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Introduction

Ovarian cancer causes more deaths in the United States than any other type of female
reproductive tract cancer, with an estimated 22,430 new cases and 15,280 deaths in 2007.
Approximately 70% of ovarian cancers are diagnosed at advanced stage and only 30% of
women with such cancers can expect to survive 5 years. While fewer than 20% of ovarian
cancers are confined to the ovaries at diagnosis, the five-year survival of women with
localized tumors exceeds 90%. Analysis of trends in overall five-year survival rates for
women with ovarian cancer indicates some recent improvement for those diagnosed
between 1996 and 2002, compared to the 1970’s and 1980’s . Nonetheless, these gains are
rather modest and there clearly remains a need to better understand the molecular
pathogenesis of ovarian cancer so new drug targets and biomarkers that facilitate early
detection can be identified. Approximately 90% of primary malignant ovarian tumors are
epithelial (carcinomas), and are thought by most investigators to arise from the ovarian
surface epithelium (OSE) or more likely from surface epithelial inclusion cysts. Some
investigators have suggested they may develop from the secondary Millerian system,
which includes paraovarian and paratubal cysts, the rete ovarii, endosalpingiosis, and
endometriosis. The classification of ovarian epithelial tumors currently used by pathologists
is based entirely on tumor cell morphology. The four major types of epithelial tumors
(serous, endometrioid, clear cell, and mucinous) bear strong resemblance to the normal
cells lining different organs in the female genital tract. For example, serous, endometrioid,
and mucinous tumor cells exhibit morphological features similar to nonneoplastic epithelial
cells in the fallopian tube, endometrium, and endocervix, respectively.

Representative examples of serous, endometrioid, clear cell, and mucinous ovarian
carcinomas are shown in Figure 1. The histological similarity of ovarian epithelial tumors to
epithelia in other portions of the female genital tract is not surprising, given that all of these
epithelia, as well as the cells lining the peritoneal cavity, are thought to be derived from a
common embryological precursor, the coelomic mesothelium. Of note, provocative recent
studies suggest the distal fallopian tube may actually be the site of origin of at least some
serous carcinomas previously thought to arise in the ovary or pelvic peritoneum. Once
grouped by cell type, tumors can be further subdivided into those that are clearly benign
(cystadenomas), those that are frankly malignant (carcinomas), and those that have
features intermediate between these two (variably called “atypical proliferative” tumors,
tumors of “low malignant potential” or tumors of “borderline” malignancy). The present
clinical management of ovarian carcinoma patients is not significantly influenced by the
histological subtype of the tumor, although accumulating clinical-pathological and
molecular data suggest the major subtypes likely represent distinct disease entities as will
be reviewed below. In addition to type of differentiation, ovarian carcinomas can be
sub-classified based on degree of differentiation (tumor grade). Historically, the most
commonly used grading systems have been those proposed by the International Federation
of Gynecology and Obstetrics (FIGO), the World Health Organization (WHO), and the
Gynecologic Oncology Group (GOG).
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The FIGO system uses 3 grades based on architectural criteria, i.e., the proportion of
glandular or papillary structures relative to areas of solid tumor growth. Grades 1, 2, and
3 correspond to 50% solid growth, respectively. The WHO system incorporates both
architectural and cytological features, but these are not assigned based on quantitative
criteria and as a consequence, this system can be considered rather subjective. In the GOG
system, the grading method varies depending on the histological type of the tumor. For
example, endometrioid adenocarcinomas are graded using FIGO criteria, while clear cell
carcinomas are not assigned a grade at all. More recently, a 3 grade system has been
proposed that can be applied to all ovarian carcinomas, and two binary grading systems
have been proposed for ovarian serous carcinomas, the most common type. As we will
discuss, review of both clinicopathological and molecular studies to date has led to a model
in which ovarian carcinomas can be generally divided into two broad categories designated
Type I and Type II tumors, akin to the division of endometrial carcinomas into two major
types as recently reviewed by Di Cristofano and Ellenson. Tumor grade is an important,
albeit not sole factor, distinguishing Type I from Type II tumors.




Clinicopathological Features Of

The Major Types Of Ovarian Carcinomas

During the 1990’s, a number of advances were made in the histopathological classification
of ovarian carcinomas (reviewed by Seidman et al.). These include better recognition of
patterns of metastatic carcinoma previously misinterpreted as primary ovarian tumors,
establishment of improved criteria for distinguishing invasive from non-invasive
endometrioid and mucinous ovarian carcinomas, and interpretation of carcinosarcomas
(malignant mixed mesodermal/Mdllerian tumors) as carcinomas with areas of
“sarcomatous” differentiation (or epithelial-mesenchymal transition) rather than sarcomas.
In addition, primary peritoneal serous carcinomas and ovarian serous carcinomas are now
considered essentially interchangeable for the purposes of diagnosis and treatment. These
and perhaps other factors have altered the current histologic type and stage distribution of
ovarian carcinomas compared to earlier case series. Seidman and colleagues recently
analyzed the histologic type and stage distribution of 220 consecutive ovarian and
peritoneal carcinomas. In Seidman’s series, nearly 70% of tumors were serous and fewer
than 5% of these were confined to one or both ovaries (Stage 1) at diagnosis. Serous
carcinomas typically display papillary or solid growth with slit-like spaces. Nuclear atypia is
usually marked and mitotic activity abundant. Endometrioid adenocarcinomas account for
10-20% of ovarian carcinomas in most older reports, but in the more recent series of
Seidman and colleagues, only 7% were endometrioid. These tumors have morphological
features similar to their endometrial counterparts, showing varying quantities of overt
gland formation, sometimes accompanied by squamous differentiation. In contrast to the
serous carcinomas, over 50% of endometrioid adenocarcinomas are confined to the ovaries
at diagnosis and nuclear atypia is usually less pronounced. Approximately 10% of ovarian
carcinomas in the Seidman series showed clear cell differentiation. Several growth patterns
(e.q., solid, papillary, tubulocystic) for clear cell carcinoma have been recognized. Although
nearly one-third are Stage 1 at diagnosis, some studies have noted a relatively unfavorable
prognosis of these tumors, even when corrected for tumor stage. Finally, it is worth noting
that mucinous carcinomas comprised fewer than 3% of primary ovarian carcinomas in the
Seidman series and were almost always confined to the ovary at diagnosis. Mucinous
adenocarcinomas also show overt gland formation, but in contrast to endometrioid
adenocarcinomas, the tumor cell cytoplasm is mucin-rich. It should be kept in mind that
many previous clinical and molecular analyses of mucinous adenocarcinomas were almost
certainly compromised by inadvertent inclusion of metastatic adenocarcinoma to the
ovaries (frequently from the gastrointestinal tract) misclassified as primary ovarian
carcinomas. For many types of common adult solid tumors, such as those of the colon,
breast, and uterine cervix, the stages of neoplastic progression are fairly well defined and
reflected by morphologically recognizable entities that represent a continuum including
normal epithelium, preinvasive lesions, invasive carcinoma, and metastatic disease. In
contrast, our understanding of the progression of ovarian carcinoma is incomplete, perhaps
because we have only recently begun thinking about the different histological types of
ovarian carcinomas as largely distinct disease entities. As will be described below,
molecular analyses of carefully classified tumors have begun to shed light on many aspects
of ovarian cancer pathogenesis, including the identification of some of the precursor lesions
that likely give rise to overtly malignant tumors.

_0_



Overview Of Molecular Genetic Alterations

It is well established that tumors develop and progress as the result of accumulated
molecular genetic or genomic changes such as point mutation, gene amplification, deletion,
and translocation. Analysis of these alterations has historically led to the identification of
new cancer-associated genes including oncogenes, tumor suppressor genes and genes
involved in DNA damage repair. Recent technological advances and the success of the
human genome project have greatly facilitated attempts to reveal the molecular landscape
of the cancer genome and the discovery of novel cancer-associated genes. For example, a
high-throughput mutational analysis platform and sophisticated bioinformatics tools have
been employed for large-scale mutational analyses of colorectal and breast cancers.
Furthermore, a number of methods have been developed to quantitatively measure DNA
copy number changes in cancer genomes. These include digital karyotyping and
array-based techniques such as single nucleotide polymorphism (SNP) array, array
comparative genomic hybridization (aCGH) and representational oligonucleotide
microarray analysis (ROMA). Briefly, digital karyotyping counts sequence tags from specific
loci distributed throughout the human genome and thus it provides a digital readout to
precisely locate amplified and deleted chromosomal regions. Array-based technologies, on
the other hand, compare the content of cancer and reference genomes and localize
amplified or deleted signals in chromosomal regions using array hybridization techniques.
Collectively, these technologies provide an unprecedented mapping resolution that allows
precise localization of the amplified and deleted chromosomal regions compared to
conventional cytogenetic methods. High throughput array-based methods to evaluate gene
expression in cancer specimens have also been applied to ovarian carcinomas. Such studies
have shown that the different histological types of ovarian carcinoma are largely
distinguishable based on their global gene expression profiles, although some overlap
—particularly between serous carcinomas and high-grade endometrioid adenocarcinomas is
present. Over the past several years, a number of studies have evaluated molecular genetic
alterations in ovarian epithelial tumors. Although relatively few changes appear to be
characteristic of ovarian carcinomas in general, more recent studies have shown that
certain alterations appear to be particularly characteristic of specific histological types. Yet
others help to distinguish high-grade from low-grade carcinomas within certain histological
types. In the following sections, we will summarize the most common molecular alterations
that characterize each major type of ovarian carcinoma.

Serous Type High-grade Versus Low-grade Carcinomas

Because serous carcinomas comprise the majority of ovarian carcinomas, most published
studies of generic “ovarian cancer” or “ovarian carcinoma”, unless otherwise indicated,
likely included mainly serous carcinomas. Although recent clinical and molecular studies of
ovarian cancer are more likely to take histological type into account, they are also usually
weighted toward serous carcinomas, since these tumors are most prevalent. As a
consequence, molecular alterations in typical (high-grade, i.e, grade 2 and grade 3) serous
carcinomas as well as a spectrum of benign, borderline, and low-grade malignant ovarian
serous neoplasms have been studied rather extensively. A recent study has shown no
significant biological or clinical difference between moderately differentiated (grade 2) and
poorly differentiated (grade 3) serous carcinomas.
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In the past, it was generally assumed that serous tumors likely progress from benign
serous cystadenoma, to serous borderline tumor (SBT, also known as serous tumor of low
malignant potential or atypical proliferative serous tumor), to low-grade serous carcinoma,
and then finally to high-grade serous carcinoma. However, clinic-pathological observations
and recent molecular genetic studies challenge this paradigm by clearly demonstrating two
distinct pathways leading to the development of low-grade versus high grade serous
carcinoma.

Mutational Analyses— Although substantial efforts have been devoted to identifying
somatic mutations in sporadic serous carcinomas, only a few genes have been found to be
frequently mutated in ovarian serous tumors. For example, TP53 is mutated in 50% or
more high-grade serous carcinomas, and activating mutations of KRAS or BRAF are present
in over half of low-grade serous carcinomas and SBTs. Mutations in several other tumor
suppressor genes and oncogenes such as BRCA1/2, PTEN, and PIK3CA have also been
reported in ovarian serous carcinomas, but their mutation frequency is generally low (<
10%). Although early studies identified rather frequent HER2/neu (ERBB2)
amplification/copy number gains in ovarian serous carcinomas, a recent analysis using
comprehensive genome-wide digital karyotyping technologies failed to identify high levels
of ERBB2 gene amplification in 33 high-grade or 10 low-grade serous carcinomas.
Therefore, in the following discussion we will focus mainly on mutations in TP53, KRAS and
BRAF in serous carcinomas. In contrast to low-grade serous carcinoma where mutations in
TP53 are rare, approximately 50% or more of advanced stage, presumably high-grade,
serous carcinomas have mutant TP53. The TP53 mutation frequency was found to be even
higher (~80%) in high grade serous carcinoma when purified tumor samples were used for
sequence analysis. In their study of early (stage I) serous carcinomas Leitao and colleagues
identified overexpression of p53 and mutation of TP53 in well over half of the cases,
suggesting that TP53 mutation is an early event in the development of high-grade serous
carcinomas. On a related note, a small series of intraepithelial serous carcinomas in the
fallopian tube with co-existing ovarian serous carcinomas were recently found to share
identical TP53 mutations, suggesting a common origin of tumors in the two sites and
providing further evidence of a role for TP53 mutations early in serous carcinoma
pathogenesis.

Activating mutations in KRAS and one of its downstream effectors, BRAF, have been
identified in a variety of human cancers and mutations of either KRAS or BRAF lead to
constitutive activation of MAPK signaling (Figure 2). Molecular genetic studies have
highlighted the importance of the Ras/Raf/MEK/MAPK signaling pathway in the
pathogenesis of low-grade ovarian serous carcinomas. Frequent KRAS mutations in SBT
were first reported by Mok et al.. Several subsequent studies verified the original finding
and further demonstrated that mutations in KRAS and BRAF characterize both SBTs and
low-grade serous carcinomas. Specifically, activating mutations in codon 12 and less
commonly in codon 13 of KRAS or in codon 600 of BRAF occur in approximately two thirds
of SBTs and low-grade serous carcinomas. Mutations in KRAS and BRAF are mutually
exclusive insofar as tumors with mutant KRAS do not have mutant BRAF and vice versa.
Furthermore, a 12-bp insertion mutation of ERBB2 (HER2/neu), which activates an
upstream regulator of K-Ras, has been found in 9% of SBTs and these mutations are only
observed in tumors lacking mutant KRAS and BRAF. In contrast, KRAS and BRAF mutations
are very uncommon in high-grade serous carcinomas. These data provide compelling
evidence indicating that KRAS and BRAF mutations are largely confined to low-grade serous
carcinomas and SBTs and suggest that SBTs are likely precursors of low-grade serous
carcinomas, but not the more common high-grade serous carcinomas.
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KRAS and BRAF mutations are lacking in isolated serous cystadenomas, putative
precursors of SBTs. However, identical KRAS or BRAF mutations were detected the SBTs
and adjacent cystadenoma epithelium in serous cystadenomas associated with small SBTs.
Collectively, these findings suggest mutations of KRAS and BRAF are early events
associated with serous tumor initiation and that a small subset of serous cystadenomas
which acquire KRAS or BRAF mutations may progress to SBT. Overall, 70-80% of low-grade
serous carcinomas and SBTs express active MAPK. Insights into the biological significance
of activated MAPK signaling in SBT and low-grade serous carcinoma have been provided by
Pohl et al. who applied serial analysis of gene expression (SAGE) to identify genes
regulated by activated MAPK in low-grade serous carcinoma cells with mutant BRAF. The
transcriptome of these cells was compared to that of cells treated by CI-1040, a compound
that selectively inhibits MEK (Figure 2). The most striking changes after MEK inhibition
were down-regulation of cyclin D1, COBRA1 and transglutaminase-2, and up-regulation of
TRAIL, thrombospondin-1, optineurin and palladin. Among all the differentially expressed
genes, cyclin D1 demonstrated the greatest change in gene expression. Overexpression of
cyclin D1 has been associated with low-grade ovarian carcinomas, a finding consistent with
the view that cyclin D1 is a downstream target of active MAPK which is constitutively
expressed in most low-grade ovarian tumors because of frequent activating mutations in
KRAS and BRAF. Although activating mutations of KRAS and BRAF are required to maintain
cellular proliferation and survival, in non-transformed normal cells such mutations may
induce cell cycle arrest and cellular senescence, a phenomenon known as
“oncogene-induced senescence”. The molecular genetic event(s) that help early tumor cells
escape this effect during the development of low-grade serous carcinoma are as yet
unknown. Finally, it should be noted that activated MAPK signaling has been observed in a
substantial fraction (41%) of high-grade serous carcinomas as well, presumably through
mechanisms other than activating mutations of KRAS and BRAF.

DNA copy number changes—Several studies have analyzed global DNA copy number
alterations specifically in high-grade and low-grade serous carcinomas. A general
conclusion that can be drawn from these studies is that high-grade serous carcinomas are
characterized by more diffuse and higher levels of sub-chromosomal gains and losses than
low-grade serous carcinomas and SBTs, suggesting that chromosomal instability is more
pronounced in high-grade serous carcinomas than in low-grade serous carcinomas and
SBTs. Based on SNP array analysis of DNA copy number alterations in purified ovarian
tumor samples, Nakayama and colleagues found the most frequently amplified
sub-chromosomal.

regions harbor the CCNE1 (cyclin E1), AKT2, NOTCH3, RSF1, and PIK3CA loci. Dual color
fluorescence in situ hybridization (FISH) was performed to validate the findings in a
sizeable independent set of serous carcinomas. The results showed high level DNA copy
number gains/amplification of CCNE1, NOTCH3, RSF1, AKT2, and PIK3CA loci in 36.1%,
32.1%, 15.7%, 13.6%, and 10.8% of high-grade serous carcinomas, respectively. In
contrast, low-grade serous tumors did not show high level amplification at any of the above
loci, and only 2 of 24 low-grade tumors showed low copy number gains at the NOTCH3
locus. The gene amplifications noted above undoubtedly have both biological and clinical
significance. For example, deregulation of the PI3K/Pten signaling pathway, for example
through amplification of PIK3CA which encodes the catalytic subunit of PI3K, has been
shown to play a causal role in invasion, metastasis and chemo resistance in ovarian cancer.
CCNE1 gene amplification and overexpression contributes to oncogenesis and genetic
instability, particularly in the presence of mutant p53, which is present in most high-grade
serous carcinomas.
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Moreover, expression of low molecular weight cyclin E is associated with worse clinical
outcome in ovarian cancer patients. The functional consequences of other gene
amplifications in ovarian serous carcinomas are just beginning to be elucidated. . RSF1, a
chromatin remodeling gene, is located in a chromosome 11q13.5 amplicon. Overexpression
of Rsf-1 stimulated cell proliferation, while Rsf-1 knockdown inhibited cell growth in ovarian
cancer cells harboring RSF1 amplification. Patients with 11q13.5 amplification or Rsf-1
over-expression had a significantly shorter overall survival than those without. Rsf-1
up-regulation conferred resistance to paclitaxel and carboplatin in vitro, a finding that may
explain the association of Rsf-1 expression with worse clinical outcome. Amplification of the
NOTCH3 locus at 19p13.12 has been validated by several independent methods including
SNP array, digital karyotyping, quantitative PCR and dual-color FISH analysis. Inactivation
of Notch3 by either y-secretase inhibitors or Notch3-specific siRNAs suppressed cell
proliferation and induced apoptosis in cell lines that overexpressed Notch3 but not in those
with minimal Notch3 expression. These results indicate that Notch3 is required for
proliferation and survival of Notch3-amplified tumors and suggest inactivation of Notch3 as
a potential therapeutic approach for a subset ovarian high-grade serous carcinomas. In
contrast to high-grade serous carcinoma, discrete regions of chromosomal gains have not
been reproducibly detected in low-grade serous carcinoma or its putative precursor lesion,
SBT. However, a few sub-chromosomal regions show frequent deletion in low-grade serous
carcinomas. Kuo and colleagues applied high resolution SNP arrays on purified tumor cells
from low-grade serous carcinomas and SBTs, and found that heterozygous chromosome 1p
losses characterized many low-grade serous carcinomas but rarely SBTs, suggesting that
inactivation of potential tumor suppressor genes in this region may propel progression from
SBT to low-grade serous carcinoma (I-M Shih laboratory, unpublished studies). In support
of this notion, at least two potential tumor suppressors, CHD5 and miR-34, have recently
been identified within the deleted region on chromosome 1p36. Chd5 was recently
characterized as a tumor suppressor that controls cell proliferation, apoptosis and
senescence via the p19(Arf)/p53 pathway. miR-34 is a p53-regulated microRNA that
mimics p53’s effects on growth arrest and apoptosis. Further studies are required to
determine possible roles for CHD5 or miR-34 inactivation in the pathogenesis of low-grade
ovarian serous carcinomas.

Gene expression—Transcriptome-wide gene expression profiling using SAGE and gene
expression microarrays has been applied to ovarian tumors including high-grade serous
(G2 and G3) carcinomas, low-grade (G1 or well-differentiated) carcinomas, and SBTs. A
major finding of several of these studies is that low-grade and high-grade serous
carcinomas are distinguishable based on their gene expression profiles. In those studies
that included SBTs, the SBTs always clustered with low-grade rather than high-grade
serous carcinomas. This finding provides further evidence that SBTs and low-grade serous
carcinomas are closely related and both tumors are distinct from high-grade serous
carcinomas. A number of genes shown to be differentially expressed between high-grade
and low-grade serous carcinomas are involved in a number of important cellular properties,
including cell cycle regulation, apoptosis, tumor invasion and control of local immunity.
Ovarian tumor progression is accompanied by the acquisition of novel gene products and
these new tumor-associated antigens elicit a host immune response that exerts selective
pressure upon the emerging tumor clones. One of the mechanisms by which ovarian cancer
cells may evade immune surveillance is by up-regulating human leukocyte antigen-G
(HLA-G) expression. HLA-G is overexpressed in most high-grade serous carcinomas but
rarely in low-grade serous carcinomas and SBTs. HLA-G is a non-classical MHC class 1
molecule that contributes to inactivation of the local immune response within the tumor
microenvironment.
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The aggressive behavior of high-grade serous carcinoma may be related, at least in part,
to its ability to escape immune surveillance more effectively. In contrast, only a few known
genes appear to be preferentially expressed in low-grade serous carcinoma and SBT. High
levels of p21/WAF1, with concomitant expression of cell growth suppressors, gadd34 and
BTG-2, have been demonstrated in these tumors. The biological significance of p21
up-regulation in SBT and low-grade serous carcinoma remains speculative. p21 may
contribute to negative cell cycle regulation in response to a variety of environmental cues
or to oncogenic stress, since most SBTs and low-grade serous carcinomas have activating
mutations of KRAS, BRAF or ERBB2. Cyclin D1 is also more frequently expressed in
low-grade tumors as compared to high-grade carcinomas. As previously discussed, this
finding is consistent with the view that cyclin D1 is a downstream target of active MAPK
which is constitutively expressed in most low-grade ovarian tumors because of frequent
activating mutations in KRAS or BRAF. Although somatic mutations of BRCA1 and BRCA2
are known to be rather uncommon in sporadic ovarian carcinomas, accumulated studies
suggest these genes may be inactivated, particularly in serous carcinomas, through
mechanisms other than mutation. Horiuchi and colleagues found reduced expression of
BRCA1 transcripts in serous carcinomas, often associated with LOH at the BRCA1 locus.
Hypermethylation of the BRCA1 promoter accompanied by loss of Brcal protein expression
has been observed in 15-31% of sporadic ovarian carcinomas. Moreover, high-grade
serous carcinomas with genetic vs. epigenetic inactivation of BRCA1 have recently been
shown to have distinct molecular abnormalities involving the PI3K/Pten signaling pathway.
Specifically, tumors with BRCA1 mutations typically had decreased PTEN mRNA levels while
those with epigenetic loss of BRCA1 had copy number gains of PIK3CA. Finally, WT1 (Wilms’
tumor 1) encodes a protein that plays important roles in genitourinary tract development.
Several studies have noted preferential expression of WT1 in serous carcinomas (both
low-grade and high-grade) compared to the other histologic types of ovarian carcinoma.

Endometrioid Type High-grade Versus Low-grade Carcinomas

The association of ovarian endometrioid carcinoma with endometriosis has long been
recognized. This association, along with the identification of genetic alterations in
endometriotic lesions and the observation of a morphological transition from endometriosis
to carcinoma in over one-third of cases have led many to consider endometriosis a likely
precursor of endometrioid carcinoma. In their analysis of benign ovarian endometrioid
tumors and well differentiated endometrioid carcinomas, Bell and Kurman found frequent
coexistence of endometriosis, benign endometrioid neoplasms such as endometrioid
adenofibroma or endometrioid tumor of borderline or low malignant potential, and well
differentiated endometrioid carcinoma. These findings provide support for an ovarian
endometrioid adenoma-carcinoma progression (i.e., endometriosis to benign endometrioid
neoplasm to well differentiated carcinoma) (Figure 3), similar to that proposed for
progression of low-grade serous carcinoma from SBT.

Mutational analyses—The ovarian endometrioid carcinomas share many molecular
genetic features with their uterine counterparts. Indeed, mutations in several of the same
tumor suppressor genes, oncogenes, and genes involved in DNA repair have been observed
in both endometrial and ovarian endometrioid carcinomas. The molecular genetics of
endometrial carcinomas have been recently reviewed by Di Cristofano and Ellenson. The
canonical Wnt (i.e., Wnt/B-catenin/Tcf, hereafter Wnt/B-cat) signaling pathway is involved
in the regulation of several important cellular processes, including cell fate determination,
proliferation, motility, and survival. In this pathway, B-catenin is a key effector that is
stabilized as a consequence of selected Wnt ligands binding to their cell surface receptors.
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B-catenin mediated signaling is deregulated in 16-38% of human ovarian endometrioid
carcinomas, usually on the basis of activating mutations of CTNNB1, the gene that encodes
B-catenin, and rarely because of inactivating mutations in genes encoding negative
regulators of B-catenin such as APC, AXIN1, or AXIN2. Notably, CTNNB1 mutations are very
uncommon in the other major types of ovarian carcinoma. Several studies have noted the
association of CTNNB1 mutation with squamous differentiation, low tumor grade, and
favorable outcome Inactivating mutations of the tumor suppressor gene PTEN have been
reported in 14-21% of ovarian endometrioid carcinomas, and like CTNNB1, PTEN
mutations are rare in the other major types of ovarian carcinomas. Inactivation of Pten, the
lipid phosphatase that converts PIP3 to PIP2, is one mechanism by which activation of
phosphotidylinositol 3- kinase (PI3K) signaling occurs in human tumors (Figure 4). An
alternative mechanism by which PI3K/Pten signaling is activated in endometrioid
adenocarcinomas is through activating mutations of PIK3CA, which encodes the p110
catalytic subunit of PI3K. Most reported PIK3CA mutations are clustered in exons 9 and 20,
and PIK3CA mutations in these exons have been identified in 20% of ovarian endometrioid
and clear cell carcinomas but in only 2% of ovarian serous carcinomas. Interestingly, Oda
and colleagues reported a high frequency of concomitant PIK3CA and PTEN mutations in
uterine endometrioid adenocarcinomas, and functional studies suggested that mutation of
both genes may have an additive effect on PI3K pathway activation. PIK3CA and PTEN
mutations also co-occur in a subset of ovarian endometrioid carcinomas and in both the
ovary and the endometrium, PIK3CA mutations are associated with adverse prognostic
indicators. In a recent mutational analysis of 72 primary ovarian endometrioid carcinomas,
Wu and colleagues found that mutational defects in canonical Wnt signaling were
significantly associated with mutations predicted to deregulate PI3K/Pten signaling. Tumors
with these mutations tended to be low-grade and low-stage. Hence, defects in these two
signaling pathways appear to be particularly characteristic of this subtype of ovarian
cancer, a finding with implications for future therapeutic strategies that include molecularly
targeted agents. Activating mutations in KRAS and BRAF have been reported in ovarian
endometrioid carcinomas, but the frequency of mutations in these genes is rather low at
less than 7%. Microsatellite instability has been observed in 13-20% of ovarian
endometrioid carcinomas, and is usually associated with loss of hMLH1 or hMSH2
expression. Both of these types of alterations are observed with greater frequency in
endometrioid carcinomas arising in the endometrium.

In contrast, TP53 mutations are common in both uterine and ovarian endometrioid
carcinomas. TP53 mutations have been reported in upwards of 60% of endometrioid
carcinomas arising in the ovary overall, and in a greater percentage of high-grade tumors.
In the aforementioned series of 72 endometrioid carcinomas, Wu and colleagues
documented TP53 mutations in 32 tumors; five additional tumors showed diffuse and
strong nuclear accumulation of p53 protein, presumably because of missense mutations
outside of the exons sequenced. TP53 mutations were significantly associated with high
tumor grade and were uncommon in tumors with documented Wnt/B-cat and/or PI3K/Pten
sighaling defects. Akin to the serous carcinomas, the molecular findings support the
division of ovarian endometrioid carcinomas into two subgroups. Low-grade (FIGO grade 1)
tumors are characterized by mutations that deregulate the canonical Wnt/B-cat and
PI3K/Pten signaling pathways and typically lack TP53 mutations. High-grade (FIGO grade
2 and 3) tumors often harbor mutations of TP53 and lack Wnt/B-cat or PI3K/Pten signaling
pathway defects.

DNA copy number changes—Given their reduced abundance compared to the serous
carcinomas, comprehensive studies of DNA copy number changes specifically in ovarian
endometrioid carcinomas are rather few.
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Using conventional CGH methods, Tapper and colleagues identified gains of chromosome 1q
in 5 of 8 cases, but the genes presumably targeted by these gains were not identified.
These investigators also evaluated several serous and mucinous carcinomas and found
divergence of DNA copy number changes between the three tumor types, providing
additional molecular evidence for each type as a distinct disease entity. More recently, Mayr
et al., used both conventional and aCGH to identify frequent gains at the JUNB, KRAS2,
MYCN, ESR, and CCND2 loci in six endometrioid carcinomas. Clearly, comprehensive
analysis of a larger number of cases is needed to help identify additional oncogenes and
tumor suppressor genes that participate in the molecular pathogenesis of this group of
ovarian cancers.

Gene expression—A number of investigators have used comprehensive
high-throughput technologies to profile gene expression in ovarian cancers, including
endometrioid carcinomas. Perhaps one of the more informative studies is that of Wu and
colleagues, who used high density oligonucleotide microarrays to analyze global gene
expression in 41 serous, 37 endometrioid, 13 mucinous and 8 clear cell ovarian carcinomas.
Notably, all of the endometrioid tumors were annotated with data on the mutational status
of the TP53, CTNNB1, PTEN, PIK3CA and KRAS genes. Although the gene expression
profiles of both clear cell and mucinous carcinomas were found to be largely distinct from
each other and from serous carcinomas, substantial overlap between the expression
profiles of endometrioid and serous carcinomas was identified. When the mutational status
of the above genes was taken into account, it was noted that endometrioid tumors with
gene expression profiles similar to serous carcinomas were usually high-grade and
harbored TP53 mutations, while the endometrioid tumors with expression patterns distinct
from the serous carcinomas tended to be low-grade and harbor mutations of CTNNB1,
PTEN, and/or PIK3CA. Once again, the molecular data support the division of endometrioid
carcinomas into two major groups based at least in part, on tumor grade. Shared genetic
alterations such as TP53 mutation may be responsible for similarities in global gene
expression pattern between high-grade endometrioid carcinomas and typical (high-grade)
serous carcinomas. Some of the overlap in gene expression between serous carcinomas
and high-grade endometrioid carcinomas may be due to pathologists’ inability to reliably
distinguish between the two based solely on morphological criteria. Further studies are
needed to address this issue and to determine whether moderately differentiated (i.e.,
FIGO grade 2) endometrioid carcinomas have molecular features more in keeping with
grade 3 versus grade 1 tumors.

Clear cell and mucinous carcinoma

The molecular changes in ovarian clear cell and mucinous tumors have not been as
extensively studied as in serous and endometrioid tumors. This is probably due to the
relative rarity of clear cell and especially primary mucinous carcinomas, now that
metastatic mucinous adenocarcinomas to the ovary are being more rigorously excluded. As
a consequence, most studies in the published literature have analyzed only limited numbers
of clear cell and mucinous carcinomas and therefore the true prevalence of many specific
molecular alterations in these tumor types is unknown. Nevertheless, some important
conclusions can be drawn regarding the role of a few molecular alterations in the
pathogenesis of these tumors. As with endometrioid carcinomas, there is a close
association between endometriosis and clear cell carcinoma. Indeed in several studies, the
association with endometriosis was more impressive for clear cell than for endometrioid
cancers.
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Mutation analyses—Mutations in KRAS, BRAF, and TP53 are present in some clear cell
carcinomas but their frequency is generally low. For example, TP53 mutation and BRAF
mutation were found in 8.3% and 6.3% of clear cell carcinomas, respectively. Mutations
predicted to deregulate PI3K/Pten signaling are more common in clear cell carcinomas, with
PIK3CA mutations reported in 20-25% and PTEN mutations in 8% of tumors in a few small
series. Interestingly, Sato et al. demonstrated somatic mutations of PTEN in 21% of ovarian
endometriotic cysts, indicative of shared molecular alterations between clear cell and
endometrioid carcinomas of the ovary and their putative precursor lesion. Among 7 clear
cell carcinomas with synchronous endometriosis, LOH at the PTEN locus in both the
carcinoma and associated endometriosis was detected in 3 cases. One case displayed LOH
only in the carcinoma, and 3 cases lacked LOH at PTEN in both carcinoma and associated
endometriosis. In no cases were there LOH events involving PTEN in the endometriosis only.
The findings suggest that inactivation of the PTEN tumor suppressor gene, when it occurs,
is a relatively early event in the development of ovarian clear cell carcinoma. Although
studies to date are rather limited, the clear cell carcinomas do not appear to share many
other changes with endometrioid carcinomas, as canonical Wnt signaling pathway defects
and microsatellite instability have not been observed with significant frequency in the clear
cell tumors. In primary ovarian mucinous carcinomas, KRAS mutation is a very common
molecular alteration - occurring in upwards of 75% of ovarian mucinous carcinomas.
Mucinous adenocarcinomas often contain areas indistinguishable from mucinous
cystadenoma and mucinous borderline tumor and progression from benign to borderline
and from borderline to malignant neoplasia has been proposed. Interestingly, identical
KRAS mutations have been detected in mucinous carcinomas and adjacent mucinous
cystadenoma and borderline tumor, a molecular finding supporting this morphological
continuum of tumor progression in ovarian mucinous neoplasms.

DNA copy number changes—At least two independent reports describe the use of
classical CGH to study DNA copy number changes in clear cell carcinomas. In their analysis
of 18 tumors, Dent and colleagues found that chromosome 9p21 deletion was the most
common copy number alteration, followed by losses on chromosomes 1p, 11q and 10q
(including the PTEN locus at 10g23.3). DNA copy number gains were generally not
detected. In contrast, in their analysis of 12 ovarian clear cell carcinomas, Suehiro and
colleagues identified increased DNA copy number at several chromosomal regions as well
as frequent losses of chromosome 19p. The discordant findings between the two studies
suggest that clear cell carcinomas may be quite heterogeneous and analysis of large
numbers of tumor samples using more advanced technologies with higher resolution may
be needed to reliably identify common alterations of DNA copy number in clear cell
carcinomas. Toward this end, Kuo et al. applied high density SNP arrays to analyze a total
of 12 purified ovarian clear cell carcinomas (IM Shih laboratory, unpublished data). The
results demonstrate that on a genomewide scale, the extent and level of DNA copy humber
gains and losses are less pronounced in clear cell carcinoma than in high-grade serous
carcinomas. The most common changes in clear cell carcinomas include amplifications of
regions on chromosomes 8q and 20qg, and deletions on chromosome 9q; however, these
events are not unique to clear cell carcinoma as they are also observed in high-grade serous
carcinomas. Genome-wide analyses of DNA copy number changes in primary ovarian
mucinous carcinomas have not yet been reported.

Gene expression—Several comprehensive gene expression analyses of ovarian carcinomas

have noted that clear cell carcinomas are readily distinguishable from the other histological
types of ovarian carcinomas based on their global gene expression profiles.
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A number of genes have been reported to be preferentially expressed in ovarian clear cell
carcinomas and in some cases, in associated endometriosis.

These include hepatocyte nuclear factor-1beta (HNF-13), glutathione peroxidase 3, plasma
membrane-associated sialidase (NEU3), osteopontin, nicotinamide N-methyltransferase,
RNA-binding protein with multiple splicing, annexin A4, tissue factor pathway inhibitor 2
and MAP3k5/ask1, dipeptidyl peptidase IV (CD26), FXYD domain-containing ion transport
regulator 2, and genes involved in nucleotide excision repair, ERCC1 and XPB. Among these
overexpressed genes, HNF-1p appears to be a relatively specific marker to ovarian clear cell
carcinoma. HNF-1B is a nuclear homeodomain protein that participates in regulating gene
expression in liver and several other tissues including secretory endometrium. Given that
HNF-1 is essential in controlling multiple genes involved in glucose/glycogen metabolism,
HNF-1B up-regulation may be in part responsible for the characteristic cytological feature
(i.e., the glycogen-rich, clear-appearing cytoplasm) of clear cell carcinoma. Furthermore,
many genes relatively specific to clear cell carcinoma are also regulated by HNF-1(.
Knockdown of HNF-1B expression in clear cell carcinoma cells induces apoptosis,
suggesting that HNF-1B is essential for survival of cancer cells. Not unexpectedly, the
pattern of gene expression of mucinous carcinomas is largely distinguishable from serous,
endometrioid, and clear cell carcinomas based on comprehensive gene expression profiling.
Using high density oligonucleotide microarrays to profile gene expression in 3 primary
mucinous ovarian carcinomas and 4 mucinous borderline tumors compared to 31 serous
carcinomas, 3 serous borderline tumors and 8 endometrioid carcinomas,
Heinzelmann-Schwarz and colleagues identified a characteristic gene expression profile
associated with mucinous ovarian tumors. Ovarian mucinous tumors express several mucin
genes (MUC2, MUC3 and MUC17) that are characteristic of mucinous carcinomas
irrespective of their tissue origins. Because primary ovarian mucinous tumors often display
intestinal type differentiation, it is not surprising that additional genes with preferential
expression in ovarian mucinous tumors encode markers of intestinal differentiation such as
the caudal type homeobox transcription factors CDX1 and CDX2, and LGALS4 (galectin 40),
which encodes an intestinal cell surface adhesion molecule that is overexpressed in
intestinal carcinomas. Immunohistochemical analysis of LGALS4 expression in a spectrum
of ovarian mucinous neoplasms showed that LGALS4 is not detectable in nhormal ovarian
surface epithelium, but is expressed at high levels in mucinous cystadenomas, borderline
tumors, and carcinomas, indicating that increased LGALS4 expression occurs early during
mucinous ovarian tumor progression.




Mouse Models Of Ovarian Cancer

Genetically engineered mouse (GEM) models of each major subtype of ovarian cancer will
undoubtedly prove useful for improving knowledge of ovarian cancer biology and for
preclinical testing of signal transduction inhibitors as novel therapeutics. Historically,
animal models of ovarian cancer were based on xenografting human ovarian cancer cells
into immunodeficient mice. Such models have limitations, including incomplete
recapitulation of tumor-host interactions and inability to replicate early stages of tumor
development. Recently described GEM models of ovarian cancer appear to overcome some
weaknesses of the xenograft models as tumors arise orthotopically in immunologically
intact animals and more closely mimic the behavior of human ovarian cancers. For
example, Orsulic et al. employed an approach involving ex vivo genetic modification of
primary murine ovarian surface epithelium (MOSE). MOSE cells were removed from p53
—/— transgenic mice expressing the cell surface avian retroviral receptor (ARR) under the
control of the keratin-5 promoter and cultured in vitro for several generations. The cultured
MOSE were infected, via the ARR, with replication-competent avian leucosis-derived
vectors carrying oncogenes, such as c-MYC, KRAS, or AKT. MOSE cells expressing various
combinations of oncogenes were then surgically transplanted under the ovarian bursa of
recipient mice. The addition of any two of the oncogenes was sufficient to induce tumor
formation when infected cells were injected at subcutaneous, intraperitoneal, or ovarian
sites. In another model, Connolly et al. employed a potentially simpler strategy utilizing a
promoter element from the murine Mlllerian Inhibitory Substance II Receptor (MISIIR)
gene to drive expression of SV40 T-Ag (large and small) in MOSE. In this model,
approximately 50% of female mice develop bilateral poorly differentiated ovarian
carcinomas. Flesken-Nikitin and colleagues used an alternative approach to conditionally
inactivate the p53 and Rb tumor suppressors in the mouse ovarian surface epithelium. A
single ovarian intrabursal injection of recombinant adenovirus expressing Cre recombinase
(AdCre) in female mice homozygous for conditional (floxed) p53 and Rb alleles consistently
led to development of ovarian carcinomas. Mice from all three models develop poorly
differentiated papillary carcinomas of the ovary with greatest resemblance to human
serous carcinomas. The tumors disseminate intra-peritoneally and are frequently
accompanied by bloody ascites. Given the morphological and molecular heterogeneity of
ovarian carcinomas described above, a goal for researchers in the field is the development
of mouse models that recapitulate each major histological type of ovarian cancer. Toward
that end, Dinulescu et al. described the use of AdCre to conditionally activate an oncogenic
KRas allele in the MOSE. When AdCre was injected into the ovarian bursa, the animals
developed ovarian and peritoneal implants histologically reminiscent of human
endometriosis. When the same approach was used to coordinately activate KRas and
inactivate Pten in the MOSE, ovarian carcinomas resembling endometrioid
adenocarcinomas developed. However, as described above, KRAS mutations in human
ovarian endometrioid carcinomas are rather uncommon, and data supporting cooperation
between mutant KRAS and PTEN loss in human tumors are lacking. In an attempt to more
closely recapitulate findings in human endometrioid carcinomas, and in light of the data
identifying frequent co-occurrence of canonical Wnt and PI3K/Pten/Akt signaling defects in
the human tumors, Wu and colleagues employed ovarian bursal injection of AdCre to
conditionally inactivate the Pten and Apc tumor suppressor genes in the ovarian surface
epithelium of Apcflox/flox;Ptenflox/flox mice.
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The injected ovaries uniformly and rapidly developed tumors with similar morphology to
human ovarian endometrioid cancers (Figure 5A, 5B). In addition, the mouse tumors
exhibited biological behavior and gene expression patterns similar to their human tumor
counterparts with comparable signaling pathway defects. It is expected that mouse models
of ovarian cancer will yield new insights into ovarian cancer pathogenesis, particularly with
respect to putative precursor lesions and mechanisms by which tumors develop and
progress. In addition, mouse models that faithfully recapitulate their human tumor
counterparts may prove especially useful for pre-clinical testing of novel therapeutics that
target specific molecular defects in the tumor cells. Proof-of-principle experiments have
been performed that support this latter goal. As described above, mice with conditional
deregulation of canonical Wnt and PI3K/Pten signaling due to Apc and Pten inactivation,
respectively, consistently develop endometrioid-like carcinomas. Rapamycin is well known
as an inhibitor of mTOR, a downstream effector of activated Akt (Figure 4). Moreover,
activation of canonical Wnt signaling has also been shown to up-regulate mTOR without
involving B-catenin-dependent transcription. A number of clinical trials have examined
effects of rapamycin and structurally related compounds on several different types of
human cancers and shown efficacy in some studies. Intrabursal injection of AdCre was used
to induce small tumors in the ovaries of Apcflox/flox;Ptenflox/flox mice, and then animals
were treated for one month with rapamycin. When compared to animals treated with
vehicle alone, the rapamycin-treated animals showed marked and statistically significant
inhibition of tumor growth (KR Cho laboratory, Figure 5C, 5D). GEM models such as the
ones described above, can be further developed to allow monitoring of ovarian tumor
development and progression in live animals. The ability to non-invasively and
quantitatively image ovarian tumors in live animals would significantly enhance our
understanding of the pharmacokinetics and bioavailability of specific drugs, would provide
a powerful tool to validate drug-target interactions of hew compounds, and would aid in
designing the most rational and successful combination therapies for evaluation in future
clinical trials. The aforementioned GEM model of ovarian endometrioid carcinomas has
been further engineered to include a conditional luciferase reporter allele. Kaelin and
colleagues generated a Cre-inducible form of firefly luciferase knocked into the ubiquitously
expressed ROSA26 locus. These mice were crossed with Apcflox/flox;Ptenflox/flox mice to
generate Apcflox/flox;Ptenflox/flox;ROSA26L-S-L-Luc/+ mice. After AdCre injection,
ovarian tumor growth can be monitored longitudinally over time in living animals (KR Cho
laboratory, unpublished data). Animal models such as this are expected to accelerate the
translation of promising new therapies from the laboratory to the clinic.




New Proposed Classification Of

Ovarian Epithelial Tumors

The collective analyses of the clinicopathological and molecular features of the major types
of ovarian carcinomas described above have yielded some unifying themes which provide
the basis for a proposed model of ovarian carcinoma development and progression. It has
been proposed that surface epithelial tumors can be divided into two broad categories
designated Type I and Type II tumors based on their pattern of tumor progression and
molecular genetic changes. In this model, Type I and Type II refer to tumorigenic pathways
and are not specific histopathologic terms (Table 1). The division of serous carcinomas
between Type I and Type II categories is illustrated in Figure 6. Type I tumors include
low-grade serous carcinoma, low-grade endometrioid carcinoma, mucinous carcinoma, and
a subset of clear cell carcinomas, which develop in a stepwise fashion from well-recognized
precursors, in most cases, borderline tumors. The borderline tumors, in turn, appear to
develop from the ovarian surface epithelium or inclusion cysts in the case of serous and
mucinous tumors and from endometriosis in the case of endometrioid and clear cell tumors.
For these tumors, the stepwise progression of borderline tumor to carcinoma closely
approximates the well characterized "“adenoma-carcinoma” sequence in colorectal
carcinoma. In general, most Type I tumors are slow growing as evidenced by the
observation that they are generally large and often confined to the ovary at diagnosis. In
contrast, the Type II tumors are high-grade and almost always have spread beyond the
ovaries at presentation. Type II carcinomas include high-grade serous carcinoma,
high-grade endometrioid carcinoma, undifferentiated carcinoma, probably some clear cell
carcinomas, and malignant mixed mesodermal tumor (carcinosarcoma). Other than their
association with endometriosis which is in keeping with the Type I pathway, the
clinicopathologic and molecular features allowing distinction of Type I from Type II clear cell
carcinomas are yet to be defined. Type II carcinomas presumably evolve rapidly,
disseminate early in their clinical course and are highly aggressive not only because of the
malignant nature of the cancer cells but also because the anatomic locations in which they
arise (i.e., ovary or perhaps fallopian tube) provide immediate access to adjacent pelvic
organs and the peritoneal cavity. In contrast to Type I tumors, Type II tumors are rarely
associated with morphologically recognizable precursor lesions; however, precursor lesions
of the Type II tumors may arise from “dysplasia” in inclusion cysts or serous intraepithelial
carcinoma in the fallopian tubes. These precursor lesions may be difficult to recognize
because they presumably undergo rapid transit from the occult lesion to a clinically
diagnosed carcinoma. Type I and Type II tumors have very different molecular profiles.
Chromosomal instability levels, as reflected by genome-wide changes in DNA copy number,
are much higher in Type II tumors than in Type I tumors. Type I tumors often harbor
somatic mutations of genes encoding protein kinases including KRAS, BRAF, PIK3CA and
ERRB2, and other signaling molecules including CTNNB1 and PTEN. In contrast, Type II
tumors generally lack these mutations but are characterized by a high frequency of TP53
mutations which are rare in Type I tumors. The division of ovarian cancer into two broad
groups, Type I and Type II, continues to emphasize the heterogeneity of ovarian cancers,
but also provides a morphological and molecular framework for future studies aimed at
improving our understanding of ovarian cancer pathogenesis. This, in turn, will have
significant implications for improving the detection and treatment of ovarian cancer as
discussed in the concluding section.
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This simplified classification system will undoubtedly continue to evolve, particularly as the
molecular changes that characterize the less common types of ovarian carcinomas (i.e.,
mucinous, clear cell, undifferentiated) become more clearly defined.




Implications For Early Detection,

Diagnosis And Treatment

A currently held view of ovarian tumorigenesis is that carcinoma begins in the ovary (or for
some serous carcinomas, in the distal fallopian tube), undergoes sequential stages of tumor
progression in situ, and then spreads to the pelvic and abdominal cavities before
metastasizing to more distant sites. Based on this view, advances in early detection
strategies to identify ovarian cancer precursor lesions or early stage carcinomas should
theoretically have a major impact on mortality and survival in patients. However, findings
from many of the studies reviewed above challenge this paradigm and suggest that new
insights and approaches should be taken into account in developing novel detection
techniques and therapeutic interventions for ovarian cancer. The new paradigm and
approaches for early detection and treatment of ovarian cancer have recently been
reviewed by Kurman and colleagues. First, the focus on detecting early stage disease should
perhaps be shifted to detection of “low volume” disease. Current screening methods aimed
at detecting stage I disease have not been effective as no prospective, randomized trials of
any ovarian cancer screening test(s) known so far have led to a decrease in mortality.
Tumors that are amenable to current strategies for early detection are usually those
belonging to the Type I group, which remain confined to the ovary for a considerable period
of time and often present as large tumor masses. Unfortunately, these account only for a
minority (<25%) of malignant ovarian epithelial tumors. The majority of what is considered
“ovarian cancer” belongs to the Type II category. These tumors are rarely confined to the
ovary at diagnosis, presumably because they evolve rapidly and spread to extraovarian
sites early in their development. Moreover, as noted earlier, a significant number of Type II
“ovarian carcinomas”, especially the high-grade serous carcinomas, may develop from the
peritoneum and fallopian tube, and involve the ovary secondarily. By definition, such tumors
are advanced stage early in the course of their progression. Indeed, when thorough staging
procedures are performed, stage I Type II tumors are rare. A more useful endpoint for the
early detection of ovarian carcinoma may thus be tumor volume and not stage of disease.
Perhaps the identification of stage III or IV tumors before the onset of symptoms would
significantly improve the clinical outcome for patients who would otherwise be diagnosed
with bulky disease. For Type II ovarian carcinomas, it is well recognized that the most
important prognostic indicator is not stage, but the volume of residual disease following
cytoreductive surgery. The smaller the tumor volume at diagnosis, the more effective
chemotherapy is likely to be. Because mutations of TP53 are currently the most common
molecular genetic change in Type II tumors, it is possible that tumor DNA containing mutant
TP53 DNA or polypeptides released from these tumors can be detected in body fluids.
Accordingly, tests that detect mutant TP53 or autoantibodies that react to mutant p53
protein in the blood could prove to be very useful for detecting small volume disease in
high-risk patients. The readily recognizable aberrations of specific signaling pathways in
many Type I tumors including low-grade serous carcinomas, low-grade endometrioid
carcinomas and mucinous carcinomas suggest that inhibitors targeting specific components
of these pathways may be effective for treating patients with advanced stage disease that
is refractory to current chemotherapy. For example, MEK inhibitors such as CI-1040 and
Quercetin from red wine extract deserve consideration as therapeutic agents for patients
with low-grade serous carcinomas.

_®_



This notion is supported by studies of Pohl et al., who demonstrated that treatment of
ovarian serous carcinoma cells harboring KRAS or BRAF mutations with a MEK inhibitor,
CI-1040, resulted in significant growth inhibition in vitro as compared to tumor cells with
wild-type KRAS and BRAF. Since low-grade serous carcinoma and its presumptive precursor
SBT have a high frequency of mutations in KRAS and BRAF, future clinical trials should help
to determine if MEK inhibitors can prolong disease-free interval and overall survival in
patients with advanced stage low-grade serous carcinomas. Similarly, the observation that
growth of murine ovarian carcinomas with PI3K/Pten signaling pathway defects is
profoundly inhibited by drugs that target this pathway provides further support for testing
such agents in women with disseminated low grade (Type I) endometrioid carcinomas.
Finally, the high level of genetic instability that characterizes the majority of ovarian
epithelial cancers (i.e., Type II tumors), presents a tremendous challenge with respect to the
development of effective screening programs and therapeutic strategies that target the
particular molecular defects present in a given patient’s tumor. The lack of shared
aberrations of cellular signaling pathways (except those mediated by p53) in high-grade
serous and endometrioid carcinomas makes it difficult to design target-based therapies for
these tumors at present. Clearly, a major goal of ongoing work in the field is to identify
additional “hallmark” genetic alterations that characterize the Type II tumors. As our
understanding of the molecular pathogenesis of each major type of ovarian carcinoma
improves, the design of “personalized” therapeutic regimens based on the particular
alterations present in a given patient’s tumor may become a reality. It is reasonable to hope
that drugs targeting specific molecular defects in tumor cells could be used alone or in
combination with existing treatment modalities to substantially improve the clinical outcome
for women with ovarian cancer.




Summary Points

1. Ovarian carcinomas are a heterogeneous group of neoplasms based on their
clinical, histopathological, and molecular features. Ovarian cancer research
should take this into account.

2. Although pathologists currently employ a morphology-based classification
system for ovarian carcinomas, a simplified classification that incorporates both
clinicopathological and molecular features has been proposed. This simplified
classification system separates ovarian carcinomas into two broad categories
(Type I and Type II) based on their pattern of clinical behavior, tumor progression
and molecular genetic alterations.

3. Serous carcinomas comprise the majority of ovarian carcinomas, and most
serous carcinomas are high grade and harbor TP53 mutations (Type II).

4. Low grade serous and endometrioid carcinomas (both Type I) progress in a
stepwise fashion from well defined precursor lesions and usually harbor gene
mutations predicted to deregulate specific cell signaling pathways. Drugs that
target these pathways may prove useful for treating women with disseminated
Type I tumors.

5. The high level of chromosomal instability and relative paucity of known
“hallmark” sequence mutations (other than TP53) that characterize the majority
of ovarian carcinomas present a tremendous challenge with respect to developing
effective screening programs or novel therapeutic strategies that target specific
molecular defects in a given patient’s tumor.

6. Current screening methods aimed at detecting stage I disease have been
generally disappointing. Tumors that are amenable to current strategies for early
detection are usually those belonging to the Type I group. The more common and
aggressive Type II tumors rarely present as early-stage disease. Thus, the focus
on detecting early stage disease should perhaps be shifted to detection of “low
volume” disease in Type II carcinomas.

7. Genetically engineered mouse models of each major type of ovarian
carcinoma are being developed. Those that most closely mimic the molecular
features and biological behavior of their human counterparts will likely prove
useful for improving our understanding of ovarian cancer pathogenesis and for
pre-clinical testing of molecularly targeted therapeutics.
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Figure 2. Schematic ilustration of the RAS-RAF-MEK-ERK (MAPK) signaling pathway
This ccll signaling pathway is important for the cellular respoase to a vancty of growth and
differentiation factors. Aberration of thes pathway in ovarian SBTs and low-grade serous
carcinomas is mainly doe to activating mutations of KRAS and BRAF, whsch result m
cmmnlh\'c activation of MAPK-mediated signaling in these tumors. Activated MAPK
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Figure 3. Histological and molecular genetic progression of evarian endometrioid carcinoma
Low-grade endometrioid carcinomas often anse from endometnioid borderline tumors, which
in turn may arise from endometriosis. This step-wisc histopathological progression is often
accompanicd by accumulation of mutations predicted to deregulate canonical Wat signaling
(usually CTNNB/) and/or PI3K/Pten signaling (PTEN. PIK3CA). TP53 mutations are usually
observed in high-grade endometrioid carcinomas in the absence of Wnt and PI3K/Pten pathway
defects.
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Figare 4. Schematic [Bustratioa of ene aspect of FI3K Pren signaling

Activatmg mutations of PIK3CA or inactivating mutations of PTEN result in activation of Akt-
mediated sagmaling to mTOR and other downstream effectors that affect protein synthesis.
Rapamycin is a well known mhibitor of mTOR. GF. growth factor: RTK, receptor tyrosme
kinase.
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A) Hematoxylm & cosln stained su:lmn ufcndonutnold carcinoma-hke mouse tumor. B)
Representative ovarian carcinoma in right waryof.lpvﬂ‘“ :Pren™= e mouce 11 wks after
ovanan bursal injection of adenovires exy g Cre ba (AdCre). C) Rapamycmn
inhsbsts tumor growth. Animals with small ovanan carcinomas (6 wks after AdCre injectzon)
were treated twice weckly for 4 wks with vehscle or two different doses of rapamycin. D)
Rep Ve ovarian carci n right ovary after 4 wks of treatment with rapamrycm.

Type |l pathway

Fallopian tube TP53 mutations + CIN
Figure 6. Schematic iBustration of Type | and Type Il riam serous carch pathogenesis
Development of ovarian hagh-grade and low-grde serous carcinomas involves two distinct
pathways. Low-grade (Type I) carcinomas arise from borderline (SBTs), whach

in turn develop from scrous cystadenomas. This stepwise tumor progressaon in the low-grade

pathway contrasts with the rapid progression pathway of high-grade (Type 11) carcinomas, for

wlw:h precursor lesions are not well recognized. High-grade carcmomas may arise from
surface incluss: puﬁnnﬂlmﬂlulimnrﬂwdlﬂnlptﬂmlfmh'ue)ofl&

fallopian tube. These car to pelvic and peritoncal organs carly in thesr
progressson.




Table 1
Common Precursor Lesions and Molecular Features of Type I and Type Il Carcinomas

Type | tumors Common Precursors Most Frequent Mutations Chromosomal Instability (CIN)®
Low-grade serous CA? Scrous barderline tumor KRAS, BRAF Low
Low-grade endometriond CA Endometriosis CINNBI, PTEN Low
Most clear cell CAS Endometrniosis PIK3CA Low
Mucinous CA Mucinous borderlme tumor KRAS Low

Type Il tumors
High-grade serous CA Not recognized? TPs3 High
High-grade endometriosd CA Not recognmzed TPs3 High
Clear cell CAS Not recognzed ? ?
Undafferentiated CA Not recognzred ? ?
Carcinosarcoma Not recognzred TPs3 ?

al.nw vs. High chromosomal instability (CIN) refers to companson between low-grade and high-grade carcinomas withm same histologsc type
b

CA: Carcinoma

c('rtbu'in for classificatson of clear cell CA subsets into Type | vs. Type 11 categones are uncertam. It 1s thought that most clear cell carcinomas behave
like Type 1 tumors while some clear cell carcinomas, presumably high-grade. may be Type Il tumors.

dSomc high-grade scrous CAs may be associated with tubal intracpathelal serous carcinoma
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