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The pathogenesis of ovarian carcinoma, the most le-
thal gynecological malignancy, is unknown because
of the lack of a tumor progression model. Based on a
review of recent clinicopathological and molecular
studies, we propose a model for their development.
In this model, surface epithelial tumors are divided
into two broad categories designated type I and type II
tumors that correspond to two main pathways of
tumorigenesis. Type I tumors tend to be low-grade
neoplasms that arise in a stepwise manner from bor-
derline tumors whereas type II tumors are high-grade
neoplasms for which morphologically recognizable
precursor lesions have not been identified, so-called
de novo development. As serous tumors are the most
common surface epithelial tumors, low-grade serous
carcinoma is the prototypic type I tumor and high-
grade serous carcinoma is the prototypic type II tu-
mor. In addition to low-grade serous carcinomas,
type I tumors are composed of mucinous carcinomas,
endometrioid carcinomas, malignant Brenner tu-
mors, and clear cell carcinomas. Type I tumors are
associated with distinct molecular changes that are
rarely found in type II tumors, such as BRAF and
KRAS mutations for serous tumors, KRAS mutations
for mucinous tumors, and f-catenin and PTEN muta-
tions and microsatellite instability for endometrioid
tumors. Type II tumors include high-grade serous car-
cinoma, malignant mixed mesodermal tumors (carci-
nosarcoma), and undifferentiated carcinoma. There
are very limited data on the molecular alterations
associated with type II tumors except frequent p53
mutations in high-grade serous carcinomas and
malignant mixed mesodermal tumors (carcinosar-
comas). This model of carcinogenesis reconciles
the relationship of borderline tumors to invasive

carcinoma and provides a morphological and mo-
lecular framework for studies aimed at elucidating
the pathogenesis of ovarian cancer. (Am J Pathol
2004, 164:1511-1518)

Ovarian cancer is the most lethal gynecological malig-
nancy and surface epithelial tumors (carcinomas) are the
most common type of ovarian cancer. Despite consider-
able efforts aimed at elucidating the molecular mecha-
nisms of ovarian carcinoma, its pathogenesis is still un-
known, because unlike colorectal carcinoma,’ a
progression model has not been described. Ovarian car-
cinomas are heterogeneous and are primarily classified
by cell type into serous, mucinous, endometrioid, clear
cell, and Brenner (transitional) tumors corresponding to
different types of epithelia in the organs of the female
reproductive tract.?~* The tumors in each of the catego-
ries are further subdivided into three groups, benign,
malignant, and intermediate (borderline tumor) to reflect
their behavior. Mucinous and endometrioid borderline
tumors are often associated with invasive carcinomas but
serous borderline tumors are rarely associated with se-
rous carcinomas.? This latter observation as well as re-
cent molecular genetic studies showing a very different
frequency of p53 and KRAS mutations in serous carci-
noma as compared to serous borderline tumors have led
most investigators to conclude that serous borderline
tumors and serous carcinomas are unrelated.>® The un-
certainty about the nature of the borderline group of
tumors, reflected by the ambiguous term “borderline,” is
a major shortcoming of the current classification. Here we
review recent histopathological and molecular genetic
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Figure 1. Schematic representation of the dualistic model depicting the development of ovarian serous carcinomas, the most common type of ovarian cancer.
Low-grade serous carcinoma (MPSC) represents the prototypic type I tumor and develops in a stepwise manner from an atypical proliferative tumor through a
noninvasive stage of MPSC (both of these tumors qualified as borderline) before becoming invasive. These tumors are associated with frequent KRAS or BRAF
mutations. High-grade serous carcinoma represents the prototypic type II tumor and develops from the ovarian surface epithelium or inclusion cysts without
morphologically recognizable intermediate stages. KRAS and BRAF mutations have been rarely found in these neoplasms. CIN, chromosomal instability.

studies to re-examine this issue and propose a model of
ovarian carcinogenesis that integrates clinical, his-
topathological, and molecular genetic findings.

Clinical and Pathological Observations that
Provide the Basis for the Proposed Model

Throughout the last 10 years, we have conducted a sys-
tematic microscopic and clinical analysis of a large num-
ber of noninvasive and invasive epithelial ovarian tumors
of all histological types in an effort to delineate their
pathogenesis and behavior.>'°'2 These studies drew
attention to a subset of low-grade serous tumors desig-
nated “micropapillary serous carcinoma (MPSC)” with
characteristic histopathological features, low proliferative
activity, and an indolent behavior that contrasts dramat-
ically with the conventional type of serous carcinoma, an
aggressive neoplasm that is high-grade and has high
proliferative activity.>'°=' The term “MPSC” was origi-
nally proposed to distinguish the noninvasive form of this
tumor from the more common noninvasive tumor, termed
an “atypical proliferative serous tumor,” both of which
have been included under the rubric “borderline” or “low
malignant potential.” ' "2 Histological transitions from ad-
enofibromas and atypical proliferative serous tumors to
noninvasive MPSCs are observed in nearly 75% of cas-
es."® In addition, areas of infiltrative growth (stromal in-
vasion) immediately adjacent to the noninvasive compo-
nent are found in a significant proportion of cases (Figure
1)."® These invasive MPSCs are synonymous with low-
grade serous carcinoma. The former term describes its
histopathological features and the latter its clinical behav-
ior. The histopathological findings strongly suggest that

there is a morphological and biological spectrum begin-
ning with a benign serous cystadenoma/adenofibroma,
through a proliferative tumor (atypical proliferative serous
tumor) to a noninvasive carcinoma (noninvasive MPSC)
ending with an invasive low-grade serous carcinoma (in-
vasive MPSC).

Low-grade serous carcinomas typically pursue an in-
dolent course that may last more than 20 years.'®'3
Approximately 50 to 60% of patients ultimately succumb
because of widespread intra-abdominal carcinomatosis
but the tumor maintains its low-grade appearance and
low proliferative index throughout its course (Silva et al,
1997 and unpublished data).'® This contrasts with con-
ventional high-grade serous carcinoma that presents as
a clinically aggressive neoplasm that spreads rapidly
and is associated with a poor outcome. Analysis of mu-
cinous, endometrioid, clear cell carcinomas, and malig-
nant Brenner tumors reveals that they are often associ-
ated with cystadenomas, borderline tumors, and
intragpithelial carcinomas.? Furthermore, it has been long
recognized that endometrioid carcinoma and clear cell
carcinoma are associated with endometriosis in the ovary
or pelvis in 15 to 50% of cases’*'® leading investigators
to propose that endometriosis is a precursor of these
tumors. Rarely, a high-grade serous carcinoma is asso-
ciated with ovarian endometriosis but this is viewed as an
independent, coincidental finding; a causal relationship
of endometriosis and serous carcinoma has never been
proposed. A recent clinical study using serial transvagi-
nal ultrasonography has shown that ~50% of ovarian
carcinomas develop from pre-existing cystic lesions
whereas the remaining 50% develop in ovaries without
apparent abnormality on ultrasound.'® The former group



Ovarian
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Type | tumors

Precursors*

Known molecular genetic alterations

Low-grade serous carcinoma
(invasive MPSC)

Mucinous carcinoma

Endometrioid carcinoma

Serous cystadenoma/adenofibroma BRAF and
Atypical proliferative serous tumor
Noninvasive MPSC

Mucinous cystadenoma

Atypical proliferative mucinous tumor
Intraepithelial carcinoma

Endometriosis

Endometrioid adenofibroma

Atypical proliferative endometrioid tumor
Intraepithelial carcinoma

KRAS mutations (~67%)

KRAS mutations (>60%)

LOH or mutations in PTEN (20%)
B-catenin gene mutations (16-54%)
KRAS mutations (4-5%)
Microsatellite instability (13-50%)

Clear cell carcinoma Endometriosis

Clear cell adenofibroma
Atypical proliferative clear cell tumor
Intraepithelial carcinoma

Malignant Brenner Brenner tumor

(transitional) tumor

KRAS mutations (5-16%)
Microsatellite instability (~13%)
TGF-B RIl mutation (66%)"

Not yet identified

Atypical proliferative Brenner tumor

Abbreviation: MPSC, micropapillary serous carcinoma; LOH, loss of heterozygosity; TGF, transforming growth factor.
*Atypical proliferative serous tumors and noninvasive MPSC have been termed “borderline” tumors in the literature. Similarly for mucinous,
endometrioid, clear cell, and Brenner tumors, atypical proliferative tumor and intraepithelial carcinoma have been combined and designated

“borderline tumor” in the literature.
TBased on preliminary results analyzing three cases.®”

was composed mainly of mucinous, endometrioid, clear
cell carcinomas, and borderline tumors whereas the latter
group was composed almost exclusively of high-grade
serous carcinomas. This distribution corresponds to the
type | and Il tumors described below.

A Proposed Model of Ovarian Carcinogenesis

Our clinicopathological and molecular genetic studies
provide the basis for a proposed model of ovarian carci-
nogenesis in which there are two main pathways of tu-
morigenesis, corresponding to the development of type |
and type Il tumors (Tables 1 and 2). It should be empha-
sized that the terms, type | and type Il, describe path-
ways of tumorigenesis and are not specific histopatho-
logical terms. Type | tumors (low-grade serous
carcinoma, mucinous carcinoma, endometrioid carci-
noma, malignant Brenner tumor, and clear cell carci-
noma) develop in a stepwise manner from well-recog-
nized precursors, namely borderline tumors that in turn
develop from cystadenomas and adenofibromas (Figure
1 and Table 1).° The latter benign tumors appear to
develop from the surface epithelium or inclusion cysts in
the case of serous and mucinous tumors and from endo-
metriosis or endometriomas in the case of endometrioid
and clear cell tumors. Type | tumors are slow growing as
evidenced by the observation that they are large and

often confined to the ovary at diagnosis. In contrast, type
Il tumors are high-grade at presentation. Type Il carcino-
mas include what are currently classified as high-grade
serous carcinoma (moderately and poorly differentiated),
malignant mixed mesodermal tumors (carcinosarcomas),
and undifferentiated carcinoma (Figure 1 and Table 2). In
addition, it is likely that some high-grade serous and
undifferentiated carcinoma containing cells with clear cy-
toplasm have been classified as clear cell carcinoma and
would be included in this group. Although malignant
mixed mesodermal tumors (carcinosarcomas) were once
thought to be mixed tumors comprised of carcinoma and
sarcoma, recent studies have demonstrated that they are
monoclonal.’”'® Accordingly, these tumors are now re-
garded as high-grade carcinomas with metaplastic sar-
comatous elements. Type Il carcinomas are rarely asso-
ciated with morphologically recognizable precursor
lesions and it has been proposed that they develop de
novo from the surface epithelium or inclusion cysts of the
ovary.” They evolve rapidly, metastasize early in their
course, and are highly aggressive. It is likely that the
apparent de novo conventional high-grade serous carci-
noma does develop in a stepwise manner but precursor
lesions have not yet been elucidated molecularly or mor-
phologically (Figure 1). Presumably, this is because of
rapid transit from inception as a microscopic carcinoma
to a clinically diagnosed neoplasm. This is supported by

Table 2. Precursors and Molecular Genetic Alterations of Type II Tumors of the Ovary

Type Il tumors* Precursors

Known molecular genetic alterations

High-grade serous carcinoma Not yet identified

Undifferentiated carcinoma
Malignant mixed mesodermal
tumor (carcinosarcomas)

Not yet identified
Not yet identified

p53 mutations (50-80%)

Amplification and overepxression of HER2/neu gene
(10%-20%) and AKT2 gene (12%-18%)

Inactivation of p76 gene (10%-17%)

Not yet identified

p53 mutations (> 90%)

*Type Il tumors can contain neoplastic cells with clear cytoplasm and have sometimes been classified as “clear cell carcinoma.”
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Table 3. Summary of Clinicopathological Features of the Prototypic Type I and Type II Tumors: Low-Grade and High-Grade
Serous Carcinoma, Respectively
Response to
Frequency Histologic features Precursor lesions Clinical behavior® chemotherapy
Low grade ~25% of serous Micropapillary Serous cystadenoma Indolent; slow progression Poor
carcinomas® architecture; low-  Serous atypical 5-year survival ~55%*
grade nuclei; low proliferative (borderline)
mitotic index tumor
High grade ~75% of serous Solid nests and Not known; probably from  Aggressive; rapid Good, although
carcinomas® masses; high- ovarian surface progression; 5-year recurrence is
grade nuclei; high epithelium or inclusion survival~30% common
mitotic index cysts (de novo)

*Based on a survey at the Johns Hopkins Hospital. Most patients will eventually die from the disease after a protracted clinical course.

TAdvanced stage tumors.
*See Sehdev et al.'®

the significantly higher Ki-67 nuclear labeling (prolifera-
tion) index in conventional high-grade serous carcinomas
compared to low-grade serous carcinomas (unpublished
data).™®

This dualistic model is the first step in an attempt to
elucidate the molecular pathogenesis of ovarian carcinoma,
but should not be construed as implying that other path-
ways of tumorigenesis do not exist. For example, it is not
certain whether there are other subsets of type Il carcino-
mas. Molecular profiling and epidemiological studies will be
important to determine whether there are distinct subsets of
type Il tumors. Also it is not clear whether some low-grade
serous carcinomas (type 1) progress to high-grade serous
carcinomas (type ). We have observed serous carcinomas
with high-grade nuclei and abundant mitotic activity that
display a micropapillary architecture, simulating invasive
MPSC (low-grade serous carcinoma). We thought that
these high-grade tumors may have arisen from invasive
MPSCs (low-grade serous carcinoma) but like conventional
high-grade tumors without a micropapillary architecture
these tumors did not harbor KRAS mutations, indicating that
they are not derived from invasive MPSCs (low-grade se-
rous carcinomas) (see below).?° These data are preliminary
and do not rule out the possibility that some low-grade
serous carcinomas progress to high-grade carcinomas but
the findings do support the view that ovarian serous carci-
nomas can be graded into low- and high-grade based on
nuclear rather than architectural features. Preliminary clini-
copathological studies of other type | carcinomas (muci-
nous, endometrioid, and clear cell carcinomas) have dem-
onstrated that some are moderately and even poorly
differentiated, suggesting that some type | carcinomas can
evolve from low- to high-grade neoplasms.

Molecular Evidence Supporting the Dualistic
Model

Serous carcinoma is the most common type of ovarian
carcinoma and therefore low-grade and high-grade se-
rous carcinomas serve as the prototypes of type | and
type Il carcinomas, respectively (Table 3). Accordingly,
the molecular genetic data that are being advanced in
support of the dualistic model are derived mainly from
studies of serous carcinoma.

There are several distinctive molecular changes that
distinguish low-grade and high-grade serous carcinomas
(Table 4). Among them, the most significant molecular
genetic alterations are mutations in BRAF and KRAS on-
cogenes. The RAS, RAF, MEK, ERK, and MAP cascade is
important for the transmission of growth signals into the
nucleus.?” Oncogenic mutations in BRAF and KRAS re-
sult in constitutive activation of this pathway and contrib-
ute to neoplastic transformation. Recent studies have
demonstrated that KRAS mutations at codons 12 and 13
occur in 35% of low-grade serous carcinomas (invasive
MPSCs) and 33% of borderline tumors (atypical prolifer-
ative tumor and noninvasive MPSC) but not in high-grade
serous carcinomas.®2° Similarly, BRAF mutations at
codon 599 occur in 30% of low-grade serous carcinomas
and 28% of borderline tumors but not in high-grade se-
rous carcinomas.?® Mutations in BRAF and KRAS, there-
fore, were found in 65% of low-grade invasive serous
carcinomas and in 61% of atypical proliferative tumors
and noninvasive MPSCs, their putative precursors, but
neither of the genes was mutated in high-grade serous
carcinomas. It is of interest that BRAF mutations were
found only in tumors with wild-type KRAS.2° The mutually

Table 4. Summary of Molecular Features of Prototypic Type I and Type II Tumors: Low-Grade and High-Grade Serous
Carcinoma, Respectively
KRAS BRAF BRAF or KRAS TP53 HLA-G Proliferation
mutations mutations mutations mutations expression (Ki-67) index
Low grade 35% 30% 65% 0 0 ~10-15%
High grade 0 0 0 50%~80% 61% >50%




exclusive nature of BRAF mutations at codon 599 and
KRAS mutations at codons 12 and 13 in ovarian carci-
noma is consistent with similar findings in melanoma and
colorectal carcinoma®2® and lends support for the view
that BRAF and KRAS mutations have an equivalent effect on
tumorigenesis. Mutations of BRAF and KRAS seem to occur
very early in the development of low-grade serous carci-
noma as evidenced by the detection of these mutations in
small atypical proliferative serous tumors but not in serous
cystadenomas.?* These data provide cogent evidence
that the development of conventional high-grade serous
carcinomas involves molecular mechanisms not related
to mutations in BRAF and RAS.

In contrast to low-grade serous carcinoma in which
mutations in p53 are rare, mutations in p53 are common
in high-grade serous carcinomas. Most studies have
shown that ~50 to 80% of advanced stage, presumably
high-grade, serous carcinomas have mutant p53.2572° |t
has also been reported that mutant p53 is present in 37%
of stage | and Il presumably high-grade serous carcino-
mas.*° In a study of very early microscopic stage | serous
carcinomas in ovaries removed prophylatically from
women who were BRCA heterozygotes, overexpression
of p53 and mutation of p53 were found in all early invasive
high-grade serous carcinomas as well as in the adjacent
dysplastic surface epithelium.®' It is likely that inherited
mutations in BRCA genes predispose the ovarian surface
epithelium and inclusion cysts to neoplastic transforma-
tion through an increase in genetic instability. Although
sporadic ovarian carcinomas were not analyzed in this
study, the clinical and pathological features of BRCA-
linked ovarian carcinomas and their sporadic counter-
parts are indistinguishable, suggesting that their histo-
genesis may be similar. Thus, although the findings are
preliminary, they suggest that conventional high-grade
serous carcinoma, in its very earliest stage resembles
advanced stage serous carcinoma at a molecular as well
as at a morphological level. Similar to high-grade serous
carcinoma, malignant mixed mesodermal tumors (carci-
nosarcomas) also demonstrate p53 mutations in almost
all cases analyzed.®®=* |t has been reported that the
same p53 mutations occur in the epithelial and the mes-
enchymal components.®? Moreover, the fact that pure
carcinomatous areas are often associated with sarcoma-
tous components suggests a common derivation of both
the epithelial and the mesenchymal components in these
neoplasms.®® The finding that metastases from these
tumors nearly always are composed exclusively of carci-
noma has led investigators to suggest that malignant
mixed mesodermal tumors are metaplastic carcinomas.

In addition to p53 mutations, conventional serous car-
cinomas that are presumably high-grade demonstrate
amplification/overexpression of HER-2/neu tyrosine ki-
nase gene in 20 to 67%°° and AKT2 serine/threonine
kinase gene in 12 to 18% of samples analyzed.>"%8 In
contrast, amplification of both genes is rare in borderline
tumors. Inactivation of the p16 gene because of promoter
methylation, mutation, or homozygous deletion occurs in
a variety of human cancers including conventional ovar-
ian serous carcinoma that presumably are high grade.®®
Because these are molecular genetic studies in which the
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tumors were described simply as “serous carcinomas,”
we have referred to them as “presumably high-grade”
because the vast majority of serous carcinomas are high
grade.

Besides molecular genetic alterations, both low-grade
and high-grade serous carcinomas are characterized by
distinct gene expression profiles. For example, transcrip-
tome-wide gene expression profiling has demonstrated
that human leukocyte antigen-G (HLA-G) and apoli-
poprotein E (apoE) are overexpressed in most high-
grade serous carcinomas but rarely in low-grade serous
carcinomas. HLA-G immunoreactivity, ranging from focal
to diffuse, was detected in 45 of 74 (61%) high-grade
ovarian serous carcinomas but in none of the 18 low-
grade serous carcinomas or 26 serous borderline tumors
(atypical proliferative tumors and noninvasive MPSCs)
that were studied.*® A similar correlation of HLA-G ex-
pression with behavior has been observed in large cell
carcinoma.*' A possible mechanism that explains the
association of HLA-G expression with prognosis is that
HLA-G seems to facilitate tumor cell evasion of the im-
mune system by protecting malignant cells from lysis by
natural killer cells.*?

Recently, apoE expression has been detected in ovar-
ian tumors. Besides the well-known role of apoE in cho-
lesterol transport and in the pathogenesis of atheroscle-
rogenesis and Alzheimer’s disease, apoE may play a
novel role in the development of human cancer. In ovar-
ian carcinomas, expression of apoE is primarily confined
to type Il high-grade serous carcinoma because apoE
immunoreactivity has been detected in 66% of high-
grade but only 12% of low-grade serous carcinomas. In
contrast, apoE immunoreactivity was not detected in nor-
mal ovarian surface epithelium, serous cystadenomas,
serous borderline tumors, and other type | tumors (Chen,
unpublished data). Inhibition of apoE expression in vitro
induces cell-cycle arrest and apoptosis in apoE-express-
ing ovarian cancer cells, suggesting that apoE expres-
sion is important for their growth and survival.

The genes that are specifically expressed in other
types of ovarian carcinomas remain primarily unknown.
Recently, hepatocyte nuclear factor-18 and glutathione
peroxidase 3 have been reported as molecular markers
for ovarian clear cell carcinoma because both genes are
highly expressed in ovarian clear cell carcinomas but
rarely in other ovarian carcinomas.*®4

Finally, allelic imbalance (calculated as the number of
SNP markers with allelic imbalance/total SNP markers
examined) has been assessed in atypical proliferative
tumors, noninvasive MPSCs, and low-grade serous car-
cinoma (invasive MPSC).® A progressive increase in the
degree of allelic imbalance of chromosomes 1p, 5q, 8p,
18q, 229, and Xp was noted when comparing atypical
proliferative tumors with noninvasive and low-grade se-
rous carcinomas (invasive MPSCs). In particular, allelic
imbalance of chromosome 5g was more frequently ob-
served in noninvasive MPSCs compared with atypical
proliferative tumors and allelic imbalance of chromosome
1p was more frequently found in low-grade serous car-
cinoma (invasive MPSC) compared with noninvasive
MPSCs. The allelic imbalance patterns in atypical prolif-
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erative tumors were also found in noninvasive MPSCs
containing adjacent atypical proliferative tumor compo-
nents, further supporting the view that atypical prolifera-
tive tumors are the precursors of MPSCs. In contrast, all
high-grade serous carcinomas including the very earliest
tumors (less than 8 mm confined to one ovary) showed
high levels of allelic imbalance. As allelic imbalance re-
flects chromosomal instability, the above findings sug-
gest a step-wise increase in chromosomal instability in
the progression to low-grade serous carcinoma in con-
trast to a high level of chromosomal instability in high-
grade serous carcinoma even in their earliest stage of
development.

The stepwise progression of borderline tumors (atypi-
cal proliferative tumor and noninvasive MPSC) to low-
grade serous carcinoma (invasive MPSC) closely ap-
proximates the adenoma-carcinoma sequence in
colorectal carcinoma and the progression of the other
type | carcinomas, specifically mucinous and endometri-
oid carcinoma. In mucinous carcinoma for example, mor-
phological transitions from cystadenoma to an atypical
proliferative tumor (borderline tumor), to intraepithelial
carcinoma and invasive carcinoma have been recog-
nized for some time and an increasing frequency of KRAS
mutations at codons 12 and 13 has been described in
cystadenomas, borderline tumors, and mucinous carci-
nomas, respectively.®45748 |n addition, using microdis-
section, the same KRAS mutation has been detected in
mucinous carcinoma and in the adjacent mucinous cys-
tadenoma and borderline tumor.*® Likewise, in endo-
metrioid carcinomas, mutation of B-catenin has been re-
ported in approximately one-third of cases***° and
mutation of PTEN in 20%, rising to 46% in those tumors
with 10923 loss of heterozygosity.®' These mutations are
generally detected in well-differentiated, stage | tumors
with a good prognosis, suggesting that inactivation of
these genes is an early event. Moreover, similar molecu-
lar genetic alterations including loss of heterozygosity at
10g23 and mutations in PTEN have been reported in
endometriosis, atypical endometriosis, and ovarian endo-
metrioid carcinoma in the same specimen.®'~°¢ The mo-
lecular genetic findings together with the morphological
data showing a frequent association of endometriosis
with endometrioid adenofibromas, atypical proliferative
(borderline) tumors, adjacent to invasive well-differenti-
ated endometrioid carcinoma provide evidence of step-
wise tumor progression in the development of endometri-
oid carcinoma. Clear cell carcinoma is also frequently
associated with endometriosis, clear cell adenofibromas,
and clear cell atypical proliferative (borderline) tumors
but molecular evidence for the stepwise progression
model is lacking because molecular markers specific to
clear cell neoplasms have only recently been identi-
fied.*®4* Transforming growth factor-B receptor type |l
has been found to be mutated in the kinase domain in two
of three clear cell carcinomas but rarely in other histolog-
ical types of ovarian carcinomas.®” Microsatellite insta-
bility is present in endometrioid and clear cell carcinoma
but is only rarely detected in serous and mucinous tu-
mors.®8%9 These findings provide further evidence of the
close relationship of endometrioid and clear cell carci-

noma and point to a common precursor lesion for these
two neoplasms.

Conclusion

Based on morphological and molecular genetic analyses
of a large series of ovarian tumors, we have proposed a
tumor progression model for ovarian carcinoma. In this
model, ovarian tumors are divided into two broad cate-
gories designated type | and type Il. These designations
refer to pathways of tumorigenesis and are not specific
histopathological terms. Type | tumors include low-grade
Serous carcinoma, mucinous carcinoma, endometrioid
carcinoma, malignant Brenner tumors, and clear cell car-
cinoma. Type Il tumors are composed of what are cur-
rently classified as moderately and poorly differentiated
serous carcinoma (high-grade serous carcinoma), malig-
nant mixed mesodermal tumors (carcinosarcomas), and
undifferentiated carcinoma. Some of the latter may con-
tain cells with clear cytoplasm and have therefore been
classified erroneously as clear cell carcinomas. The tu-
morigenic pathway for type | tumors resembles the ade-
noma-carcinoma sequence in colorectal cancer and is
characterized by clearly recognized precursor lesions,
namely, cystadenoma, atypical proliferative tumor, and
noninvasive carcinoma. The latter two noninvasive tu-
mors have traditionally been combined into one category
designated “borderline.” Type | tumors evolve slowly and
are associated with distinct molecular changes that are
rarely found in type Il tumors such as mutations in BRAF
and KRAS for serous tumors, KRAS mutations for muci-
nous tumors, and B-catenin and PTEN mutations for en-
dometrioid tumors. In contrast, type Il tumors evolve rap-
idly, arising directly from the surface epithelium or
inclusion cysts and metastasize early in their course.
There are very limited data on the molecular alterations
associated with type Il tumors except frequent mutations
of p53 in high-grade serous carcinomas and malignant
mixed mesodermal tumors (carcinosarcomas). This
model reconciles the inconsistency in the current classi-
fication of ovarian tumors that regards borderline tumors
as a distinct entity unrelated to invasive carcinoma and
provides a morphological and molecular genetic frame-
work for future studies aimed at elucidating the patho-
genesis of ovarian cancer. Unraveling the complex mo-
lecular genetic pathways involved in  ovarian
carcinogenesis will require correlated morphological and
molecular genetic studies. Identification and character-
ization of the panoply of molecular changes associated
with ovarian carcinogenesis will facilitate development of
diagnostic tests for early detection of ovarian cancer and
for the development of novel therapies aimed at blocking
key growth-signaling pathways.

Acknowledgments

We thank the members of gynecological pathology divi-
sion at Johns Hopkins Medical Institutions for their review
of this manuscript.



References

20.

21.

22.

. Kinzler KW, Vogelstein B: The Genetic Basis of Human Cancer.

Toronto, McGraw-Hill, 1998

. Seidman JD, Russell P, Kurman RJ: Surface epithelial tumors of the

ovary. Blaustein’s Pathology of the Female Genital Tract. Edited by RJ
Kurman. New York, Springer Verlag, 2002, pp 791-904

. Scully RE: International Histological Classification of Tumors: Histo-

logical Typing of Ovarian Tumors. Geneva, World Health Organiza-
tion, 1999

. Scully RE: World Health Organization International Histological Clas-

sification of Tumours. New York, Springer, 1999

. Singer G, Kurman RJ, Chang H-W, Cho SKR, Shih |-M: Diverse

tumorigenic pathways in ovarian serous carcinoma. Am J Pathol
2002, 160:1223-1228

. Ortiz BH, Ailawadi M, Colitti C, Muto MG, Deavers M, Silva EG,

Berkowitz RS, Mok SC, Gershenson DM: Second primary or recur-
rence? Comparative patterns of p53 and K-ras mutations suggest that
serous borderline ovarian tumors and subsequent serous carcinomas
are unrelated tumors. Cancer Res 2001, 61:7264-7267

. Bell DA, Scully RE: Early de novo ovarian carcinoma. A study of

fourteen cases. Cancer 1994, 73:1859-1864

. Caduff RF, Svoboda-Newman SM, Ferguson AW, Johnston CM, Frank

TS: Comparison of mutations of Ki-RAS and p53 immunoreactivity in
borderline and malignant epithelial ovarian tumors. Am J Surg Pathol
1999, 23:323-328

. Dubeau L: Ovarian cancer. The Metabolic and Molecular Bases of

Inherited Disease. Edited by CR Scriver, AL Beaudet, WS Sly, D Valle,
B Childs, KW Kinzler, B Vogelstein. Toronto, McGraw-Hill, 2001, pp
1091-1096

. Burks RT, Sherman ME, Kurman RJ: Micropapillary serous carcinoma

of the ovary. A distinctive low-grade carcinoma related to serous
borderline tumors. Am J Surg Pathol 1996, 20:1319-1330

. Riopel MA, Ronnett BM, Kurman RJ: Evaluation of diagnostic criteria

and behavior of ovarian intestinal-type mucinous tumors: atypical
proliferative (borderline) tumors and intraepithelial, microinvasive, in-
vasive, and metastatic carcinomas. Am J Surg Pathol 1999, 23:617—
635

. Seidman JD, Kurman RJ: Subclassification of serous borderline tu-

mors of the ovary into benign and malignant types. A clinicopatho-
logic study of 65 advanced stage cases. Am J Surg Pathol 1996,
20:1331-1345

. Sehdev AES, Sehdev PS, Kurman RJ: Noninvasive and invasive

micropapillary serous carcinoma of the ovary: a clinicopathologic
analysis of 135 cases. Am J Surg Pathol 2003, 27:725-736

. Okuda T, Otsuka J, Sekizawa A, Saito H, Makino R, Kushima M,

Farina A, Yuzuru K, Okai T: p53 mutations and overexpression affect
prognosis of ovarian endometrioid cancer but not clear cell cancer.
Gynecol Oncol 2003, 88:318-325

. Modesitt SC, Tortolero-Luna G, Robinson JB, Gershenson D, Wolf JK:

Ovarian and extraovarian endometriosis-associated cancer. Obstet
Gynecol 2002, 100:788-795

. Horiuchi A, Itoh K, Shimizu M, Nakai |, Yamazaki T, Kimura K, Suzuki

A, Shiozawa I, Ueda N, Konishi I: Toward understanding the natural
history of ovarian carcinoma development: a clinicopathological ap-
proach. Gynecol Oncol 2003, 88:309-317

. Masuda A, Takeda A, Fukami H, Yamada C, Matsuyama M: Charac-

teristics of cell lines established from a mixed mesodermal tumor of
the human ovary. Carcinomatous cells are changeable to sarcoma-
tous cells. Cancer 1987, 60:1697-2703

. Moritani S, Moriya T, Kushima R, Sugihara H, Harada M, Hattori T:

Ovarian carcinoma recurring as carcinosarcoma. Pathol Int 2001,
51:380-384

. Garzetti GG, Ciavattini A, Goteri G, De Nictolis M, Stramazzotti D,

Lucarini G, Biagini G: Ki67 antigen immunostaining (MIB 1 monoclo-
nal antibody) in serous ovarian tumors: index of proliferative activity
with prognostic significance. Gynecol Oncol 1995, 56:169-174
Singer G, Oldt lll R, Cohen Y, Wang BG, Sidransky D, Kurman RJ,
Shih le M: Mutations in BRAF and KRAS characterize the develop-
ment of low-grade ovarian serous carcinoma. J Natl Cancer Inst
2003, 95:484-486

Peyssonnaux C, Eychene A: The Raf/MEK/ERK pathway: new con-
cepts of activation. Biol Cell 2001, 93:53-62

Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ovarian Tumorigenesis Model 1517
AJP May 2004, Vol. 164, No. 5

J, Woffendin H, Garnett MJ, Bottomley W, Davis N, Dicks E, Ewing R,
Floyd Y, Gray K, Hall S, Hawes R, Hughes J, Kosmidou V, Menzies A,
Mould C, Parker A, Stevens C, Watt S, Hooper S, Wilson R, Jayatilake
H, Gusterson BA, Cooper C, Shipley J, Hargrave D, Pritchard-Jones
K, Maitland N, Chenevix-Trench G, Riggins GJ, Bigner DD, Palmieri
G, Cossu A, Flanagan A, Nicholson A, Ho JW, Leung SY, Yuen ST,
Weber BL, Seigler HF, Darrow TL, Paterson H, Marais R, Marshall CJ,
Wooster R, Stratton MR, Futreal PA: Mutations of the BRAF gene in
human cancer. Nature 2002, 417:949-954

Rajagopalan H, Bardelli A, Lengauer C, Kinzler KW, Vogelstein B,
Velculescu VE: Tumorigenesis: RAF/RAS oncogenes and mismatch-
repair status. Nature 2002, 418:934

Cheng EJ, Kurman RJ, Wang M, Oldt Ill R, Berman DM, Shih I-M:
Molecular genetic analysis of ovarian serous cystadenomas. Lab
Invest 2004, in press

Chan W-Y, Cheung K-K, Schorge JO, Huang L-W, Welch WR, Bell
DA, Berkowitz RS, Mok SC: Bcl-2 and p53 protein expression, apo-
ptosis, and p53 mutation in human epithelial ovarian cancers. Am J
Pathol 2000, 156:409-417

Kohler MF, Marks JR, Wiseman RW, Jacobs IJ, Davidoff AM, Clarke-
Pearson DL, Soper JT, Bast Jr RC, Berchuck A: Spectrum of mutation
and frequency of allelic deletion of the p53 gene in ovarian cancer.
J Natl Cancer Inst 1993, 85:1513-1519

Kupryjanczyk J, Thor AD, Beauchamp R, Merritt V, Edgerton SM, Bell
DA, Yandell DW: p53 gene mutations and protein accumulation in
human ovarian cancer. Proc Natl Acad Sci USA 1993, 90:4961-4965
Berchuck A, Carney M: Human ovarian cancer of the surface epithe-
lium. Biochem Pharmacol 1997, 54:541-544

Wen WH, Reles A, Runnebaum IB, Sullivan-Halley J, Bernstein L,
Jones LA, Felix JC, Kreienberg R, el-Naggar A, Press MF: p53 mu-
tations and expression in ovarian cancers: correlation with overall
survival. Int J Gynecol Pathol 1999, 18:29-41

Shelling AN, Cooke |, Ganesan TS: The genetic analysis of ovarian
cancer. Br J Cancer 1995, 72:521-527

Pothuri B, Leitao M, Barakat R, Akram M, Bogomolniy F, Olvera N, Lin
O: Genetic analysis of ovarian carcinoma histogenesis. Gynecol On-
col 2001, 80:Abstract (Society of Gynecologic Oncologists 32nd An-
nual Meeting)

Gallardo A, Matias-Guiu X, Lagarda H, Catasus L, Bussaglia E, Gras
E, Suarez D, Prat J: Malignant mullerian mixed tumor arising from
ovarian serous carcinoma: a clinicopathologic and molecular study of
two cases. Int J Gynecol Pathol 2002, 21:268-272

Kounelis S, Jones MW, Papadaki H, Bakker A, Swalsky P, Finkelstein
SD: Carcinosarcomas (malignant mixed mullerian tumors) of the fe-
male genital tract: comparative molecular analysis of epithelial and
mesenchymal components. Hum Pathol 1998, 29:82-87

Abeln EC, Smit VT, Wessels JW, de Leeuw WJ, Cornelisse CJ, Fleu-
ren GJ: Molecular genetic evidence for the conversion hypothesis of
the origin of malignant mixed mullerian tumours. J Pathol 1997, 183:
424-431

Sreenan JJ, Hart WR: Carcinosarcomas of the female genital tract. A
pathologic study of 29 metastatic tumors: further evidence for the
dominant role of the epithelial component and the conversion theory
of histogenesis. Am J Surg Pathol 1995, 19:666-674

Ross JS, Yang F, Kallakury BV, Sheehan CE, Ambros RA, Muraca PJ:
HER-2/neu oncogene amplification by fluorescence in situ hybridiza-
tion in epithelial tumors of the ovary. Am J Clin Pathol 1999, 111:311—
316

Cheng JQ, Godwin AK, Bellacosa A, Taguchi T, Franke TF, Hamilton
TC, Tsichlis PN, Testa JR: AKT2, a putative oncogene encoding a
member of a subfamily of protein-serine/threonine kinases, is ampli-
fied in human ovarian carcinomas. Proc Natl Acad Sci USA 1992,
89:9267-9271

Bellacosa A, de Feo D, Godwin AK, Bell DW, Cheng JQ, Altomare DA,
Wan M, Dubeau L, Scambia G, Masciullo V: Molecular alterations of
the AKT2 oncogene in ovarian and breast carcinomas. Int J Cancer
1995, 64:280-285

Rocco JW, Sidransky D: p16(MTS-1/CDKN2/INK4a) in cancer pro-
gression. Exp Cell Res 2001, 264:42-55

Singer G, Rebmann V, Y-C C, Liu H-T, Ali SZ, Reinsberg J, McMaster
M, Pfeiffer K, Chan DW, Wardelmann E, Grosse-Wilde H, Kurman RJ,
Shih I-M: HLA-G is a potential tumor marker in malignant ascites. Clin
Cancer Res 2003, 9:4460-4464

Urosevic M, Kurrer MO, Kamarashev J, Mueller B, Weder W, Burg G,



1518

Shih and Kurman

AJP May 2004, Vol. 164, No. 5

42.

43.

44,

45.

46.

47.

48.

49.

50.

Stahel RA, Dummer R, Trojan A: Human leukocyte antigen G up-
regulation in lung cancer associates with high-grade histology, hu-
man leukocyte antigen class | loss and interleukin-10 production.
Am J Pathol 2001, 1569:817-824

Urosevic M, Willers J, Mueller B, Kempf W, Burg G, Dummer R:
HLA-G protein up-regulation in primary cutaneous lymphomas is
associated with interleukin-10 expression in large cell T-cell lympho-
mas and indolent B-cell lymphomas. Blood 2002, 99:609-617
Tsuchiya A, Sakamoto M, Yasuda J, Chuma M, Ohta T, Ohki M,
Yasugi T, Taketani Y, Hirohashi S: Expression profiling in ovarian
clear cell carcinoma: identification of hepatocyte nuclear factor-1beta
as a molecular marker and a possible molecular target for therapy of
ovarian clear cell carcinoma. Am J Pathol 2003, 163:2503-2512
Hough CD, Sherman-Baust CA, Pizer ES, Montz FJ, Im DD, Rosen-
shein NB, Cho KR, Riggins GJ, Morin PJ: Large-scale serial analysis
of gene expression reveals genes differentially expressed in ovarian
cancer. Cancer Res 2000, 60:6281-6287

Mok SC, Bell DA, Knapp RC, Fishbaugh PM, Welch WR, Muto MG,
Berkowitz RS, Tsao SW: Mutation of K-ras protooncogene in human
ovarian epithelial tumors of borderline malignancy. Cancer Res 1993,
53:1489-1492

Ichikawa Y, Nishida M, Suzuki H: Mutation of KRAS protooncogene is
associated with histological subtypes in human mucinous ovarian
tumors. Cancer Res 1994, 54:33-35

Enomoto T, Weghorst CM, Inoue M, Tanizawa O, Rice JM: K-ras
activation occurs frequently in mucinous adenocarcinomas and
rarely in other common epithelial tumors of the human ovary. Am J
Pathol 1991, 139:777-785

Gemignani ML, Schlaerth AC, Bogomolniy F, Barakat R, Lin O,
Soslow R, Venkatraman E, Boyd J: Role of KRAS and BRAF gene
mutations in mucinous ovarian carcinoma. Gyncol Oncol 2003, 90:
378-381

Wu R, Zhai Y, Fearon ER, Cho KR: Diverse mechanisms of beta-
catenin deregulation in ovarian endometrioid adenocarcinomas. Can-
cer Res 2001, 61:8247-8255

Moreno-Bueno G, Gamallo C, Perez-Gallego L, deMora JC, Suarez A,
Palacios J: Beta-catenin expression pattern, beta-catenin gene mu-
tations, and microsatellite instability in endometrioid ovarian carcino-

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

mas and synchronous endometrial carcinomas. Diagn Mol Pathol
2001, 10:116-122

Obata K, Morland SJ, Watson RH, Hitchcock A, Chenevix-Trench G,
Thomas EJ, Campbell IG: Frequent PTEN/MMAC mutations in endo-
metrioid but not serous or mucinous epithelial ovarian tumors. Cancer
Res 1998, 58:2095-2097

Sato N, Tsunoda H, Nishida M, Morishita Y, Takimoto Y, Kubo T,
Noguchi M: Loss of heterozygosity on 10g23.3 and mutation of the
tumor suppressor gene PTEN in benign endometrial cyst of the ovary:
possible sequence progression from benign endometrial cyst to en-
dometrioid carcinoma and clear cell carcinoma of the ovary. Cancer
Res 2000, 60:7052-7056

Saito M, Okamoto A, Kohno T, Takakura S, Shinozaki H, Isonishi S,
Yasuhara T, Yoshimura T, Ohtake Y, Ochiai K, Yokota J, Tanaka T:
Allelic imbalance and mutations of the PTEN gene in ovarian cancer.
Int J Cancer 2000, 85:160-165

Thomas EJ, Campbell IG: Molecular genetic defects in endometrio-
sis. Gynecol Obstet Invest 2000, 50:44-50

Obata K, Hoshiai H: Common genetic changes between endometri-
osis and ovarian cancer. Gynecol Obstet Invest 2000, 50:39-43
Bischoff FZ, Simpson JL: Heritability and molecular genetic studies of
endometriosis. Hum Reprod Update 2000, 6:37-44
Francis-Thickpenny KM, Richardson DM, van Ee CC, Love DV, Win-
ship IM, Baguley BC, Chenevix-Trench G, Shelling AN: Analysis of the
TGF-beta functional pathway in epithelial ovarian carcinoma. Br J
Cancer 2001, 85:687-691

Fujita M, Enomoto T, Yoshino K, Nomura T, Buzard GS, Inoue M,
Okudaira Y: Microsatellite instability and alterations in the hMSH2
gene in human ovarian cancer. Int J Cancer 1995, 64:361-366
Gras E, Catasus L, Arguelles R, Moreno-Bueno G, Palacios J, Gam-
allo C, Matias-Guiu X, Prat J: Microsatellite instability, MLH-1 pro-
moter hypermethylation, and frameshift mutations at coding mononu-
cleotide repeat microsatellites in ovarian tumors. Cancer 2001, 92:
2829-2836

Singer G, Shih le M, Truskinovsky A, Umudum H, Kurman RJ: Muta-
tional analysis of K-ras segregates ovarian serous carcinomas into
two types: invasive MPSC (low-grade tumor) and conventional serous
carcinoma (high-grade tumor). Int J Gynecol Pathol 2003, 22:37-41



