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Abstract

Serous ovarian cancer is one of the most lethal gynecological malignancies. Progress on effective
diagnostics and therapeutics for this disease are hampered by ambiguity as to the cellular origins
of this histotype of ovarian cancer, as well as limited suitable animal models to analyze early
stages of disease. In this report, we will review current animal models with respect to the two
proposed progenitor cells for serous ovarian cancer, the ovarian surface epithelium and the
fallopian tube epithelium.
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Introduction

Treatment of ovarian cancer presents several unique problems, including identification of
the correct cell of origin for the disease. It is becoming widely accepted that either the
ovarian surface epithelium (OSE) or the epithelium of the distal fallopian tube (FTE) may
serve as a progenitor for high-grade serous cancer, the most common and deadly form of
ovarian cancer. In order to study the initiation and progression of this disease, many animal
models have been developed to recapitulate the course of neoplastic transformation;
however, many of these models have focused only on analysis of cancer arising from the
OSE. The goal of this review is to analyze how current animal models provide insights into
development of serous cancer from the distal fallopian tube as well as the OSE.

Ovarian cancer

While advances have been made in prevention, diagnosis, and treatment of many types of
cancers affecting women, including breast and cervical cancer, ovarian cancer remains the
most deadly gynecological malignancy and the fifth leading cause of cancer death in women
(1). Slow progress in reducing mortality rates for this disease is attributed in part to a lack of
detection methods, as the ovaries are situated deep within the pelvic cavity, limiting
screening tests. As a result, the disease often goes undiagnosed until late stages, limiting
treatment options and providing fewer experimental resources for analysis of early stage
disease. While tumors can arise from other cell types of the ovary, epithelial cell cancers, or
carcinomas, account for ~90% of ovarian cancers, and are the only form of ovarian cancer in
which the progenitor cell is in question (2).
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Further complicating diagnoses and treatment of ovarian cancer are the existence of four
distinct histotypes of ovarian cancer, each with a separate morphology, set of common
molecular abnormalities, and clinical progression. The clear cell and mucinous histotypes
are found at very low frequencies, and little is known about the progenior cells for these
types of ovarian cancer. Endometrioid carcinomas account for approximately 10% of
ovarian carcinomas, with histology that resembles glandular structures normally found in the
uterus (3). Endometrioid carcinoma risk is correlated with endometriosis, and the most
common molecular abnormalities detected are mutations in genes forp-catenin, a member of
the Wnt signaling pathway, and PTEN, a phosphatase involved in downregulating the PI3-
kinase/Akt pathway (4). The most common histotype of ovarian cancer is the serous
histotype, occurring with a frequency of approximately 70% of ovarian epithelial cancers,
and as such will be discussed further in this review (4).

Serous tumors resemble the FTE, but molecular abnormalities and the tissue of origin
associated with this type of tumor vary depending on the grade of carcinoma. By far the
most common type of ovarian carcinoma is high-grade serous carcinoma (HGSC), which is
very aggressive, with high proliferation rates. This may be the result of frequently observed
mutations in p53, occurring in 50-80% of high-grade serous cancers, as well as
amplification of the HER-2/neu oncogene, which is observed in 10-20% of cases (5). There
are at least two potential sites of origin for HGSC, including the OSE or OSE-lined
epithelial inclusion cysts and the FTE (6-8).

Ovulation and the ovarian surface epithelium

The OSE has long been postulated as a source of serous ovarian cancer. The OSE is a single
layer of squamous-to-cuboidal epithelium surrounding the outer surface of the ovary (9).
Following release of the oocyte during ovulation, the OSE proliferate and migrate to cover
the wound in the ovarian surface (10). To facilitate this process, the cells are responsive to
hormonal signals, proteases, extracellular matrix components, and inflammatory molecules.
This has led to the development of hypotheses linking ovulation to development of ovarian
cancer.

While the precise etiology of ovarian cancer is unknown, there is a strong correlation
between an increased number of lifetime ovulations and increased risk of ovarian cancer
(11). There are at least three distinct components of ovulation that likely contribute to this
risk: proliferation of OSE following ovulation, proliferation in response to the
gonadotropins, and release of inflammatory cytokines during ovulation. If serous cancer
originates in the FTE, it is likely that components of ovulation also impact these cells.

The tear-and-repair hypothesis was proposed by Fathalla in 1971, and suggests that
incessant ovulation is a risk factor for ovarian cancer due to constant remodeling of the
ovarian surface, which allows opportunities for spontaneous DNA damage as the cells
rapidly proliferate (12). Increased proliferation of OSE following ovulation has been
validated in many animal systems (10, 13). The OSE express receptors for the
gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), and are
thought to respond to gonadotropin stimulation by an increase in proliferation and inhibition
of apoptosis (14-16). The majority of women are diagnosed with ovarian cancer following
menopause, when depletion of follicles and the lack of negative feedback by estrogen leads
to tonically high levels of circulating FSH and LH (17). Ovulation is also thought to release
inflammatory cytokines, which generate oxidative stress (18). In addition to oxidative stress
generated by prostaglandins, bradykinins, and leukotrienes, macrophage infiltration into the
periovulatory site releases additional sources of reactive oxygen (19). Oxidative stress
associated with ovulation has been shown to induce DNA damage in OSE, contributing to
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neoplastic transformation of these cells (20). Due to the close proximity of the FTE to the
ovary, many ovulatory factors that affect the OSE may additionally impact the fallopian
tube. While these effects have been well characterized in the OSE, future studies should
examine how ovulation impacts the fallopian tube.

The combination of proliferation following ovulation, stimulation by the gonadotropins, and
DNA damage induced by inflammatory molecules likely contributes to development of
ovarian cancer over a lifetime of repeated monthly ovulations. Repeated cycles of ovulation
lead to development of epithelial inclusion cysts, which are thought to be a precursor lesion
for serous ovarian cancer originating from the OSE (7, 21, 22). The cells lining inclusion
cysts are exposed to an environment rich with concentrated hormones and growth factors,
which may contribute to progression to serous adenocarcinomas (22). A similar mechanism
may explain how serous cancer originating in the fallopian tube is often detected in the
ovary, as FTE might be sloughed from the distal fimbriae, fall inside or become trapped in
the ovarian cortex after ovulation, and are subsequently exposed to hormones and growth
factors.

The fallopian tube epithelium and hereditary risk of ovarian cancer

While the OSE has long been accepted as a site of origin for serous ovarian cancer, several
studies have suggested that the distal fimbriae of the fallopian tube may be an alternative site
of origin (8, 23-25). The FTE lies in close proximity and is contiguous with the OSE,
although the two types of epithelium have different molecular characteristics (11). Both
types of cells express certain epithelial markers, such as cytokeratins, but the FTE expresses
E-cadherin while the OSE does not, although E-cadherin is often expressed in inclusion
cysts (26). Additionally, the FTE express tubal-specific markers such as oviductin, Pax8,
and markers of ciliated cells (27). Interestingly, advanced HGSC demonstrates expression of
some tubal-specific proteins, such as CA-125, Pax8, and E-cadherin, which are not normally
expressed in the OSE (28, 29).

The OSE and FTE share a common embryologic precursor in the coelomic epithelium,
which gives rise to the epithelia lining the Mullerian structures, including the fallopian tube,
endometrium, and endocervix, as well as the OSE (9). The OSE retains mesothelial
characteristics that indicate it may not be terminally differentiated (11). Recent hypotheses
have suggested that due to the undifferentiated nature of the OSE as well as its similarity to
the FTE and their common embryologic origin, the OSE and FTE are contiguous and
represent such similar tissues that it may not be necessary to delineate from which cell type
serous ovarian cancer arises (29). Alternatively, there are at least two scenarios for initiation
of serous cancer: the OSE terminally differentiates to resemble the FTE, or the cancer
originates in the fallopian tube and metastasizes to the ovary. In approximately 50% of
women with serous cancer who underwent removal and analysis of the fallopian tubes, early
serous carcinoma was detected in the fallopian tube (24). Often the dominant ovarian mass
and the early lesions detected in the fallopian tube exhibit the same mutations in p53,
indicating that the two types of cancer share a common source (25).

While the majority of HGSC occurs spontaneously, approximately 10% of cases are
associated with a familial history of ovarian cancer, due to inherited mutations in BRCA1
and BRCAZ2 (30). Preneoplastic lesions of the fallopian tube in BRCA women have
molecular alterations similar to those found in overt serous ovarian cancer, including
activation of the PI3-kinase pathway, increase in p53 expression, and decrease of p21
expression (31, 32). Women with BRCA mutations are more likely to exhibit the “p53
signature” and are also more likely to exhibit primary fallopian tube carcinomas, which
histologically resemble serous carcinomas (8, 33). The “p53 signature” refers to foci of p53
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expression in the fallopian tube that occur without accompanying changes in cell
morphology or increased proliferation (8). However, this phenomenon has also been
observed to a lesser degree in the OSE, and may reflect the fact that in the human, the OSE
and FTE are contiguous, with an increased incidence of the “p53 signature” observed as the
cells become more differentiated toward the proximal fallopian tube (29).

Inactivation of DNA damage sensing and repair mechanisms seems to play a key role in
development of serous cancer originating in the FTE, as women with Li-Fraumeni
syndrome, resulting from a germline mutation in p53, are at higher risk for exhibiting the
“p53 signature” while also exhibiting increased levels of DNA damage in the FTE (34).
Despite a high incidence of expression of the “p53 signature”, women with Li-Fraumeni
syndrome are not at a higher risk for serous cancer, indicating that disruption of BRCAL,
and not necessarily p53, is critical for cancer initiation. In support of this hypothesis, when
p53 knockout mice were superovulated with exogenous gonadotropins, no tumors or
neoplastic lesions were observed (35).

There is a clear role for genetic predisposition and disruption in DNA damage repair genes
in development of serous carcinoma originating in the fallopian tube, but it is likely that
ovulation also impacts the fallopian tube, perhaps leading to neoplastic changes in the FTE.
The controversy surrounding the source of HGSC, as well as the mechanisms leading to its
initiation and progression point to a need for animal models that can determine how HGSC
originates in the FTE or the OSE. These systems can also be used to model spontaneous
changes in epithelia, such as might be observed following ovulation, or to determine the
contributions of specific genetic changes to development of HGSC. This review highlights
animal models of spontaneous ovarian cancer, HGSC induced by chemical and hormonal
carcinogens, and genetic models of serous cancer, including promoter-driven expression of
transgenes as well as conditional expression of genes regulated by intrabursal injection of
adenovirus expressing Cre recombinase into floxed mouse models. In particular, analysis of
each system with regard to defining a cell of origin for serous cancer will be highlighted.

Animal models that develop spontaneous ovarian carcinoma

To closely mimic the progression of ovarian cancer seen in humans, investigators have used
a non-human primate model, specifically the macaque. Features of the macaque
reproductive system closely mimic that of the human, with similar anatomy, length of
menstrual cycles, and development of menopause as the animal ages (36). Importantly,
unlike other animal models used to study ovarian cancer such as the rodent or the laying
hen, the non-human primate exhibits fallopian tubes similar to those of humans, with the
epithelial cells on the outer surface of the tissue in contact with the peritoneal surface and
contiguous with the OSE (Figure 1). This may facilitate better analysis of disease initiation
as well as analysis of the effects of ovulation on the fallopian tube.

The progression of ovarian carcinomas in macaques is largely similar to that observed in
humans. Non-human primates develop spontaneous ovarian cancer in an age-dependent
manner, similar to the development of ovarian cancer in humans following menopause (37).
Both humans and non-human primates develop ovarian cancers at low rates, with human
females having an approximately 2% risk of developing ovarian carcinomas, and non-
human primates having about a 0.4% risk (37-39). However, unlike in humans, where the
vast majority of ovarian cancers are epithelial, the most common types of ovarian cancer in
non-human primates are granulosa cell tumors or sex-cord stromal tumors (36, 40).
Carcinomas account for about 23% of the ovarian cancers detected in non-human primates,
and these show remarkable similarity to those observed in humans, as all four histotypes
have been observed and show similar patterns of progression and metastasis (36). However,
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no fallopian tube cancers have been observed in the macaque, although hyperplasia and
nuclear atypia have been observed (36).

The non-human primate model has been used primarily to study prevention of spontaneous
ovarian cancer using hormone-based treatments, which address the onset of ovarian cancer
during menopause, as well as the influence of FSH, LH, estradiol, and progesterone on the
reproductive tissues. Treatment of macaques with oral contraceptives, or with the progestin-
only component of oral contraceptives increased apoptosis in the OSE (41, 42). This
prevention strategy addresses the clearing of OSE spontaneously damaged during ovulation
and the subsequent rapid proliferation following extrusion of the oocyte. However, because
non-human primates develop spontaneous ovarian cancer at such low rates over a long time
course, these studies cannot directly address prevention of ovarian cancer, as no animals
developed tumors during the course of the study. Additionally, these studies were performed
prior to studies proposing the fallopian tube as a source of serous cancer, and future analysis
will be important to evaluate if oral contraceptives could potentially reduce initiation of
tubal lesions following ovulation through apoptosis.

The laying hen offers insights into the role of incessant ovulation in the development of
spontaneous ovarian cancer, but has some dissimilarity to the human anatomy. The hen
maintains an ovulatory cycle lasting 24-26 hours, and the ovulated egg passes through the
oviduct, which is roughly comparable to the human fallopian tube, although the oviduct
functions as an endocrine organ to complete the development of the egg shell prior to laying
(43). The hen does not have a luteal phase and some have postulated that the lack of
circulating progesterone is responsible for the increased risk of cancer, not incessant
ovulation (44). The hen also does not menstruate and some have speculated that retrograde
menstruation is the mechanical force allowing for peritoneal dissemination of uterine cells
or FTE (28). Although hens can lay for up to 8-9 years, most animals used in agriculture are
culled after about 2 years due to the high incidence of ovarian and oviductal tumors (45).
Over the course of a 4 year study, 32% of birds developed ovarian tumors, and 8% of birds
developed oviductal tumors (45). The most common histotypes of ovarian carcinoma found
in laying hens are the endometrioid and serous types, which are found at approximately
similar rates, in contrast to the majority of human ovarian cancers, which are of the serous
histotype (46). Therefore, the laying hen is particularly well suited to study whether the cell
type of initiation directly influences the histotype of ovarian cancer.

Due to the high incidence of spontaneous serous cancer formation in laying hens, many
studies have analyzed the molecular changes occurring in these types of tumors in
comparison to their human counterparts. Mutations in p53 are found in greater than 50% of
human serous ovarian cancers, and a recent study demonstrated that 48% of chicken ovarian
carcinomas also contained mutations in p53 (47). Overexpression of HER-2/neu was
increased in ovarian carcinomas from hens, and in humans, an increase in HER-2/neu
expression is commonly associated with progression of primary fallopian tube carcinoma as
well as HGSC (47-49).

In addition to providing valuable information about the effects of incessant ovulation on
initiation and progression of serous ovarian cancer, the laying hen can also be used to study
the fallopian tube (oviduct) as a progenitor for serous cancer. Since hens develop
spontaneous oviductal tumors, gene expression profiling has been completed to compare
genetic changes in ovarian tumors to serous cancer from humans (50). Trevino et al. found
that hen ovarian tumors when compared to normal ovaries contained upregulated transcripts
of genes found in normal hen oviducts, such as Pax2 and ovalbumin (50). However, the
tumor samples analyzed were not divided by histotype or stage and transcripts were not
compared to those from normal oviducts, so it remains ambiguous whether ovarian tumors
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in the hen originate in the oviduct, or if tumors originating in the OSE terminally
differentiate to resemble the oviduct.

Very few spontaneous ovarian or fallopian tube cancers have been noted in laboratory
rodents. Overall, rats and mice develop ovarian carcinomas at a low rate of approximately
2% of all animals, which is not that dissimilar from human women or non-human primates
(51, 52). A spontaneous carcinoma arising in a Lewis rat was well characterized as being of
the endometrioid histotype, and expression patterns of genes such as p-catenin, HER-2/neu,
and CA125 were similar to that of humans (53).

Of the animal models that develop spontaneous ovarian carcinomas, primarily the laying hen
and the non-human primate, both models provide insight into the role of the three
hypotheses linking ovulation to serous ovarian cancer originating from the OSE. In
examining the fallopian tube as a site of origin for serous cancer, neither the hen nor the
non-human primate has been examined with regard to mutations in BRCA1, which seem to
be a predisposing factor for initiation of serous cancer from the fallopian tube in women.
However, it is likely that ovulation impacts the fallopian tube as well as the OSE, and the
non-human primate is better poised to analyze the influx of hormones and inflammatory
factors acting on this tissue as the hen oviduct is significantly anatomically different from
that of the human. Alternatively, laboratory rodents exhibit anatomy more similar to the
human and non-human primate, with the rodent oviduct comparable to the human fallopian
tube (54, 55). Importantly, rodents demonstrate similar ovulatory cycles to the human; the
existence of a luteal phase, although shorter than that of the human, allows for examination
of progesterone signaling (56). Unlike the hen, the rodent oviduct retains the same cell types
and expression patterns of molecular markers of the human fallopian tube and performs the
same biological functions (27).

Ovarian carcinoma induced by carcinogens

While rats and mice have very low rates of spontaneous ovarian carcinoma, these animals
have been used extensively in studies of carcinoma induced by carcinogens, as well as in
genetically engineered models of ovarian cancer. In order to study early events in ovarian
cancer formation, several studies have treated rodents with chemical carcinogens. Broadly,
these carcinogens include molecules that interfere with normal biological processes in cells
of the ovary, such as hormones or hormone antagonists, or molecules that function as toxins
or DNA damaging agents (57). While treatment of rodents with hormones such as estradiol
or testosterone does not induce ovarian tumors, many studies have noted preneoplastic
changes in the OSE following administration of hormone. Estrogen has been shown to
stimulate proliferation of the OSE, but it is more likely that hormones play a role in
progression of ovarian cancer rather than initiation (58). As the FTE expresses receptors for
estradiol, FSH, and LH, it is likely that if hormones play a role in progression of ovarian
cancer they would also impact those originating in the fallopian tube (59, 60).

Studies utilizing DNA damaging agents, such as N-methyl-N"-nitrosourea (MNU) or 7,12-
dimethylbenz[a]anthracene (DMBA) attempt to mimic the types of random DNA damage
that may occur following repeated iterations of the tear-and-repair process. One caveat is the
fact the types of carcinogens that have been used to model ovarian cancer are not chemicals
to which humans are normally exposed, but these studies can be used to provide information
about the impact of random DNA damage on ovarian cancer initiation.

To date, the most effective route of administration of DMBA or MNU to initiate ovarian
tumors is by implanting a sterile suture coated with the carcinogen directly in contact with
the ovarian surface (61-63). When sutures impregnated with DMBA or MNU were sewn
into the ovaries of rats, all members of the treatment group developed ovarian adenomas or
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adenocarcinomas, indicating the tumors likely arose from the OSE, the cell type in closest
contact to the suture (61). Although the histotype of the adenocarcinomas was not
extensively noted, some serous lesions were observed following treatment with carcinogens
(61). Interestingly, because of placement of the suture within the bursal space encompassing
the ovary, Tunca et al. also noted uterine hyperplasia and neoplastic lesions. This indicates
that the uterus, and likely the oviduct, was affected by treatment with DMBA or MNU, as
the oviduct is contiguous with the uterus in rodents (61).

Additional studies using DMBA-coated sutures implanted into rat ovaries confirmed
formation of adenocarcinomas appearing to originate from the OSE (63). However, this
study noted that mostly undifferentiated carcinomas resulted from treatment with DMBA,
with the exception of one papillary serous cystadenocarcinoma that was observed (63). To
further analyze the impact of ovulation on carcinogen-induced ovarian cancer formation,
Stewart et al. combined superovulation studies with implantation of DMBA-coated sutures
into the ovaries of rats (62). Superovulation was induced by multiple rounds of stimulation
with FSH and LH to promote proliferation of the OSE. Superovulation increased tumor
complexity, with more tumors resembling the serous histotype of ovarian cancer as
compared to animals receiving DMBA treatment without gonadotropin stimulation (62).
These serous lesions were analyzed for molecular alterations and compared to those
commonly identified in human ovarian carcinomas, and mutations in p53 as well as
activating mutations in K-ras were found (62). This study indicates that the additional
stimulation by the gonadotropins may impact progression of ovarian cancer, likely due to
activation of proliferative signaling pathways in cells already spontaneously damaged by
DMBA. The change in p53 as a significant factor influencing cancer formation is also
common to serous cancer originating from the FTE, potentially suggesting that ovulation
may modulate neoplastic changes induced by spontaneous DNA damage in the
microenvironment, including the fallopian tube.

To combine spontaneous DNA damage induced by carcinogens with an altered genetic
background, such as might be found in women with a genetic predisposition to serous
ovarian cancer, DMBA-coated sutures were implanted into the ovaries of mice heterozygous
for a point mutation in p53 (64). Compared to their wild-type littermates, a higher
percentage of DMBA implanted p53Alal35Valiwt mice developed ovarian tumors, some of
which were adenocarcinomas possibly originating from the OSE, although the p53 mutation
would be likely to impact the FTE as well (64). This study provides an interesting
comparison to studies of the “p53 signature”, which is described as an overexpression of p53
(8, 65). Point mutations in p53 often lead to stabilization and ovexpression of the protein,
and if the “p53 signature” is the result of a point mutation(s) similar to that described in the
study by Wang et al., it is possible that at least a subset of the adenocarcinomas observed
may have originated from the oviduct (8, 64-66).

Conditional inactivation of transgenes using Cre-loxP

Often, constitutive expression of genes involved in cancer initiation result in embryonic
lethality, such as the case for BRCA1 (67). One strategy that researchers have used to induce
conditional inactivation is intrabursal injection of adenoviruses expressing Cre recombinase
(AdCre) to inactivate floxed alleles of specific genes. This system requires creation of a
transgenic mouse expressing a constitutive or tissue-specific promoter driving expression of
a particular gene flanked by loxP sites, which act as a substrate for the Cre recombinase
enzyme (68). To inactivate the gene in the OSE, AdCre is injected into the intrabursal space,
often near the uterotubular junction; however, these injections can be leaky and lead to
inactivation of floxed alleles in the oviduct and uterus, and potentially other tissues (Figure
2A) (68, 69).
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Floxed alleles of the tumor suppressors p53, BRCAL, and retinoblastoma (Rb) have been
conditionally inactivated singly or in various combinations by intrabursal injection of
AdCre. Mutations in p53 are found in more than 50% of ovarian cancers, and disruption of
BRCAL is often associated with mutations in p53, particularly in women with a familial
history of breast and ovarian cancer (70). Additionally, Rb has been shown to modulate
BRCAL by direct binding to BRCAL as well as by transcriptional modification of BRCA1
(71). Disruption of these tumor suppressors have been shown to correlate specifically with
HGSC originating from the OSE and the FTE (3).

Following injection of AdCre to inactivate BRCA1, researchers observed no overt tumors
but found preneoplastic lesions, including OSE hyperplasia and epithelial inclusion cysts
(72). Quinn et al. found a very low rate of tumor formation for inactivation of p53 alone,
while Clark-Knowles et al. found that inactivation of p53 resulted in tumors in 100% of
animals, although these were not of epithelial origin (71, 73). Co-inactivation of p53 with
BRCAL, but not Rb, dramatically accelerated tumor growth, although the tumors formed
were leiomyosarcomas, which did not exhibit characteristics indicative of epithelial-derived
tumors and were thought to potentially arise from the bursal membrane (71, 73).

In contrast to these findings, Flesken-Nikitin et al. found that conditional inactivation of p53
and Rb resulted in tumor formation with a very high penetrance, and that 39% of these
tumors were well differentiated and of the serous histotype, although few tumors were
observed when either p53 or Rb was inactivated singly (74). Notably, this study introduced
the AdCre injection following ovulation to induce proliferation of the OSE, which may
impact infectivity and expression levels of the Cre recombinase enzyme, as well as allowing
for the impact of ovulatory hormones on cancer initiation.

An alternative strategy to disrupt p53 and Rb expression used conditional expression of the
SV40 T antigen (SV40 TAg) by intrabursal injection of AdCre (75). Following conditional
expression of SV40 TAg, poorly differentiated epithelial tumors were observed, with
involvement of the oviduct, uterus, and other tissues. Tumors found in the oviduct
resembled those found in the ovary and retained SV40 TAg expression, though it was not
determined whether the oviductal tumors metastasized from the ovary or originated in the
oviduct (75). In this study, AdCre injection clearly affected cells of the oviduct as well as
the OSE, hampering identification of the source of the oviductal tumors.

Promoter-driven expression of transgenes

Conditional expression of floxed genes by intrabursal injection of AdCre allows for
expression of the genes in specific tissues at specific times. An alternative strategy for
conditional expression of genes involved in serous ovarian cancer is by use of a tissue-
specific promoter. OSE-specific promoters have been proposed, including ovarian-specific
promoter 1 (OSP1), and the promoters for secretory leukoproteinase inhibitor (SLP1) and
epithelium-specific ets transcription factor (ESE1) (76). However, the OSP1, ESE1, and
SLP1 promoters have largely been tested only in cell lines, or demonstrate promiscuous
localization in mouse tissues (68, 76).

To date, two mouse models have been published which permit analysis of gene expression
in the FTE without simultaneous expression in the OSE. While a transgenic mouse
expressing Cre recombinase under the FoxJ1 promoter demonstrates recombination within
ciliated cells of the oviduct, recombination is also observed within bronchial cells (77). This
model has not yet been crossed to mice carrying floxed alleles of genes relevant for serous
cancer initiation, so it is unknown if gene inactivation specifically within the ciliated cells of
the oviduct will lead to cancer formation. Miyoshi et al. generated a transgenic mouse line
using the oviductal glycoprotein (OVGP1) promoter driving SV40 expression, resulting in
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formation of large tumors in the oviduct and uterus, but not the ovary (78). Although SV40
TAg expression was detected by RT-PCR in the ovaries of adult transgenic mice, no tumors
were observed in the ovary, possibly indicating that cancer cells originating in the oviduct or
uterus may have metastasized to the ovary. Interestingly, this study observed that tumor
formation in the oviduct and uterus was highly dependent on estradiol, likely as a result of
estradiol regulation of OVGP1 expression (59). Unfortunately, due to tumor formation,
female animals expressing the transgene exhibit severely limited fertility, which may
hamper future studies using this model to study the impact of ovulation on serous cancer
development.

Several mouse models have been generated using the Mullerian inhibiting substance type Il
receptor (MISIIR or Amhr2) promoter, which drives expression of transgenes in the OSE,
granulosa cells, oviduct, and uterine epithelium (Figure 2B) (68). When SV40 TAg was
expressed under the MISIIR promoter, tumors were observed in approximately 50% of the
animals, and these tumors were primarily poorly differentiated carcinomas (79). This is very
similar to the types of tumors observed following intrabursal injection of AdCre into mice
carrying floxed alleles of SV40 TAg (75); however, tumors from the animals expressing
SV40 TAg driven by the MISIIR promoter also exhibited areas of cyst formation and
papillary structures coincident with the OSE, suggesting a serous histotype for at least a
subset of tumors. These tumors follow a pattern of dissemination, metastasis, and formation
of ascites that mimics the course of human disease (79). Despite expression of MISIIR in the
oviductal epithelium, no SV40 TAg expression was detected and no tumors were observed
originating from the oviduct in the initial studies (79). Different results were obtained in this
study as compared to the Miyoshi et al. study utilizing the OVGP1 promoter to drive
expression of SV40 in the oviduct, likely due to differences in the strength of the OVGP1
and MISIIR promoters in the oviduct.

Since original publication of this mouse model, transgenic lines expressing varying levels of
SV40 TAg driven by MISIIR have been developed. Most notably, Quinn et al. have recently
shown that one line of mice exhibits expression of SV40 TAg only in the oviduct and not in
the OSE; however, these animals do not develop tumors (80). This is in accordance with a
recent study showing that SV40 expression drives immortalization of human FTE cells, but
is not sufficient for transformation of these cells (81). As disruption of p53 and Rb mediated
by SV40 TAg was not sufficient to drive neoplastic transformation, these studies point to the
necessity for additional genetic disruptions in the fallopian tube. This study questions
whether the “p53 signature” may represent a true preneoplastic lesion in the fallopian tube,
as inactivation of p53 is not sufficient to drive transformation; however, as the “p53
signature” is more commonly observed in BRCA mutant women, it may serve as a
preneoplastic lesion when BRCAL is also mutated or inactivated.

An interesting study from Chodankar et al. generated mice with conditional inactivation of
BRCAL by crossing animals expressing Cre recombinase driven by the FSH receptor
(FSHR) promoter to animals expressing floxed alleles of BRCA1, with the intention of
targeting BRCAL in granulosa cells (82). Following inactivation of BRCAL by this method,
benign serous cystadenomas were observed in the ovary and uterus but not specifically
mentioned in the oviduct (82). The cysts exhibited epithelial morphology and lacked
expression of Mullerian inhibiting substance (MIS), indicating that they did not originate
from granulosa cells. The authors postulate that in this system, inactivation of BRCA1 in the
granulosa cells disrupts release of a signal interpreted by the OSE, leading to cystadenoma
formation (82). Alternatively, it is possible that BRCAL is also inactivated in tissues such as
the OSE and potentially the FTE, as these tissues have been shown to express FSHR (14,
83). However, expression of MIS might be expected in these cystadenomas, as several
studies have indicated that the OSE and oviduct express MIS as well as MISIIR (84, 85).
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Formation of preneoplastic lesions, specifically areas of OSE hyperplasia and inclusion
cysts, following BRCAL1 inactivation in the OSE and potentially FTE is consistent with
AdCre-mediated inactivation of BRCAL. (72).

Two studies have examined the role of disruption of the P1-3 kinase signaling pathway in
serous ovarian cancer. Using the MISIIR promoter to drive overexpression of the catalytic
p110asubunit of PI-3 kinase, Liang et al. observed hyperplasia of the OSE, consistent with a
role for this signaling pathway in proliferation of epithelial cells (86). No tumors were
observed, but this may correspond to an early event in OSE transformation, which upon
additional genetic insult may lead to tumorigenicity.

Mullany et al. examined alteration of the PI 3-kinase signaling pathway by a different
strategy using inactivation of PTEN phosphatase. PTEN is a negative regulator of Akt, a
kinase downstream of Pl 3-kinase that is often altered in human cancers (87, 88).
Constitutive activation of Pl 3-kinase signaling was combined with expression of an
activating mutation in K-Ras to generate low grade serous papillary adenocarcinoma (87). In
this study, mice expressing floxed PTEN alleles and floxed K1asG12D jleles were crossed to
mice expressing Cre recombinase under the MISIIR promoter. Serous papillary
adenocarcinomas formed in 100% of the animals, and when the investigators compared
transcripts from their murine tumor samples to human tumor samples, they observed many
genes in the K-ras pathway that were similarly regulated. Additionally, overexpression of
p53 was found in OSE isolated from transgenic ovaries, and this was found to be
downstream of disruption of PTEN. This study further demonstrates that in OSE,
inactivation of PTEN and overexpression of K-ras12P drives serous ovarian carcinoma
formation; however, it does not rule out the possibility that loss of PTEN in the tubal
epithelium leads to an increase in p53 expression, which may result in carcinoma originating
in the FTE, which also expresses MISIIR.

A previous study used AdCre to express the same activating mutation in K-ras in
combination with inactivation of PTEN, but with strikingly different results (89). Following
intrabursal injection, Dinulescu et al. observed endometriosis with peritoneal spread when
K-ras®12D was expressed, and observed endometrioid carcinoma when K-ras¢12P was co-
expressed with inactivation of PTEN. The investigators concluded that at least some
endometrioid carcinoma lesions directly arose from the OSE, as ovaries subjected to AdCre
injection that were isolated and re-implanted under the bursas of mice wild type for K-ras
and PTEN exhibited the same endometrioid carcinomas as previously observed.

Comparison of these two studies demonstrates that the method in which transgenes are
expressed in murine models of ovarian cancer can make a significant difference in the
histotype of tumor observed. A closer investigation into viral leakage and the strength of the
MISIIR promoter in the various reproductive tissues is necessary to clarify the origin of
tumors in many transgenic animal models. Additionally, when a tissue-specific promoter
drives the transgenes, the alleles are inactivated prior to puberty, limiting the contribution of
ovarian steroid hormones and gonadotropins to tumor initiation and progression. In contrast,
intrabursal injection of AdCre to inactivate the alleles is performed in adult animals, where
hormones may have already impacted the OSE and FTE. Moreover, AdCre expression is
transient, usually lasting about 21 days, which may or may not be sufficient expression time
to establish lasting neoplastic changes in the cells (74, 89).

Conclusion

To enable earlier diagnosis of ovarian cancer, identification of the source of the tumors is
necessary. While the OSE has long been accepted as the progenitor cell for ovarian
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rcinomas, it is likely that at least a subset of these cancers may originate in the fallopian

tube and metastasize to the ovary, where the cancer is detected. Due to these ambiguities,
researchers are faced with difficulties in using human tissue to study the course of this
disease. To this end, many animal models have been developed to study spontaneous
transformation leading to ovarian carcinomas, as well as targeted disruption of genes found

to

be involved in the progression of human disease. Many of these studies provide useful

information about the tubal epithelium as well as the OSE as a source of disease. Future

an

imal models are likely to specifically target the FTE to determine how ovulation and

inherited risk factors, such as BRCA1 mutations, impact serous cancer development.
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Primate

Figure 1.

Comparison of the location of FTE cells in primates and rodents. Distal fallopian tube
fimbriae (primates) or oviduct (mouse) were analyzed by immunohistochemistry for an
epithelial protein (CK8) or a tubal specific protein (OVGP1). In primates, FTE are on the
outer surface of the stromal component of the tissue, and in mice, the FTE line the lumen of
the oviductal tube.
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Oviduct

AdCre

Figure2.

Targeting of reproductive epithelium by intrabursal AdCre injection or MISIIR promoter. A)
Adenovirus expressing Cre recombinase is injected into the intrabursal space. Blue
represents Cre expression, with darker shades of blue demonstrating higher expression
levels than lighter shades of blue. It is likely that intrabursal injection of AdCre leads to
varying degrees of recombination in the OSE, FTE, and possibly the endometrium. B)
MISIIR promoter targets transgene expression to the Mullerian epithelium, shown in blue.
Affected tissues include the granulosa cells, the OSE, the FTE, and the endometrium. A
detailed analysis of MISIIR promoter strength in these various cellular compartments has
not yet been completed.
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