinoma. Over the years this model was expanded to account for
the contribution of inflammation to ovarian carcinogenesis.”® In
this scenario, normal ovulation is seen as an inflammatory response,
involving cellular infiltration as well as cytokines’ and chemokines’
release.”*** The main mediators are nitric oxide, prostaglandins, IL-
1B, IL-6, IL-8, tumor necrosis factor-«, and neutrophil elastase.””*!
Presumably these factors may induce DNA damage in OSE cells,
which along with the tissue repair processes proposed by Fathalla may
result in neoplastic transformation.

Two other hypotheses relate to the hormone responsiveness of
the OSE, which expresses receptors for gonadotrophin-releasing hor-
mone, luteinizing hormone, follicle-stimulating hormone, estro-
gen, androgen, and progesterone. The gonadotrophin hypothesis
suggests that the exposure to excessive hormone concentrations
may be an independent facilitator of malignant transformation of
the OSE.*>™** High gonadotrophin levels are characteristic in
menopause, the polycystic ovary syndrome,*’ infertility treatments
or low parity and in women that do not use oral contraceptives,*®
all of which are established risk factors for ovarian cancer.*” The
hormone stimulation hypothesis regards elevated androgens as a
predisposing factor, while progesterone it is a protective factor.*® It
reconciles observations about increased risk in polycystic ovary
syndrome, and protection conferred by gestation and oral contra-
ception. It is likely that a combination of various aspects of these
models contribute to the transformation of the OSE and the devel-
opment of ovarian carcinomas.

There is strong evidence that many of the tumors of borderline
malignancy and low-grade carcinomas of the ovary arise from cortical
inclusion cysts (CICs) within the ovarian parenchyma underlying
the OSE. These benign cysts are composed of Miillerian epithelium
that closely resembles the fallopian tube. One proposed origin of
CICsis invaginations of OSE into the stroma of the ovary as a result
of ovulation and aging, with acquisition of a Miillerian epithelial
phenotype through metaplasia.””*®** Another possible source is
shedding of tubal epithelium (endosalpingiosis). Irrespective of
the mechanism, CICs are lined with Miillerian epithelium that is
exposed to the ovarian cortical stromal milieu. Presumably, as a
result of hormone exposure and wound remodeling that occurs in
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Table 1. Involvement of the FT in Patients With Invasive Pelvic Carcinomas and in High-Risk Population Undergoing Prophylactic BSO

Involvement
BRCA Mutations Status Pelvic Carcinoma of FT .
No. of Extensive
Study Patients No. % No. % No. % Sectioning Comments
Pelvic carcinoma
Agoff et al”® 7 4/7 57 7 100 5/7 71 + Diagnosis of two FT
malignancies required
peritoneal lavage
Piek et al”’ 50 NA 50/50 100 3/50 6 NA
Kindelberger et al’? 55 NA 55/55 100 41/55 75 + 93% of TICs occurred in the
fimbria
Carlson et al”® 45 NA 45/45 100 28/45 62 = 26 cases had incomplete
Primary pathologic examination and
peritoneal the rate of tubal involvement
carcinoma was 50%, while the next
19 cases, which underwent
extensive sectioning had
tubal involvement rate
of 79%
High-risk prophylactic
BSO v general
population
Carcangiu et al”* 26 high-risk v BRCAT, 22 85 2/26 7.7 2/2 100 NA
49 control
BSOs BRCA, 24 15
Medeiros et al”® 13 v13 NA 5/13 38 5/5 100 + 4/5 (80%) of cases involved
control the fimbria
BSO
High-risk prophylactic
BSO
Lu et al’® 50 NA 4/50 8 0/4 + (37/50
cases)
Kauff et al”” 98 BRCAT1, 56 57 0 0 - One case of primary peritoneal
carcinoma 16.3 months
BRCAZ2, 42 43 after BSO
Leeper et al’® 30 BRCAT, 19 63.5 5/30 16.6 3/5 60 +
BRCAZ2, 4 135
No mutation 23
detected, 7
Colgan et al”® 60 5/60 8 2/5 40 +
Olopade et al®® 98 98/98 3/98 3 0/3 -
Olivier et al®’ 90 BRCAT1, 58 64 5/90 5.5 3/5 60 + Three additional cases of
primary peritoneal cancer
BRCAZ2, 6 7 detected in follow-up; 38
additional high-risk patients
Both BRCAT/2, 1 1 underwent only prophylactic
Not specified, 25 28 oophorectomy—no
malignancies found
Powell et al®? 67 BRCAT1, 43 64 7/41 17 4/7 57 + (41/67 No abnormalities detected in 25
cases) standard protocol cases; two
additional cases of primary
BRCAZ, 24 36 peritoneal cancer detected in
follow-up
Meeuwissen et al®® 133 BRCA1/2, 86 65 1133 0.75 11 100 = One additional case of primary
peritoneal cancer detected in
Unknown, 47 35 follow-up
Lamb et al®* 113 BRCAT1, 40 35 7/113 6.2 5/7 71 + One of the two cases of
malignancies that did not
BRCAZ, 22 19 involve the FT was
diagnosed as ovarian
o testgd WO 49 borderline adenofibroma with
mutation, 51 . B . )
epithelial cytological atypia
Finch et al®® 159 BRCAT1, 94 59 7/159 4.4 6/7 85 +
BRCAZ2, 65 41
Callahan et al®® 122 BRCA1, 60 49 7/122 5.7 717 100 + 6/7 (85%) of findings occurred
BRCA2, 60 49 in the fimbria, 1/7 involved
Not specified, 2 2 e gl

Abbreviations: FT, fallopian tube; BSO, bilateral salpingo-oophorectomy; TIC, tubal intraepithelial carcinoma; NA, not available.
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response to ovulation, these cells are rendered susceptible to neo-
plastic transformation and in some cases give rise to mucinous,
endometrioid and low-grade serous carcinomas (Fig 1).**->* CICs
often occur adjacent to benign epithelial tumors, suggesting lin-
eage continuity. Many of the endometrioid and mucinous carcino-
mas are associated with these benign tumors, a convincing link
between CICs and these malignancies. In contrast to these tumors,
a morphologic continuum from OSE to HGSOC has not been
mapped and there has been scant evidence for the existence of a
precursor lesion in the OSE or the CICs. Moreover, the majority of
ovarian carcinomas (serous, mucinous, and endometrioid) seem
to bear little resemblance to their proposed cell of origin (the OSE),
recapitulating the histological features of Miillerian epithelia of the
fallopian tube, cervix, and endometrium, respectively.’>>*

Several studies have extensively examined the epithelium of ova-
ries removed as part of risk-reducing BSO procedures. Their findings
have not established a consistent relationship between CICs and
serous carcinomas. While some groups reported an increase in
the number of inclusion cysts, metaplastic changes in these cysts,
and cellular abnormalities®>” others publications disputed these
findings.?®** The most recent study by Folkins et al, examining the
largest cohort reported thus far, extensively studied 75 cases of
prophylactic BSO from women who were BRCA 1/2 mutation pos-
itive. Only one case harbored a questionable precursor lesion on

Ovulation Aging
7 56 g, -
e Corpus N LT
el Tan LA ~ | Albicans
= 7\ '. “
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'\/-[' 1 .
Corpus |_
Luteum Metaplasia Ovarian
e Surface
Inclusion Epithelium
Cyst
Dysplasia
Borderline
Tumor .‘

'
Mucinous Low-Grade

PTEN

Fig 1. Transformation of ovarian surface epithelium (OSE). The OSE undergoes
cyclic ovulation-induced rupture, leading to formation of cortical inclusion cysts
(CICs). Entrapped within the ovarian cortex, the OSE undergoes Miillerian
metaplasia, and is exposed to hormone and inflammatory stimuli that induce
replicative stress and DNA damage which can lead to defined mutations and
transformation into mucinous, endometrioid, and low-grade serous carcinomas.

WwWW.jco.org

the OSE, characterized by p53 staining.®® These observations raise
the following questions: is the origin of HGSOC fundamentally
different from other ovarian carcinomas? Is there a serous carcino-
genic sequence? If so, where does this sequence occur?

Extrauterine serous carcinoma is presumed to arise in three differ-
ent locations in the female pelvis: the ovary (serous ovarian carci-
noma), the endosalpinx (serous fallopian tube carcinoma [FTSC]),
and on the peritoneal surface (primary peritoneal serous carci-
noma). The assignment of tumor origin by pathologists has been
predicated on pathologic criteria that focus on the location of the
bulk of the disease. Because most serous carcinomas present as
large ovarian masses, ovarian cases outnumber the other two by
about a 50:1 ratio. The only site with a recognizable “early” carci-
noma is the fallopian tube. A diagnosis of FTSC requires that four
criteria be met:**° the main tumor is in the fallopian tube and
arises from the endosalpinx, histology matches the tubal pheno-
type, if the tubal wall is invaded there has to be an evident transition
between normal and malignant tubal epithelium, and the fallopian
tube should contain more tumor than the ovary or endometrium.
Itis noteworthy that tumors meeting these criteria are uncommon,
such that FTSC is decidedly a rare diagnosis. This is in part due to
two facts. The first is that tumors presenting as large tubal masses are
uncommon. The second is that pathologists do not customarily exam-
ine the entire fallopian tube in cases of pelvic serous carcinoma, but
rather only a perfunctory section of the central fallopian tube. In
retrospect, it is this practice that delayed the appreciation of the role
of the distal fallopian tube—the fimbria—in serous carcinogenesis.

The aforementioned facts notwithstanding, the role of the fallo-
pian tube in serous carcinogenesis was not ignored. Although the
reported average annual incidence of FTSC in the United States is
believed to be 0.3 per 100,000 women per year (compared with 16 per
100,000 per year in ovarian cancer),”” some investigators appreciated
that BRCAI and BRCA2 germ-line mutations confer an increased risk
for FTSC. In a prospective study of 381 BRCAI mutation carriers,
Brose et al reported a 120-fold increased risk of fallopian tube cancer
compared with the general population.®® Bannatyne and Russell®®
commented that rigorous sectioning is essential to detect early tubal
carcinomas. They anticipated finding tubal intraepithelial carcinoma
(TIC) in 5% to 10% of serous ovarian cancer cases and suggested this
phenomenon signified multifocal serous neoplasia. A reassessment
of the incidence and the prognostic and clinicopathological fea-
tures of this malignancy became possible with the widespread
practice of prophylactic BSO for management of patients with
familial high risk. In contrast to the standard pathologic sampling
of the ampullary region of the fallopian tube in ovarian cancer
cases, the more extensive complete sectioning of the tube high-
lighted the relative abundance of lesions specifically in the fimbria.
Table 17°% summarizes the results of published studies looking at
the incidence of fallopian tube intraepithelial or invasive carci-
noma in patients with the diagnosis of pelvic serous carcinoma or
in patients undergoing risk-reducing BSO.

What have emerged from this data are two realizations. First,
although the majority of serous carcinomas in symptomatic women
with BRCA 1/2 mutations are attributed to the ovary, a majority of
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Fig 2. Pathologic features of the fallo-
pian tube (FT) carcinogenesis spectrum.

While normal FT epithelium contains
both ciliated and secretory cells, p53
signature—the proposed precursor le-
sion—is characterized by normal tissue
morphology with p53-positive secretory
cells harboring DNA damage (y-H2A.X

staining). Tubal intraepithelial carcinoma

. (TIC) shares these features but has ac-

quired a proliferative advantage (increased

Ki-67/MiB1 staining). Invasive serous car-

cinoma shows increased proliferation and
disruption of the basement membrane.
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early serous malignancies (TICs) detected in risk-reducing BSOs of
healthy women are localized to the distal fallopian tube. Second, in
women with pelvic serous carcinoma whose BRCA status is unknown,
TICs can be detected in approximately 50% of cases. Moreover, anal-
ysis of TP53 mutations in the TICs and the adjacent bulky carcinomas
in these cases invariably reveal shared mutations, further supporting
an origin in the distal fallopian tube.””

The conclusions from these works are that the initial modified
criteria by Hu et al***® for the diagnosis of FTSC detects onlya portion
of FTSCs and that the fallopian tube is a major site of origin for pelvic
serous cancer irrespective of BRCA status.

The classical adenoma-carcinoma sequence model not only out-
lines the transition from an intraepithelial to an invasive lesion, but
also highlights the latent precursor phase, that may or may not
eventually progress to a neoplasm. In the distal fallopian tube, TICs
cannot be considered precursor lesions, as they are widely viewed
as frank malignancies that will eventually spread if not detected.
What has been missing in the serous carcinogenesis sequence has
been a bonafide precursor with limited potential of progressing to
malignancy. Thus, the question has been whether one could find
the precursor that preceded TIC and its lethal consequence, pelvic
serous carcinoma.

Piek et al®” were the first to describe dysplastic changes in the
fallopian tubes of 12 patients with familial high risk for ovarian cancer
undergoing prophylactic BSO, and 13 control cases without increased
risk. The dysplastic regions were pure secretory cell segments and
displayed a higher proliferative index (demonstrated by positive Ki-67
staining). However, only one of these lesions displayed increase nu-
clear p53 staining.®” Carcangiu et al reported atypical hyperplastic

5288 © 2008 by American Society of Clinical Oncology

lesions in two of 22 (9%) prophylactically resected fallopian tubes of
BRCAI mutation carriers.”* These studies, however, did not identify a
discrete entity that was associated with the most common genetic
defect of HGSOC—TP53 mutations. Resolving the earliest step in the
TP53 mutation pathway was needed to bring forward a novel precur-
sor to pelvic serous cancer.

The mentioned studies focused on the secretory epithelial cells of
the fallopian tube (FTSECs). While the normal fallopian tube epithe-
lium is a mixture of ciliated and secretory cells, the TIC and the
invasive FTSC as well as HGSOC are comprised of only secretory cells.
Using a protocol for sectioning and extensively examining the fallo-
pian tube fimbria, termed the SEE-FIM protocol,”” Lee et al*® detected
discrete segments of secretory cells with strong nuclear p53 immuno-
staining in benign-appearing tubal mucosa, which were termed p53
signatures. Interestingly, the p53 signatures displayed evidence for
genome-wide DNA damage (as measured by positive immunohisto-
chemical staining for phoshorylated histone H2A X), a finding com-
mon to other epithelial precursors described by Bartkova et al® and
Gorgoulis et al.® TP53 gene mutations were reliably detected in eight of
14 p53 signatures tested (57%).*® Figure 2 shows the histological
characteristics of the spectrum of carcinogenic changes in the fallopian
tube epithelium, ranging from normal to p53 signature, TIC, and
invasive HGSOC.

The same group compared 41 BRCA mutation carriers versus 58
cases undergoing BSO for benign indications and 17 patients with
TICs. The p53 signatures occurred in 37% and 33% of fallopian tubes
of these cases, respectively. Approximately 80% were detected in the
fimbria. In fallopian tubes harboring TICs, p53 signatures were de-
tected in 53% of the cases. Occasionally direct continuity was detect-
ed.®” Rarely p53-positive foci with features intermediate between p53
signatures and TICs were identified. These transition lesions, like the
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and development of
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Fig 3. High-grade serous carcinogenic sequence. The spectrum of fallopian tube
(FT) epithelial transformation ranges from normal epithelium, through p53
signature, an intraepithelial, and eventually, an invasive carcinoma. Exfoliation
into the peritoneal cavity is an early event. This model suggests that all types of
pelvic serous tumors are the same entity, the majority of which originate from the
FT fimbria. TIC, tubal intraepithelial carcinoma.

dysplasias previously reported by Piek et al,*” have an increased pro-
liferation index (represented by high Ki-67/MiB1 scores) compared
with p53 signatures but less so than TICs. No similar findings were
found on the surface of ovaries removed in risk-reducing BSOs or for
other benign indications.>

In summary, the findings from these recent studies reveal a spec-
trum of visible epithelial alterations that offer a plausible serous carci-
nogenic model with three stages: the p53 signature, the in situ
carcinoma (TIC), and the invasive carcinoma. All of the components
of this spectrum share the following features with frankly malignant
serous carcinoma: secretory-cell phenotype, evidence of genome-wide
DNA damage, TP53 gene mutations, and a predominant fimbrial

localization (Figs 3 and 4). The p53 signature precursors are similarly
prevalent in women with familial high risk for ovarian cancer and in
the general population. One mystery that remains to be unraveled is
why the fallopian tube is invariably linked to BRCAI- and BRCA2-
associated malignancies and to only one half of HGSOC in the general
population. Conceivably, BRCA mutation carriers are either more
susceptible to the aberrations in the pathways that lead to fallopian
tube transformation, or conversely, less susceptible to transformation
associated with CICs. Deciphering the answer to this question requires
a thorough understanding of the carcinogenic pathways involving the
two sites of origin.

Identification of the field of origin of serous carcinogenesis, imme-
diately positions the FTSEC in the spotlight as being the cell of
origin. The current knowledge about the normal biology of the
fallopian tube is very limited, and most of the data originates from
the discipline of assisted reproduction. As previously mentioned,
the normal epithelium of the fallopian tube is comprised of two cell
types: ciliated and secretory. The ciliated cells of the fallopian tube
play a major role in the transport of the ovum, the sperm cells, and
the zygote. Several markers uniquely distinguish the ciliated cells
from the FTSEC: LhS28 (marks 9+2 ciliary basal bodies),”
CDKNI1A/p21/WAF (cell cycle-related protein),”’ and Foxjl
(transcription marker expressed during ciliogenesis).”>®?

The secretory cells secrete mucus that slows the progression of the
spermatozoa through the fallopian tube, preserves their viability, and
facilitates their appropriate capacitation and activation.”**> Markers
reported to be exclusively of the FTSEC subpopulation include: hu-
man milk fat globule 2,” Bcl-2 (mitochondrial suppressor of apopto-
sis),”" and Pax-§ (transcription factor, regulator of thyroid, and
urogenital tract development).”®

Tubal intraepithelial and
invasive carcinoma
e Escape from cell
cycle arrest
¢ BRCA mutations/LOH
e Exfoliation

‘p53 signatures’ A

e DNA damage
e TP53 mutations

Ruptured follicle .
e Inflammatory mediators
e Hormone-rich milieu

Fig 4. An integrated model of high-grade
serous carcinogenesis. This model inte-
grates the data about the stepwise devel-
opment of serous carcinoma in the fimbria
of the fallopian tube (FT) and in the ovarian
surface epithelium (OSE) —derived cortical
inclusion cysts (CICs). The hormone
s stimulation and the inflammatory medi-
ators involved in ovulation are believed
to have similar carcinogenic effect in
both pathways.

Transformation of

OSE-derived CICs

* Metaplasia to
Midllerian epithelium

e Borderline tumors

® Low-grade carcinomas
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The ability to conduct in-depth studies of the cell of origin,
beyond the descriptive histopathological research described earlier,
depends on adequate in vitro culture systems. Several studies reported
culturing human fallopian tube epithelial cells.””'°* However, these
culture systems fail to present us with the proper tools to investigate
the complexity of the carcinogenic process since, in these systems, the
cells senesce and dedifferentiate after a short time in culture. Specifi-
cally, the enigmatically exclusive transformation of the FTSEC which
spawns the serous tumors in a setting of a mixed cell population
warrants insight. One report, by Kervancioglu et al, highlights the
fundamental advantage of polarized epithelial culture in recapitulat-
ing the in vivo tissue biology.'*® With a similar approach in mind our
group developed a fallopian tube epithelium culture system based on
previous experience with polarized airway epithelium cultures,'*>'**
We are now able to mimic the normal histology of the fallopian tube
fimbria epithelium, with ex vivo cocultures of ciliated and secretory
cells. Furthermore, this model system mimics the in vivo profile of the
two cell populations with regards to some of the immunomarkers
mentioned earlier, and can be, for the first time, utilized to more
closely examine serous carcinogenesis (Levanon and Drapkin, unpub-
lished). With the identification of the FTSEC as a cell of origin for
serous cancers and the emergence of in vitro culture systems, the time
is now ripe to ask questions and apply well-established investigational
approaches to the problem of pelvic serous carcinoma.

The standard of care for pelvic serous carcinomas has not become
integrated into the era of targeted therapy. The lack of insight into
mechanisms of serous carcinogenesis reflects our inability to utilize
the newer biologic therapies. It is tempting to speculate that an un-
precedented rate of progress is now possible because the fundamental
hurdle of identified the correct field of origin and precursor lesion has
been resolved. Clinical issues that must be addressed include the
following points.

Should prophylactic surgery be limited to the fallopian tubes, or
can one or both ovaries be spared in BRCA mutations carriers? Cur-
rently there is no data to support or reject such a practice. It carries an
obvious decrease in early menopause-related morbidity and an im-
provement in quality of life, including preservation of fertility, but
evidence supporting this approach is still limited in terms of the
number of prospectively accrued cases. Irrespective of this, the patho-
logic practice for assessing BSO specimens from high-risk cases should
be universally updated to include extensive sectioning of the fallopian
tube with specific attention to the fimbria.

Is there hope for early detection of intraepithelial carcinomas as
one strategy to reduce serous cancer mortality? One might expect that
the practice of more complete fallopian tube examination will uncover
more early serous carcinomas and provide more information as to
their prognosis. Whether such tumors can be identified by noninva-
sive (serologic) assays or imaging will not be known until such tech-
niques are developed. Of the few cases of stage 0 (intraepithelial)
FTSCs diagnosed prospectively in BRCA-positive women, no recur-
rences have been documented.'*>'* However, higher stage FTSC
is associated with relatively poor prognosis despite adjuvant thera-
py.'?”'% Larger studies devoted to detailed examination of the distal
fallopian tube will expand the database of stage 0 FTSC cases and
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provide greater insight into the potential value of early detection, the
prognosis, and the appropriateness of postoperative therapy in
these cases.

Is fimbriectomy a viable alternative to tubal ligation that will
significantly reduce serous cancer risk? The current data indicates that
a significant percentage of serous carcinomas arise from a precursor
condition in the distal fallopian tube. It is reasonable to expect that
sterilization practices that targeted the fimbria would maximize the
protective effect of tubal sterilization on serous cancer prevention.'*
However, the value of such a practice must be evaluated in the context
of the safety and feasibility of fimbriectomy and the fact that such a
strategy precludes so-called tubal reversal procedures in the future for
the patient. Nevertheless, barring the emergence of a successful che-
mopreventive or early detection algorithm, removing fimbrial tissue is
the most obvious, albeit yet unproven, surgical approach to pelvic
serous cancer prevention.

The identification of the cell of origin for serous carcinogenesis
also paves the road to solving several urgent biologic questions.

What are the pathways that lead to serous carcinogenesis? One
pathway that consistently distinguishes HGSOC from other histolog-
ical subtypes of ovarian cancer is the involvement of TP53. It is either
mutated or nonfunctional in 50% to 80% of tumors.® Another onco-
gene that has attracted significant attention is the EGFR/HER?2 path-
way."'® What other factors or pathways do these proteins interact
with? Isolation of FTSEC in the laboratory will make it possible to
determine the consequences of defined genetic alterations in this epi-
thelium. Work in progress is not only focused on defining the impor-
tant pathways in serous carcinogenesis but determining which may be
amenable to therapeutic intervention with currently available drugs.
In addition, genome-scale analyses comparing serous carcinomas
with the FTSEGC, rather than the OSE, may yield new candidate targets
for further investigation and eventually for therapeutic intervention.

Can we identify more reliable early-detection biomarkers for
HGSOCs? Work in our group and others has identified a number of
promising biomarker including HE4, mesothelin, and kallikreins
among others.""'™"'” Using similar approaches, we can now refocus
current efforts in this area and look for membrane and secreted pro-
teins that distinguish the normal fallopian tube epithelium from its
malignant counterpart. This is an essential step in the development of
diagnostic and prognostic biomarkers for this disease.

Can we use the emerging knowledge to develop better animal
models? Previously, animal models of ovarian cancer were based on
transformed OSE xenografted into mice. The resulting tumors were
typically poorly differentiated, and rarely reflected the histologic
spectrum seen in human ovarian cancer. Elucidating the candidate
pathways involved in serous carcinogenesis and having the cell of
origin in hand, will hopefully lead to more clinically relevant in
vitro experimental models, and eventually also more authentic
mouse models.

In additional to the aforementioned clinical and biologic issues
that can now be addressed, cell-based culture systems represent a
novel opportunity to define the unique biology of the fallopian tube
fimbrial epithelium. For instance, differences in DDR patterns in
normal basal and luminal mammary epithelial cells were recently
reported,''® implying that the basal cell type may be more susceptible
to DNA damage in the setting of a BRCAI mutation than the luminal
cell. Our preliminary studies suggest that a similar difference exists
between the two cell types in the fallopian tube (Levanon and Drapkin,
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unpublished). Similar culture systems can be used to probe the rela-
tion between cumulative lifetime ovulation cycles and the risk for
HGSOC. Does periodic exposure of the FTSEC to hormonal and
inflammatory mediators of ovulation participate in the carcinogenesis
of this cell type? If so, one can imagine future studies aimed at moder-
ating the risk of some of these insults in high-risk individuals.

The genetic aberrations responsible for the adenoma-carcinoma
sequence of HGSOC can now be better described. We can now shed
some light on the endogenous and exogenous risk factors for pelvic
serous carcinomas. One possible question may be why is it that the
incidence of precursors in BRCAI and BRCA2 mutation carriers is
similar to the general population,® but the risk for cancer is signif-
icantly increased. A retrospective genetic epidemiological study
enrolling patients who underwent prophylactic BSO and were
diagnosed as having precursor lesions but not invasive cancer
compared with HGSOC patients may help shed light, though the

Last but not least, perhaps it is time to refine the nomenclature
and ascribe the credit to the true organ of origin. Naming the tumor
pelvic serous carcinoma rather than ovarian serous carcinoma may
not only be a matter of semantics, but hopefully the first step toward
its eradication.
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