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Abstract
Epithelial ovarian cancer, which comprises several histologic types and grades, is the most lethal
cancer among women in the United States. In this review, we summarize recent progress in
understanding the pathology and biology of this disease and in development of models for
preclinical research. Our new understanding of this disease suggests new targets for therapeutic
intervention and novel markers for early detection of disease.
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2. INTRODUCTION
Epithelial ovarian cancer is the most lethal form of cancer among women in the United
States. It accounts for about 3% of all cancers among women and is second in frequency to
uterine cancer. An estimated 21,650 new cases and 15,520 deaths were expected in 2008 in
the United States (1). Its early detection is hampered by the lack of appropriate tumor
markers and of clinically significant symptoms until the disease reaches an advanced stage.
For the same reasons, ovarian cancer has the highest fatality-to-case ratio of all
gynecological malignancies (2). Among the major clinical problems associated with ovarian
cancer, those that remain unresolved include malignant progression, rapid emergence of
drug resistance, and associated cross-resistance. The introduction of paclitaxel in the 1990s
improved the rates of initial complete response (51% vs. 31%), progression-free survival (18
months vs. 13 months), and overall survival (38 months vs. 24 months) (3). However, the
clinical behavior of this malignancy varies widely, from an excellent prognosis and high
likelihood of cure to rapid progression and poor prognosis, most probably reflecting
variation in the tumors’ biological properties. The survival rate of patients with early stage
disease approaches 90%, but most cases are diagnosed late, when the symptoms—such as
abdominal distension caused by ascites or large tumor masses—become apparent. Even with
extensive surgical debulking and chemotherapy, the prognosis of late-stage ovarian cancer is
dismal (1).

Over 90% of ovarian neoplasms arise from the epithelial surface of the ovary, the rest from
germ cells or stromal cells. The epithelial neoplasms are classified as serous (30–70%),
endometrioid (10–20%), mucinous (5–20%), clear cell (3–10%), and undifferentiated (1%),
and the 5-year survival rates for these subtypes are 20–35%, 40–63%, 40–69%, 35–50%,
and 11–29%, respectively (4–6). The histopathology of four most common types of
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epithelial ovarian cancer is shown in Figure 1. The subtypes differ with regard to risk
factors, biological behavior, and treatment response. The following sections discuss these
parameters according to each histologic subtype.

3. OVARIAN SEROUS CARCINOMA
The serous histotype is the most common type of ovarian carcinoma. It is classified as low
grade or high grade on the basis of the extent of nuclear atypia and mitosis (7).
Morphologically, low-grade serous carcinoma has minimal nuclear atypia, and mitoses are
rare (≤ 12 per 10 high-power fields); high-grade serous carcinoma, on the other hand, is
characterized by marked nuclear atypia and more mitoses (> 12 per 10 high-power fields)
(7). Low-grade and high-grade carcinomas are different at the genomic and molecular
levels. For instance, low-grade serous carcinoma shows fewer molecular abnormalities by
both cytogenetic analysis (8–9) and single nucleotide polymorphism analysis (9–10) than
high-grade carcinoma. Comparative genomic hybridization (CGH) studies have
demonstrated that high-grade serous carcinoma has a significantly higher frequency of copy
number abnormalities than low-grade tumors (11–13). Furthermore, high-grade carcinoma
showed underrepresentation of 11p and 13q and overrepresentation of 8q and 7p, while low-
grade carcinomas showed 12p underrepresentation and 18p overrepresentation more
frequently (14).

High-grade serous carcinoma commonly involves p53 mutations, but such mutations are
rare in low-grade carcinoma (15). Accumulating data suggest that loss of BRCA1/2 function
may predispose to the development of both sporadic and hereditary high-grade serous
carcinomas (16). However, the exact mechanism by which BRCA1/2 deficiency triggers
tumorigenesis is still not clear. It has been demonstrated that cells with defective BRCA1 are
hypersensitive to DNA-damaging agents, are slower to repair double-stranded DNA breaks,
and show impairment in transcription-coupled repair (17–18). BRCA1 has been shown to
cooperatively bind to p53 and stimulate transcription of the cyclin-dependent kinase
inhibitor p21WAF/Cip1 (19). We recently demonstrated that BTAK, a mitotic phase
regulatory protein, is overexpressed in ovaries of women with a BRCA mutation or history
of ovarian or breast cancer (20). Furthermore, BTAK overexpression was strongly
associated with p53 overexpression, suggesting that p53 may be a physiological substrate of
BTAK (20), although the underlying mechanisms of how the interaction of BRCA, p53, and
BTAK regulates the initiation of ovarian tumorigenesis are not clear. Other genetic
alterations detected in high-grade ovarian cancer include epidermal growth factor receptor
(12–82%), Her2/neu (5–66%) (21), AKT2 (36%) (22), phosphoinositide-3 kinase (PI-3K)
(22), and c-myc (70%) (23).

Low-grade serous carcinoma is characterized by mutations in the KRAS or BRAF pathway,
as mutations in KRAS or its downstream mediator BRAF have been detected in 68% of low-
grade and 61% of low-malignant-potential (LMP) serous carcinomas (24–25). RAS encodes
the highly homologous and evolutionarily conserved 21,000-kD GTP-binding protein that is
often activated in low-grade ovarian serous carcinoma, mucinous ovarian cancer, and
endometrioid ovarian cancer. Ras exerts its effects through three downstream effector
pathways, namely PI-3K, RAF, and RAL-GEFs. Much of the existing knowledge of these
pathways was based on studies of murine cells, which showed that Raf is an effector used by
Ras to induce murine cell transformation (26). Recent studies suggest, however, that human
cells require more genetic changes in neoplastic transformation than do their murine
counterparts. Several types of human primary cells, fibroblasts, embryonic kidney cells, and
breast epithelial cells have been successfully transformed by using a set of genetically
defined elements (27–29), suggesting that different cell types may require the combination
of distinct genetic elements to achieve full transformation.
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The Ras pathway may also be activated by the elimination of regulatory proteins such as
Dab2 (30). Dab2 could sequester Grb2 from binding to SOS, and the dissociation of the
Grb2/SOS complex may reduce Ras activation, which is thought to be a feedback
mechanism for Ras downregulation (31). Dab2 has been found to be widely expressed in
normal human tissues, particularly in ovarian surface epithelial cells (31). In contrast, Dab2
mRNA and protein expression have been found to be absent or suppressed in most ovarian
cancers. Hence, the loss of Dab2 expression may be one of the general changes associated
with cell transformation (31). Alternatively, loss of Dab2 may contribute to tumor cell
growth, as Dab2 transfection suppressed the expression in morphologically normal
epithelium adjacent to ovarian cancer suggests that Dab2 functions as a tumor suppressor
and that its expression is an early event in ovarian cancer progression (31).

The clinical presentation, morphological features, and molecular data indicate that low-
grade and high-grade serous carcinomas arise via different genetic pathways (10,32–36).
Singer et al. designated them as type I tumors and type II tumors (37). Type I tumors are
low-grade neoplasms that develop in a stepwise fashion from “adenoma–borderline tumor–
carcinoma” progression. Type II tumors, however, develop de novo from the surface
epithelium and grow rapidly without morphologically recognizable precursor lesions.
Mutational analysis of low-grade serous carcinoma showed high frequency of KRAS and
BRAF mutations, suggesting that this group of tumors develops through a dysregulated
RAS–RAF signaling pathway. High-grade serous carcinoma has a high frequency of
mutations in the p53 and BRCA1/2 genes, and thus these tumors most probably arise via
TP53 mutations and BRCA1 or BRCA2 dysfunction (36–38). Schematic models for the
development of low- and high-grade serous carcinomas are shown in Figure 2.

4. OVARIAN ENDOMETRIOID CARCINOMA
Ovarian endometrioid carcinoma comprises 10–20% of all epithelial ovarian cancer cases.
These tumors are most common in women aged 50–59 years (mean, 56 years).
Approximately 15–20% of these women also have endometriosis, which may be outside of
the ovary, in the ipsilateral or contralateral ovary, or within the tumor itself. Approximately
14% of women with this cancer have synchronic endometrial carcinoma of the uterus.

Endometrioid tumors have a smooth outer surface. An examination of the cut section usually
reveals solid and cystic areas; the cysts contain friable soft masses and bloody fluid. Less
commonly, the tumor is solid, with extensive hemorrhage and necrosis. Endometrioid
carcinoma has a 5-year survival rate of 40–63%, and the relatively good prognosis is due
mostly to the high percentage of patients presenting with early stage disease. However,
when patients with endometrioid tumor of the ovary are matched with those with a serous
tumor by age and tumor grade, stage, and level of cytoreduction, no significant difference is
found in the 5-year survival rate or survival duration (39).

Relatively little is known about the molecular events that lead to development of ovarian
endometrioid carcinoma, and no molecular markers have been identified as prognostic
indicators. Mutation of the β-catenin gene is one of the most common molecular alterations
in endometrioid carcinoma (40) and thus may be a useful molecular marker. β-catenin has
been implicated in two important biologic processes: cell-cell adhesion and signal
transduction (41–42). At the junctions of epithelial cells, association of β-catenin with the
cytoplasmic domain of cadherins plays an important role in Ca2+-dependent cell adhesion.
In the nucleus, β-catenin participates in signal transduction, binding to the DNA to activate
transcription. Deregulation of the cadherin/catenin complex has been implicated in the
development, progression, differentiation, invasion, and metastasis of several malignancies
(41–42). Deregulation of β-catenin may be caused by an oncogenic mutation in the β-
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catenin gene (CTNNB1), mutations in the APC gene, or alterations of the Wnt signal
transduction pathway.

Endometrioid carcinoma arising in the uterine cavity and that arising in the ovaries are
morphologically similar but differ at the molecular level. For instance, frequency of β-
catenin mutation is higher in synchronous tumors than in single ovarian carcinomas (40).
Moreover, ovarian endometrioid cancers exhibit microsatellite instability and PTEN
alterations less frequently than their uterine counterparts (43). PTEN mutations are found
more frequently in endometrioid carcinomas (approximately 43%) than other histologic
types, indicating that they may play a role in the development of this subtype (44).

5. OVARIAN MUCINOUS CARCINOMA
Primary mucinous tumors are classified as benign, borderline, or malignant, depending on
their histopathologic features. Mucinous tumors may be endocervical-like or intestinal-like,
and mixtures of both cell types do occur. Intestinal-like epithelium is most easily recognized
when it contains goblet cells; these may be seen in benign tumors but are more prominent in
borderline and malignant tumors. Other types of intestinal cell differentiation may be found
in ovarian mucinous tumors, however, including features typical of gastric superficial/
foveolar and pyloric cells, enterochromaffin cells, argyrophil cells, and Paneth cells (45–46).

Unlike serous tumors, which are generally homogeneous in their cellular composition and
degree of differentiation, mucinous tumors are often heterogeneous, particularly the
intestinal type. Mixtures of benign, borderline, and malignant elements (including
noninvasive and invasive carcinomas) are often found within a single neoplasm. Tumor
heterogeneity in these intestinal-type mucinous tumors suggests that malignant
transformation is sequential, progressing from a cystadenoma or borderline tumor to
noninvasive, microinvasive, and invasive carcinoma. Analyses of KRAS mutations lend
molecular genetic support to this theory (47–48). KRAS mutations are common in mucinous
ovarian tumors. Interestingly, some microdissected mucinous tumors were found to have the
same KRAS mutation in histologically benign, borderline, and malignant areas of the same
tumor (47–48). Thus, KRAS mutation may be an early event in ovarian mucinous
carcinogenesis.

Mucinous carcinomas are classified according their extent of invasion (49). Mucinous
tumors of intestinal type that contain glands with the architectural and cytologic features of
adenocarcinoma but lack obvious stromal invasion are classified as noninvasive carcinomas.
Microinvasion has been found in approximately 9% of intestinal-type borderline tumors
(50–51). In general, individual infiltrative foci with a maximum dimension of < 3.0 mm or a
maximum area of < 10 mm2 (provided neither of two linear dimensions exceeds 3.0 mm) are
considered microinvasive (50,52–53). Other investigators have used a cutoff of 2.0 mm (30)
or 5.0 mm (21). Individual microinvasive foci commonly are < 1.0 or 2.0 mm (51,53). The
number of invasive foci in a tumor is variable. More than half of these tumors may have
more than five foci (53). The histologic criteria for microinvasion include the presence of
irregular jagged glands and small strips or nests of tumor cells accompanied by reactive
fibroblastic stroma. Chronic inflammatory infiltrate may be also present. Recently, an
expansile type of invasion was defined (50). This is characterized by an architecturally
complex, arrangement of glands, cysts, or papillae lined by malignant epithelium with
minimal or no intervening normal ovarian stroma. However, the extent, depth, and number
of microinvasive foci, and their clinical significance, still need to be scientifically validated.

Fully invasive mucinous carcinoma is uncommon, accounting for fewer than 10% of all
primary ovarian carcinomas (50,54). The prognosis of invasive mucinous carcinomas of
intestinal type depends on the FIGO stage and the histologic pattern of stromal invasion
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(50,52–53,55) but is favorable compared with that of serous carcinomas; this is because 80%
of invasive mucinous carcinomas are stage I at diagnosis. Carcinomas with an infiltrative
pattern of invasion are more aggressive than those with an expansile pattern. In two recent
series, all 27 cases with expansile invasion were stage I, and none of the 21 for which
follow-up data were available had metastasized (50,52,55).

The molecular mechanisms that lead to the progression of benign mucinous tumors are still
largely unknown. In a recent study, Wamunyokoli et al. profiled gene expression in 25
microdissected mucinous tumors (6 cystadenomas, 10 LMP tumors, and 9 adenocarcinomas)
and described the pathway analysis used to identify gene interactions that may influence
ovarian mucinous tumorigenesis and genes that may mediate the phenotypes typically
associated with these tumors (56). These latter include genes that regulate multidrug
resistance (ABCC3 and ABCC6), signal transduction (SPRY1 and CAV-1), cytoskeleton
rearrangement/signal transduction (RAC1, CDC42, RALA, IQGAP2, cortactin), cell cycle
regulation and proliferation (CCND1, ERBB3, transforming growth factor (TGF)-alpha, and
transformation (c-JUN, K-ras2, ECT2, YES1).

6. OVARIAN CLEAR CELL CARCINOMA
Ovarian clear cell carcinoma (OCCA) accounts for fewer than 5% of all ovarian
malignancies and 3.0–12.1% of all ovarian epithelial neoplasms (57). Unlike serous
carcinoma, OCCA often presents as a large pelvic mass in early stages and thus is diagnosed
early. Advanced-stage disease has a poor prognosis and is resistant to cisplatin-based
chemotherapy. Little is known about the development and progression of OCCA. Studies
have shown that 5–10% of cases are associated with endometriotic lesions; however, little
molecular evidence exists to support an ectopic origin. While p53 mutations are common in
tumorigenesis and have been found in various epithelial subtypes, particularly serous
ovarian carcinoma, they are conspicuously absent in OCCA (58–59), implying that other
anti-apoptotic mechanisms are involved.

The target of methylation-induced silencing 1/apoptosis-associated speck-like protein
(TMS-1/ASC) is a member of the caspase recruitment domain family of proapoptotic
mediators. A high frequency of aberrant methylation that results in transcriptional silencing
of TMS-1/ASC has been observed in OCCA tumors, indicating a mechanism for apoptotic
escape in tumor development; this may have implications for drug resistance in OCCA as
well (60). Mutations in the PTEN gene are common in endometrioid and clear cell ovarian
cancers but not in serous or mucinous ovarian cancers. Loss of CD44 splice control has also
been observed in OCCA (61–62). CD44 is a membrane glycoprotein and is the major cell-
surface receptor of hyaluronate, a glycosaminoglycan that is present on the surface of human
peritoneal cells. The presence of the CD44 isoform CD44-10v was associated with
recurrence or death in 71% of women with OCCA, whereas only 18% of women without the
isoform experienced recurrence or died of disease (63). The CD44-10v isoform was also
absent in the contralateral, unaffected ovaries, suggesting that aberrant alternative mRNA
splicing of CD44 is involved in the development and progression of OCCA.

Several investigators have studied OCCA to determine whether it has a distinct genetic
fingerprint. Using conventional CGH, Suehiro et al. found increased copy numbers of 8q11–
q13, 8q21–q22, 8q23, 8q24–qter, 17q25–qter, 20q13–qter, and 21q22-qter, and reduced
copy numbers of 19p. A molecular signature that distinguishes OCCA from other histologic
types was reported by Schwartz et al., who identified 73 genes that were expressed at 2–29
times higher levels in OCCA than in other histologic types (64). However, this study
included only eight OCCA specimens and revealed that OCCA had a two times higher level
of Her-2 expression than other types. More recently, a comparison of the gene expression
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profiles of serous, endometrioid, and clear cell types of ovarian cancer with that of normal
ovarian surface epithelium revealed 43 genes that were common to all types (62), suggesting
that the process of malignant transformation in serous, endometrioid, and clear cell types of
ovarian cancer involves a common pathway. Furthermore, the profiles of OCCA were
similar to those of renal and endometrial clear cell carcinomas, implying that certain
molecular events are common to clear cell tumors, regardless of the organ of origin (62), and
that crossover molecular target exist with which to treat these tumors.

Microsatellite instability is caused by defects in DNA mismatch–repair genes. In
experimental systems, mismatch repair–deficient cells are highly tolerant to the methylating
chemotherapeutic drugs streptozocin and temozolomide, and, to a lesser extent, cisplatin and
doxorubicin (65). Thus, these drugs are expected to be less effective against mismatch
repair–deficient tumors in humans. We observed high-level microsatellite instability
involvement in the development of a subset of OCCAs and a strong association between
alterations in hMLH1 and hMSH2 expression and microsatellite instability in these tumors
(66). Significantly elevated mRNA levels of ERCC1 (excision-repair, complementing
defective, in Chinese hamster-1) and XPB, two key genes involved in the nucleotide
excision repair pathway and in in vitro resistance to platinum-based chemotherapy (67),
have also been observed in OCCA but not in other epithelial ovarian carcinoma subtypes
(68). Therefore, altering the expression of DNA-repair genes may provide a possible
mechanism of drug resistance against DNA-damaging agents in OCCA. A unique 93-gene
expression profile, the chemotherapy response profile, was recently described; this profile
was predictive of pathologic complete response to first-line platinum- or taxane-based
chemotherapy in 60 patients with epithelial ovarian carcinoma, 92% of whom had the serous
histologic type (69). The apoptotic activator BAX was associated with chemoresistance: its
expression was reduced in patients with chemoresistant tumors. High levels of BAX protein
have previously been associated with paclitaxel sensitivity and improved survival in patients
with epithelial ovarian cancer (70). As described earlier, among the immunohistochemical
characteristics of OCCA is the notable overexpression of BAX in stage I and II OCCA
tumors (58). Furthermore, the antiapoptotic protein Bcl-2, which inhibits BAX-mediated
apoptosis, is expressed at higher levels in metastatic OCCA lesions than in primary OCCA
lesions (71). A p53-mediated pathway has been implicated in the induction of cell death
after DNA damage by platinum-based chemotherapeutic agents, which results in a decrease
in the relative ratio of Bcl-2/Bax, thus favoring apoptosis (72). Hence, the presence of a
lower relative ratio of Bcl-2/BAX in early stage OCCA tumors and a higher relative ratio of
Bcl-2/BAX in metastatic OCCA lesions may account for the dichotomy in outcome
observed between patients with early stage OCCA, who have a good prognosis, and those
with late-stage, platinum-resistant OCCA, who have a poorer prognosis than their
counterparts with serous carcinomas.

7. HOX GENES IN OVARIAN CANCER HISTOGENESIS
Ovarian carcinoma comprises at least four distinct histotypes as already described, each with
its own clinical behavior and characteristic molecular fingerprint. The type and degree of
differentiation are key determinants of clinical behavior and prognosis. Recent studies have
demonstrated that the inappropriate inactivation of a molecular program that controls
patterning of the reproductive tract could explain the morphologic heterogeneity of epithelial
ovarian cancers and their assumption of müllerian features (73). This program is regulated
by a family of homeobox genes (HOX). Originally described in Drosophila, these genes
regulate normal axial and spatial development. In mammals, HOX genes, tandemly
arranged, control lower abdominal development—Hoxa9, Hoxa10, and Hoxa11, which are
related to Abdominal-B (Abd-B), control differentiation of the müllerian ducts into the
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fallopian tubes, uterus, and cervix (73). Dysregulation of different HOX genes leads to
development of serous, endometrioid, and mucinous carcinomas (73).

8. EPITHELIAL-STROMAL INTERACTIONS IN CANCER
Most studies on oncogene activation and loss of tumor suppression have focused on their
role in epithelial cells; few have focused on how transformed epithelial cells interact with a
major component of the tumor microenvironment—stromal fibroblasts. Several studies have
revealed that the stromal microenvironment can prompt transformation of initiated
(immortalized) epithelial cells but not normal fibroblasts. Cuhna and colleagues found that
an initiated but nontumorigenic prostate epithelial cell line was transformed to a tumorigenic
state after being exposed to fibroblasts derived from cancer but not to normal fibroblasts
(74). Campisi and colleagues demonstrated that senescent fibroblasts, which behave like
cancer-derived fibroblasts, can induce transformation of initiated epithelial cells but not
normal epithelial cells (75–76). These cancer-derived fibroblasts are presumably in an active
state and could constitute a step in the stepwise oncogenesis model (i.e., progression from
benign epithelial cells to full malignancy). In support of this view are findings from a cDNA
expression profile analysis of 16,500 genes in which peritoneal samples from patients with
ovarian cancer had higher levels of several inflammatory cytokines than samples from
healthy women and women with benign ovarian disease. Natural ovarian cancer is
characterized by an abundant cytokine network that includes proinflammatory cytokines,
chemokines, and growth factors (77–80). None of these studies, however, have explained
how these fibroblasts or peritoneal cells become activated and stimulate transformation,
partly because of the lack of a model system with which to address these questions.

9. SENESCENT FIBROBLASTS IN OVARIAN CANCER PROMOTION
Cellular senescence is thought to contribute to both aging and cancer development, probably
through secreted growth factors, cytokines, extracellular matrix, and degradative enzymes,
although the specific mechanisms are poorly understood (81–83). Because cellular
senescence accumulates with age, it may contribute to age-related declines in tissue
function. Cellular senescence may act to suppress tumor formation at a young age but
promote it at an older age, perhaps because abrogation of the senescence program by genetic
mutations in epithelial cells provides a favorable tumor microenvironment. In addition to
natural aging, environmental carcinogens such as radiation can induce a senescence-like
phenotype and promote epithelial tumor growth (84). Thus, senescence is a double-edged
sword that can both suppress tumors (in the development of cancer cells) and promote them
(if senescence occurs in cell types near cancer cells); this is the “good citizen/bad neighbor”
concept proposed by Judith Campisi (83,85). In 2001, Campisi and colleagues found that
senescent fibroblasts promoted the transformation of epithelial cells in which the senescence
program was disrupted (75,76). Other investigators have shown that senescent fibroblasts
can increase invasion by upregulating growth factors and changes in survival pathways
(84,86).

Senescent fibroblasts were shown to promote transformation and tumor growth in a
xenograft mouse model (75); however, whether these fibroblasts exist in vivo remains
uncertain. Another unsettled issue in the field is the nature of the molecular signals that
trigger senescence and their source (presumably tumor cells). In a previous study, we used
three senescence markers (SA-β-gal, p16, and H1B-β and found that fibroblasts near
epithelial ovarian cancer cells are senescent (87). We also found that Ras sends a signal,
Gro-1, to neighboring cells to induce fibroblast senescence, which creates a “tumor-prone”
microenvironment that promotes tumorigenesis. These findings bridge the “missing link” in
the field of senescence: they show that the “bad neighbor” exists in vivo and that Gro-1, a

Rosen et al. Page 7

Front Biosci. Author manuscript; available in PMC 2010 April 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



downstream target gene of Ras, can reprogram normal fibroblasts to become senescent,
thereby promoting cancer cell growth. Thus, senescent fibroblasts may be a key component
of cancer stroma and work with other components, including endothelial cells and
macrophages, to synergistically promote tumorigenesis in vivo. A representative picture of
senescent stromal fibroblasts in ovarian cancer is shown in Figure 3.

10. INFLAMMATION AND OVARIAN CARCINOGENESIS
Ovarian cancer develops in a unique microenvironment, the peritoneum. For many years,
two hypotheses on the etiology of ovarian cancer were dominant—the ovulation hypothesis,
which linked ovarian cancer with the number of ovulation events (88), and the pituitary
gonadotropin hypothesis, which suggested that postmenopausal elevations in gonadotropin
acted in concert with estrogen to stimulate the transformation of human ovarian surface
epithelial cells (89). Systematic evaluations of epidemiologic data, however, implicate
chronic inflammation (caused by repeated ovulation, endometriosis, or pelvic inflammation)
in the development of most forms of ovarian cancer (90–92). As described in our recent
review, the peritoneum comprises the basis of the microenvironment in which the initiation,
progression, and differentiation of ovarian cancer take place (93). The peritoneum is
organized, both structurally and functionally, to protect the integrity of the abdominal
organs. The surface epithelium of the peritoneal and serosal membrane is attached to a base
membrane that lies atop a stromal layer of variable thickness composed of a collagen-based
matrix, blood vessels, lymphatic vessels, and nerve fibers. Because the peritoneum is open
to the environment through the fallopian tubes, it is constantly susceptible to environmental
proinflammatory stimuli such as viral or bacterial infection. Thus, peritoneal inflammation
could represent a “tumor-prone” microenvironment that facilitates ovarian cancer initiation
and progression.

For decades, researchers have known that strong associations exist between inflammation
and cancer development—for example, Helicobacter pylori and gastric cancer, hepatitis C
and hepatocellular carcinoma, ulcerative colitis and Crohn’s disease and colon cancer, and
chronic pancreatitis and pancreatic cancer (94–95). High circulating levels of inflammatory
cytokines have been found in several tumor types (96–98). Biochemical evidence indicates
that cytokines with roles in tumor growth and metastasis are abundant in natural ovarian
cancer (77–80). Recently, Karin and Ben-Neriah linked activated NF-κB, chronic
inflammation, and tumor initiation and progression in mouse models of ulcerative colitis and
hepatitis, thus providing the first evidence that NF-κB is the long-sought missing link
between inflammation and cancer (99–101). The activation of NF-κB in response to chronic
inflammation may be critical for ovarian cancer initiation and progression. Proinflammatory
cytokines such as TNF-α may have a key role in the ovarian cancer microenvironment
(102). The role of proinflammatory cytokines in promoting the development of tumor
stroma and controlling host and preneoplastic interactions could be mimicked by RAS/NF-
κB signaling; in the genetically defined model we developed (see below), Ras activated
several cytokines involved in proinflammatory pathways, such as TNF-α, interleukin (IL)-1,
IL-8, IL-6, cyclooxygenase 2, Gro-1, and Gro-2. These results strongly suggest that Ras
alters the tissue microenvironment by means of cytokines that activate both epithelial and
stromal cells in autoparacrine and paracrine manners, as described in models of ulcerative
colitis and hepatitis. Cancer-associated fibroblasts could replace Ras in our transformation
model (see below), suggesting that they have functions similar to those of Ras. Because NF-
κB is central to the activation of proinflammatory cytokines, chemokines, and tissue
modeling factors, our genetically defined model of Ras-mediated transformation in ovarian
cancer may allow us to answer questions regarding the role of Ras signaling in ovarian
tumorigenesis, the dominant pathway in mucinous and low-grade serous carcinomas of the
ovary.
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11. MODELS OF OVARIAN CANCER
Despite our knowledge of genetic alternations in ovarian cancer, we do not understand how
these genetic changes work together to transform normal ovarian surface epithelial cells into
cancerous cells. This is partly because we lack an experimental model system for studying
human ovarian cancer. Since 1980, several researchers have used ovarian surface epithelial
cells isolated from rats, mice, and rabbits as models for ovarian carcinogenesis (103–105).
Rat ovarian surface epithelial lines can be transformed into tumorigenic lines after multiple
passages (104,106). The genetic events required for malignant transformation in these
spontaneous transformation systems are poorly defined, however, and the specific genetic
events required for ovarian cancer to develop remain unknown. To overcome the limitations
associated with spontaneously transformed rodent cells, Orsulic et al. developed a mouse
model system in which an avian retroviral gene delivery technique is used to introduce
several genes into mouse ovarian surface epithelial cells (107). The introduction of any two
of the oncogenes—c-myc, K-ras, or Akt—onto a mutated p53 background led to formation
of ovarian tumors that were similar to human ovarian cancer. The results of a more recent
study showed that approximately half of female transgenic mice expressing the transforming
region of SV40 under the control of the müllerian inhibitory substance type II receptor gene
promoter developed bilateral ovarian tumors (108). Mutation activation in K-ras and
inactivation in PTEN or double mutational inactivation in APC and PTEN leads to
development of ovarian endometrioid carcinoma (109–110), whereas concurrent inactivation
of p53 and Rb leads to development of serous carcinoma from mouse ovarian surface
epithelial cells (111). Ovarian surface epithelial cells from humans are more difficult to
transform than cells from rodents. Several researchers have used cultured human ovarian
surface epithelial cells to study human ovarian carcinogenesis (112–115). Transfection of
such cells with the SV40 early genomic region that expresses T and t antigens or the human
papillomavirus-16 E6/E7 region extended the life span of these cells, but the transfected
cells eventually entered crisis and died (113,116). After several months, immortal cells
occasionally emerged, but they did not form colonies in soft agar or tumors in nude mice
(113,116). Rarely, cells transfected with T/t or E6/E7, after many passages in culture,
produced colonies in soft agar or formed tumors in nude mice (113,114), presumably as a
result of spontaneous mutation.

We have established models based on human ovarian surface epithelial cells to understand
human ovarian cancer development. We recently created a genetically defined model of
human ovarian cancer in which the SV40 early genomic region was used to disrupt the p53
and Rb pathways. The catalytic subunit of telomerase (hTERT) and HRAS or KRAS were
introduced into human ovarian surface epithelial cells using the transformation protocol
developed by Hahn and Weinberg (117). The successful transformation of these cells was
confirmed by their ability to form subcutaneous tumors in nude mice. Moreover, mice given
intraperitoneal injections of these transformed cells developed ascites and undifferentiated
or malignant mixed müllerian tumors with focal staining for CA125 and mesothelin
(markers of human ovarian cancer). These cells provide a novel model system for studying
RAS signaling in human ovarian cancer transformation (118). A representative picture of
ovarian cancer generated from transformed ovarian surface epithelial cells is shown in
Figure 4. Transformation of ovarian epithelial cells by HRAS or KRAS activation also leads
to expression of cytokines involved in chronic inflammation and wound healing. Increased
concentrations of IL-1β and IL-8 have been detected in human ovarian cancer cell lines and
in ascites and serum samples from ovarian cancer patients (119–123), demonstrating that the
pathways used in our genetically transformed cell lines are similar to those in naturally
derived ovarian cancer. Thus, our cellular model constitutes a valuable model for studying
the initiation of ovarian cancer on a well-defined genetic background. Because many of the
cytokines activated by RAS in our model are similar to these involved in ovulation, this
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model provides a valuable experimental tool for studying ovulation’s contribution to ovarian
oncogenesis.

Despite the large amount of valuable information generated by this model, it is limited by its
use of the SV40 T/t antigen, which has multiple downstream effects that may complicate
interpretation of the mechanisms involved in RAS-mediated transformation. To overcome
this limitation, we generated a second-generation model of immortalized, nontumorigenic
cells by using retrovirus-mediated small-interfering RNA against p53 or Rb, in combination
with the ectopic hTERT expression (124–125). This new model offers new opportunities to
study the mechanisms underlying development of different types and grades of ovarian
cancer and to define the number and combinations of genetic changes required for ovarian
carcinogenesis.

In summary, significant progress has been made in understanding the pathology, biology,
and etiology of ovarian cancer, particularly in last 5 years. Development of ovarian cancer
involves not only alteration of genetic elements in the genome of epithelial cells but also
reprogramming of the microenvironment such as stroma and inflammation. Understanding
the genetics and pathways at the molecular levels in both epithelial cells and stromal
fibroblasts allows us to model ovarian cancer using defined genetic elements. RAS-
transformed human ovarian surface epithelial cells and mouse models represent invaluable
tools in dissecting the mechanisms of initiation and progression of ovarian carcinoma, which
will yield new drug targets for therapeutic intervention.
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Figure 1.
Pictures of the four most common histologic types of ovarian cancer, stained with
hematoxylin and eosin. A, Ovarian serous carcinoma showing papillae formation. B,
Ovarian serous carcinoma with predominant solid growth pattern. C, Ovarian endometrioid
tumor of low malignant potential showing glands similar to the complex hyperplasia of the
uterine endometrium. D, High-power view of ovarian endometrioid carcinoma that is
morphologically similar to endometrial carcinoma of the uterus. E, Ovarian clear carcinoma
showing cellular clearing and cystic growth pattern. F, High-power view of ovarian clear
cell carcinoma with hobnail growth pattern. G, Ovarian mucinous tumor of low malignant
potential. H, Well-differentiated ovarian mucinous carcinoma.
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Figure 2.
Dualistic models of serous ovarian cancer development. Development of low-grade serous
carcinoma proceeds through morphologically recognizable intermediates, from inclusion
cystadenoma or cystadenofibroma to serous tumor of low malignant potential and low-grade
serous carcinoma, which is characterized by a high frequency of KRAS/BRAF mutations;
the high-grade serous tumor develops de novo, with no recognizable intermediates, and is
characterized by a high frequency of p53 mutations and an absence of KRAS/BRAF
mutations. OSE: ovarian surface epithelial cells.
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Figure 3.
The fibroblasts near ovarian cancer are senescent. The epithelial cells are highlighted by
positive staining for cytokeratin, while senescent fibroblasts are stained positively by acidic
β-galactosidase.
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Figure 4.
Genetically transformed human ovarian surface epithelial cells grew tumors similar to
human ovarian cancer in the peritoneal cavities of nude mice. Arrow heads indicate the
tumor nodules.
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