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We modeled the etiology of postmenopausal biology on ovarian cancer risk using germ cell-deficient white-spotting variant
(Wv) mice, incorporating oncogenic mutations. Ovarian cancer incidence is highest in peri- and postmenopausal women, and
epidemiological studies have established the impact of reproductive factors on ovarian cancer risk. Menopause as a result of
ovarian follicle depletion is thought to contribute to higher cancer risk. As a consequence of follicle depletion, female Wv mice
develop ovarian tubular adenomas, a benign epithelial tumor corresponding to surface epithelial invaginations and papilloma-
tosis frequently found in postmenopausal human ovaries. Lineage tracing using MISR2-Cre indicated that the tubular adenomas
that developed in Wv mice were largely derived from the MISR2 lineage, which marked only a fraction of ovarian surface and
oviduct epithelial cells in wild-type tissues. Deletion of p27, either heterozygous or homozygous, was able to convert the benign
tubular adenomas into more proliferative tumors. Restricted deletion of p53 in Wv/Wv mice by either intrabursal injection of
adenoviral Cre or inclusion of the MISR2-Cre transgene also resulted in augmented tumor growth. This finding suggests that
follicle depletion provides a permissive ovarian environment for oncogenic transformation of epithelial cells, presenting a mech-
anism for the increased ovarian cancer risk in postmenopausal women.

Epidemiological evidence suggests that the risk of ovarian can-
cer is associated with the number of ovulatory events (1-3).
Two major theories, namely, incessant ovulation (4, 5) and go-
nadotropin stimulation (6-8), have been postulated to explain the
cancer risk association. The incessant ovulation hypothesis (4, 5)
postulates that the repeated wounding and proliferative repairing
of the ovarian surface epithelium results in mutations accumulat-
ing in the epithelial cells and ultimately in tumor formation. Sup-
ported by the same epidemiological evidence, the gonadotropin
stimulation hypothesis (6-8) suggests that the surges of pituitary
gonadotropins (FSH and LH) that initiate each ovulation also
stimulate the ovarian surface epithelium and induce cell transfor-
mation. The role speculated for gonadotropins is also consistent
with the fact that ovarian cancer occurs most frequently in post-
menopausal women, when ovulation ceases yet plasma gonado-
tropins are elevated (1, 3, 9, 10). However, since these hormones
have unremarkable effects on the growth of ovarian surface epi-
thelial cells in culture and in mice, a direct impact of the hormones
on ovarian epithelial cells is considered unlikely to be a critical
causal factor (11, 12).

Presumably, successful modeling of ovarian cancer in mice will
provide useful tools to investigate the mechanisms of these repro-
ductive factors in ovarian cancer risk. In the past 2 decades, efforts
have been made to develop genetic models of ovarian cancer in
mice. First, a mouse model demonstrated that a combination of
defined genetic changes, such as k-Ras, v-Akt, v-myc, or loss of
P53, could transform mouse ovarian surface epithelial cells, which
produced malignant tumors when reintroduced into the ovarian
bursa of the mice (13). Expression of T antigen using the Mulle-
rian-inhibiting substance receptor type 2 (MIS R II [MISR2], or
anti-Mullerian hormone receptor type II [Amhr2]) promoter led
to a transgenic line that developed malignant bilateral ovarian
tumors (14). Intrabursa delivery of adenovirus Cre (Adv-Cre) to
mediate deletion of both p53 and Rb in ovaries also resulted in the
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development of malignant ovarian epithelial tumors (15). Other
mouse ovarian tumor models are endometriosis and endometri-
oid carcinomas following conditional expression of K-Ras and
deletion of Pten in ovarian surface epithelial cells (16, 17) or by
combining beta-catenin activation and Pten loss (18). As the re-
cent findings that the origin of high-grade serous ovarian cancer
may be derived from fallopian tube fimbria (19-22), simian virus
40T (SV40T) expression driven by the promoter of the mouse
oviductal glycoprotein (OGP) was shown to produce tumors from
the fallopian tube and other epithelial cells of the reproductive
tract (23). Carcinomas derived from fallopian tube fimbria with
morphology resembling high-grade serous ovarian cancer in hu-
mans developed in mice following Amhr2-Cre-mediated deletion
of Pten and Dicer (24). Transformation of fallopian tube epithelia
by deletion of BRCAL1, Tp53, and Pten was demonstrated to model
high-grade serous cancer in mice, adding to the support of a fal-
lopian tube origin of serous ovarian cancer (25). Additional ovar-
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ian cancer animal models that are not mentioned here have also
been produced and studied (26-28).

Despite these accomplishments, modeling of human serous
ovarian cancer in mice has not successfully replicated the geno-
type and phenotype link, and p53 mutation alone in mice is not
sufficient to produce ovarian serous tumors. Although p53 muta-
tion is the only common genetic mutation in high-grade serous
ovarian cancer (29), p53-null mice do not commonly develop
ovarian cancer. Even when p53-null ovaries were transplanted
into wild-type recipients to allow prolonged aging, the ovarian
tumors that developed were of granulosa rather than epithelial
origin (30). In several recent studies, concomitant inactivation of
BRCAL1 and Tp53 or Rb produced leiomyosarcomas, which likely
originated from the ovarian bursa (31-33). Further investigation
of these animal models will potentially lead to greater understand-
ing of ovarian cancer development. Nevertheless, all of these mod-
els lack components related to the reproductive etiology of ovar-
ian cancer.

A unique germ cell-deficient mouse line, the white spotting
variant (Wv), recapitulates several aspects of human menopause
and has been suggested for use in investigating the link between
reproductive factors and ovarian cancer risk (34, 35). Wv female
mice have a greatly decreased number of ovarian follicles due to a
mutation in c-Kit that greatly reduces tyrosine kinase activity (36—
39). At around 8 weeks of age, when wild-type littermates reach
reproductive maturity, the Wv/Wv ovaries are depleted of folli-
cles, and subsequently, ovarian tubular adenomas initiate (40, 41).
These epithelial tumor cells are derived from the ovarian surface,
and the majority of the lesions either exhibit inclusion cyst-like
structures or resemble the surface deep invaginations/papilloma-
tosis that is commonly observed in postmenopausal human ova-
ries (41, 42—44). Although dysplastic morphology is evident in
some epithelial compartments of the tubular adenomas, the ovar-
ian epithelial tubular structures in Wv mice are considered benign
tumors, and the lesions are confined to ovarian tissues and do not
become metastatic.

Previously, in an attempt to convert these benign lesions into
more malignant tumors, we added a homozygous p53 deletion in
Wv mice (45). However, global deletion of p53 did not enhance,
but rather prevented, the development of tubular adenomas in the
Wv/Wv; p53~/~ mice. Investigation of the mechanism revealed
that p53 deletion rescued and prolonged the survival of the ovar-
ian follicles, which in turn suppressed the development of ovarian
tubular adenomas (45). This surprising finding indicates that the
presence of ovarian follicles suppresses the growth and remodel-
ing of epithelial cells in the ovaries.

In the current study, we further tested the hypothesis that the
synergy between oncogenic mutations and the postmenopausal
ovarian environment can be achieved by combining the germ cell-
deficient phenotype of the Wv/Wv mice and genetic alterations.
Here, we investigated ovarian tumor phenotypes in Wv/Wv mice
with additional p27 ablation or restricted p53 inactivation, which
are commonly found in human ovarian cancer.

MATERIALS AND METHODS

Sources, breeding, and genotyping of compound-mutant mice. All the
mouse strains were kept in the C57BL/6 background. The Wv mouse
(C57BL/6J-KitW-v) breeding pairs were originally obtained from Jackson
Laboratory in 2002 and were maintained by inbreeding, as well as occa-
sionally backcrossed with C57BL/6] mice in our mouse facility for the last
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10 years. Several studies using the mice have been reported (34, 41, 46).
The compound-mutant inbreeding colonies were established by crossing
Wv/+ mice with p277/7, p53*/~, or p53"1 (p53 allele/gene is flanked by
loxP sites) mice. The founder pair of p27*/~ mice was a kind gift from
Andrew Koff via A. Di Cristofano (47). The following primer sets were
used for PCR genotyping to amplify the wild-type and mutant p27 alleles:
5'-AGGTG AGAGT GTCTA ACGG-3', 5'-AGTGC TTCTC CAAGT
CCC-3', and 5'-GCGAG GATCT CGTCG TGAC-3". All three primers
were used simultaneously in the PCR, yielding a 130-bp wild-type and/or
450-bp p27 mutant band. The p53 ™/~ mice were purchased from Tac-
onic (Hudson, NY) (48). The following primer sets that simultane-
ously amplify the wild-type and mutant p53 alleles were used for PCR
genotyping: 5'-TGGTG CTTGG ACAAT GTGTT-3', 5'-CTCCG
TCATG TGCTG TGACT-3', and 5'-GGATG ATCTG GACGA
AGAGC-3'. A 450-bp PCR product indicated a wild-type allele, and a
650-bp product indicated a mutant p53 allele. The p53™ pair (FVB;
129-Trp53tm1Brn, from the Mouse Models of Human Cancer Consor-
tium [MMHCC] mouse repository, National Cancer Institute, Frederick,
MD [http://mouse.ncifcrf.gov/]) (49, 50) was a gift from Denise Connolly
(32). The following primer sets were used in PCR genotyping to amplify
the wild-type and loxP-flanked intron 1 of the p53 allele: forward primer,
5'-CACAA AAACA GGTTA AACCA G-3', and reverse primer, 5 -AG-
CAC ATAGG AGGCA GAGAC-3', yielding a 288-bp band for the wild-
type and a 370-bp band for the loxP-flanked intron 1 of p53, respectively.
Another primer set was also used to amplify the wild-type and loxP-
flanked intron 10 of the p53 allele: forward primer, 5" AAGGG GTATG
AGGGA CAAGG-3', and reverse primer, 5'-GAAGA CAGAA AAGGG
GAGGG-3', yielding a 431-bp PCR product for the wild-type and a
584-bp product for the loxP-flanked intron 10. To confirm Cre-mediated
excision of exons 2 to 10 of the p53 allele, the forward primer of intron 1
and the reverse primer of intron 10 were used in the PCR, yielding a
612-bp product, indicating the deletion of exons 2 to 10 of the p53 allele
(dp).

The founder pair of MISR2/Amhr2-Cre mice [strain B6; 129S7-
Amhr2tm3(cre)Bhr (http://www.mmrrc.org/strains/14245/014245
.html)] was obtained from the Mutant Mouse Regional Resource Centers
(MMRRC) (51). The line contains an anti-Mullerian hormone type 2
receptor-targeted mutation by knock-in using the internal ribosome en-
try site (IRES)-Cre-pA FLP recombination target (FRT)-flanked Pgk-
neo-bpA cassette introduced into exon 5 of the Amhr2 locus and was
originally generated in the laboratory of Richard Behringer. The strain
had a 129/SvEvBrd X C57BL/6] mixed genetic background with subse-
quent backcrossing to C57BL/6] mice. Generic Cre and LacZ primer sets
were used to determine the genotype of these mice according to previously
described protocols (51, 52). The ROSA26 Cre reporter mice for lineage-
tracing experiments were obtained from Jackson Laboratory [strain
B6.129S4-Gt(ROSA)26Sortm1Sor/J] (53). The ROSA26 mice contain a
loxP-flanked sequence of a stop codon that can be removed by the pres-
ence of Cre expression to activate LacZ. All procedures in animal experi-
mentation described were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Miami
Miller School of Medicine.

Adenoviral delivery of Cre to ovarian surface epithelial cells. At 7 to
8 weeks of age, female Wv/+; p53%% mice were injected with Adv-Cre into
the ovarian bursa to delete p53 in the ovarian surface epithelial cells;
Adv-LacZ or Adv-green fluorescent protein (GFP) was used as a control.
The protocol for adenovirus injection into the ovarian bursa is well estab-
lished, and Adv-Cre injection has been successfully used in several mouse
models of ovarian tumors recently (31, 54). The ovarian injection was
performed following a mini-surgical procedure to gain access to the ova-
ries. In control experiments, we used Evans blue dye (Sigma) to monitor
and demonstrate the successful delivery of the injected volume into ovar-
ian bursa without leaking into the peritoneal cavity (see Fig. SIA and B in
the supplemental material). Adv-Cre, Adv-LacZ, and Adv-GFP were pur-
chased commercially (Vector Laboratory, Marion, IA). Using Adv-LacZ
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as a reporter for transfection following adenovirus injection, expres-
sion of beta-galactosidase was observed in cells of both the ovarian
surface and the bursa inner layer of cells (see Fig. SIC to E in the
supplemental material).

Preparation and culturing of primary ovarian epithelial cells from
mutant mice. Primary cultures of mouse ovarian surface epithelial
(MOSE) cells were generated using a slightly modified protocol, as de-
scribed previously (15, 31). Ovaries from adult wild-type and mutant
mice were collected, washed with phosphate-buffered saline (PBS), and
incubated in 0.25% trypsin solutions (Invitrogen) at 37°C for 1 h. Disas-
sociated MOSE cells were then collected and cultured on 6-well plates
previously coated with 0.1% gelatin in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM)-F-12 medium supplemented with 10% fetal
bovine serum, 1 mM glutamine, 10 ng/ml epidermal growth factor, 500
ng/ml hydrocortisone, 5 pg/ml insulin, and 5 pg/ml transferrin. The
growth of MOSE cells was analyzed using a 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT)-based WST-1 kit from
Roche.

Western blotting, immunohistochemistry, and antibodies. To pre-
pare cell lysate, MOSE cells in monolayer culture were washed twice with
cold PBS and immediately collected in radioimmunoprecipitation assay
(RIPA) buffer (20 mM Tris, pH 7.5, 50 mM NaCl, 0.1% SDS, 0.5% so-
dium deoxycholate). Immunoblotting was performed according to stan-
dard procedures. Primary antibodies used in the Western blotting in-
cluded polyclonal antibodies to p27, p16, p19, cyclin-dependent kinase 2
(CDK2), CDK4, and cyclin A, and monoclonal antibodies to PCNA and
cyclin E2 were from Santa Cruz; monoclonal antibodies for p21, E-cad-
herin, and N-cadherin were from BD Bioscience; monoclonal antibodies
to B-actin were from Sigmaj; polyclonal antibodies to claudin 3 were from
Invitrogen.

An immunohistochemistry procedure was performed to analyze par-
affin-embedded tissues according to the standard procedure (41, 45). An-
tigen retrieval was performed by boiling the slides submerged in antigen
retrieval buffer (Dako) for 20 min. The endogenous peroxidase activity
was quenched by incubation with 3% H,O, for 15 min. Primary antibod-
ies used included monoclonal cytokeratin 8 (CK8) antibodies at 1:600,
mouse monoclonal anti-inhibin « (Serotec) at 1:200, and anti-Ki67 anti-
bodies (Dako) at 1:100. For CK8 and Ki67 staining, biotinylated poly-
clonal rabbit anti-rat bridging antibodies (Dako) at 1:500 dilution were
used before horseradish peroxidase (HRP)-conjugated antibodies.

Analysis and quantitation of tumor phenotypes. The areas of CK8-
positive regions, as well as the sizes of whole ovarian tumors, were esti-
mated on cross sections that reflected the maximal diameter of the ovaries
from the mutant mice. Briefly, sections from various ovarian tumors were
first stained with CK8 and counterstained with hematoxylin. Lower-mag-
nification (X4) images at consistent resolutions were then taken to cover
as much of the tumor regions as possible. Areas of the colorimetric devel-
opment of diaminobenzidine (DAB) substrate were selected using Im-
age]. The pixel numbers of the selected regions were automatically mea-
sured and converted to units of square micrometers based on the scale
bars at the same magnification. The whole tumor area was also selected
and quantified using the same methodology. CK8 staining in the adjacent
oviduct epithelial cells was excluded from this measurement.

Statistical and analytical considerations. Basic and standard analyt-
ical procedures were applied to examine the statistical significance of the
data. Differences in proportions were evaluated by the x* or Fisher exact
test, as appropriate. Student’s f test was used to compare the differences in
means between two groups. Statistical significance was considered a P
value of <0.05.

RESULTS

Ovarian and oviduct epithelia of mixed MISR2 and non-MISR2
lineages. Previously, we found that the tubular adenomas in Wv
mice were derived from ovarian surface epithelia (41), as well as
the remains of the Mullerian duct, such as rete ovarii in the inte-
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rior regions of the mouse ovary (35, 46). Here, we determined if
these tumor cells were derived from a Mullerian lineage that could
be traced by the temporal expression of MISR2, also known as
Amhr2. First, using MISR2-Cre (51) in a ROSA26 Cre reporter
background, we tracked the LacZ-positive cells in the reproduc-
tive tissues of females (Fig. 1). In the ovary, MISR2-Cre marked
the ovarian follicles and stroma (Fig. 1A). The ovarian surface
epithelial cells were largely negative, although some were mosaic
for positive LacZ staining (Fig. 1B; the arrow indicates positive,
and the arrowhead indicates negative), and epithelial components
(rete ovarii) within the interior of the ovary were generally positive
for LacZ staining (Fig. 1C, arrow). The stroma of both the oviduct
(Fig. 1D and E) and uterus (Fig. 1F) were positive, though the
epithelial linings generally lacked LacZ staining (Fig. 1D to F; the
arrowheads indicate negative LacZ staining). Upon examination
of multiple cuttings, however, some LacZ-positive epithelial cells
lining the oviduct were detected (Fig. 1E; the arrow indicates ep-
ithelial cells with positive LacZ staining). Thus, consistent with
previous findings (51), MISR2 expression is induced in stroma but
mostly absent in epithelial cells. Nevertheless, we did find mosaic
patterning of a smaller number of LacZ-positive epithelial cells
within the epithelia, and we conclude that a fraction of both sur-
face and oviduct epithelial cells are derived from the MISR2 lin-
eage (Fig. 1B and E; see Fig. S2 in the supplemental material).

Based on histology, the ovarian tubular adenomas formed in
Wv/Wv mice are thought to derive from both surface epithelia
and interior epithelial components, including rete ovarii (35, 41).
We used MISR2-Cre to trace the origin of the tubular adenomas in
Wv mice. Upon analysis of multiple 3- to 6-month-old Wv/Wv;
MISR2-Cre; ROSA26 mice, we found that the majority of surface
and interior components of the tubular adenoma were LacZ pos-
itive (Fig. 1G to I). Based on results from examining three wild-
type ovaries and six Wv/Wv tumors, we estimated that 23% of
ovarian surface epithelial cells and 92% of interior epithelia were
LacZ positive in normal ovaries (heterozygous), while 85% and
93% of surface and interior epithelial cells, respectively, were
traced to the MISR?2 lineage in the tubular adenomas of follicle-
depleted Wv/Wv ovaries (Fig. 1]). These results suggest that the
MISR2-labeled Mullerian epithelial cells have a greater capacity
for proliferation and expansion when follicles are depleted in the
ovaries and the MISR2-derived cells constitute the majority of the
tubular adenomas developed.

p27kip1 deficiency enhances growth of Wv/Wv ovarian tu-
mors. Cyclin-dependent kinase inhibitor 1B (p27kip1, or p27) isa
well-established cell cycle inhibitor and tumor suppressor. Re-
duced p27kipl expression is commonly found in human malig-
nancies, and its expression predicts the prognosis in human ovar-
ian cancer (55-60). Thus, p27 loss is likely a driving force for
ovarian cancer development. Both p27 heterozygous and ho-
mozygous mutant mice are predisposed to the development of
several tumor types, suggesting p27 is a haploinsufficient tumor
suppressor (47, 61, 62). Indeed, in the colonies maintained in our
facility, we occasionally observed ovarian epithelial tumors in
mice with a p27 mutation alone (see Fig. S3 in the supplemental
material). For compound mutant mice, we first tested the effect of
the addition of p27 deficiency to the benign ovarian epithelial
tumor phenotypes of Wv/Wv mice (35, 41). Because both p27 '~
and Wv/Wv mice are infertile, we crossed Wv/+ mice with
p27*'~ mice and subsequently mated Wv/+; p27*/~ mice to pro-
duce Wv/Wv; p27 "'~ and Wv/Wv; p27 '~ mice for analysis. Over
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FIG 1 MISR2 lineage tracing in ovarian and oviduct epithelia in wild-type and tubular adenomas of Wv/Wv mice. ROSA26 mice were crossed with Wv mutant
and MISR2-Cre transgenic mice. At 3 to 4 months of age, the obtained progeny, including Wv/Wv; ROSA26; MISR2-Cre and ROSA26; MISR2-Cre or Wv/+;
ROSA26; MISR2-Cre (as a control) genotypes, were analyzed for LacZ expression as a reporter of MISR2 lineage. More than 5 mice from each genotype were
analyzed, and representative results are shown. (A) Typical example of LacZ staining of an ovary from a ROSA26; MISR2-Cre mouse. (B) Higher magnification
of the ovary in panel A with both LacZ-positive (arrow) and -negative (arrowhead) ovarian surface epithelial cells. (C) Higher magnification of the ovary in panel
A. Epithelial cysts located in the interior of the ovary were often LacZ positive, as shown in the examples (arrow). (D) Typical example showing oviduct fimbria
of a ROSA26; MISR2-Cre mouse, where the stromal cells were LacZ positive and the epithelial cells were largely negative (arrowhead). (E) Rare LacZ-positive
fallopian tube fimbrial epithelial cells (arrow) among largely LacZ-negative cells (arrowhead) in a ROSA26; MISR2-Cre mouse. (F) Typical example showing
LacZ staining of uterine horns of a ROSA26; MISR2-Cre mouse, where the stroma was LacZ positive and the epithelial cells were largely negative (arrowhead).
(G) Typical example of LacZ staining of an ovary and associated uterine horn and oviduct from a 3-month-old Wv/Wv; ROSA26; MISR2-Cre mouse. (H) Higher
magnification of the ovary in panel G. Tubular adenomas located near the ovarian surface were largely LacZ positive (arrow) and mixed with some LacZ-negative
cells (arrowhead). (I) Higher magnification of the ovary in panel G. Epithelial cysts and tubular adenomas located in the interior of the ovary were often LacZ
positive (arrow). An example showing LacZ-negative cells is indicated by the arrowhead. (J) Based on the analysis of at the least 5 cases in each category, the
percentages of LacZ-positive epithelial cells located on the surface or in the interior were estimated for control (ROSA26; MISR2-Cre or Wv/+; ROSA26;

MISR2-Cre) and Wv/Wv (Wv/Wyv; ROSA26; MISR2-Cre) mice.

a period of 2 years, approximately 50 Wv/Wv; p27*'~ and 20
Wv/Wv; p27 '~ female mice were collected, aged, and analyzed
for ovarian tumor phenotype.

Deletion of either one or both copies of the p27 gene led to
enlarged ovarian tumors compared to those of Wv/Wv mice, as
shown in the histology of several representative tumors (Fig. 2).
Generally, the ovarian tubular adenomas were bilateral, with com-
parable sizes within an individual compound-mutant mouse.
Overall, the sizes of the tubular adenomas were statistically larger
than those of Wv/Wv mice (Fig. 2A to G). Somewhat unexpect-
edly, the Wv/Wv; p27*'~ ovaries appeared to have a tumor phe-
notype similar to, if not more prominent than the tubular adeno-
mas of the Wv/Wv; p27 '~ ovaries. The loss of one p27 allele
significantly increased the size of CK8-positive epithelial tumors,
from an average of 2.73 X 10° = 0.32 X 10° pm* in Wv/Wv
ovaries to 8.78 X 10°> = 0.82 X 10° wm? (P < 0.0001), measured
using the cross section that contained the maximal diameter of the
ovarian tumors. Homozygous knockout of p27 in Wv/Wv ovaries
led to a similar increase in tumor area, to 6.77 X 10° = 1.81 X 10°
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wm? (Fig. 2]). In wild-type ovaries, proliferative marker Ki67-
positive cells were mostly follicular granulosa but rarely epithelial
cells (Fig. 2H). A small fraction (<5%) of tubular adenoma cells
became Ki67 positive in Wv/Wv ovaries (Fig. 2I), and reduction or
loss of p27 greatly increased the fraction of Ki67-positive tumor
cells (Fig. 2J), as quantitated (Fig. 2K). The observed oncogenic
effects of the p27 heterozygous deletion were consistent with the
findings that p27 acts as a haploinsufficient tumor suppressor
(62).

The morphology of tumor lesions in both Wv/Wv; p27 '~ and
Wv/Wv; p27*+/~ ovaries became more complex. A representative
papillary ovarian tubular adenoma from an 8-month-old Wv/Wv;
p27 "'~ mouse is shown in detail in Fig. 3. CK8-positive epithelial
cells infiltrated the entire ovary, as well as the bursa and surround-
ingareas (Fig. 3D to F). These tumor lesions resembled borderline
ovarian cancer or severe ovarian surface papillomatosis. Never-
theless, the epithelial lesions of the Wv/Wv; p27+/ ~ and Wv/Wyvy;
p27~'" ovarian tumors were benign in appearance, resembling
the original tubular adenomas of the Wv/Wv ovarian tumors, and
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FIG 2 Enhanced growth of tubular adenomas in Wv/Wv; p27 "/~ and Wv/Wv; p27 '~ mice. Hematoxylin and eosin (H&E)-stained slides showing represen-
tative ovarian and tumor morphology from 4- to 6-month-old mice with Wv and p27 mutant genotypes. (A) Typical example of an ovary enclosed in a bursa and
associated oviduct from a wild-type mouse. (B) Typical ovarian tubular adenoma from a 4-month-old Wv/Wv mouse. (C and D) Examples of ovarian tumors
from Wv/Wv; p27*/~ mice. (E and F) Examples of ovarian tumors from Wv/Wv; p27 '~ mice. (G) Tumor sizes (areas) were estimated and are shown as means
with standard deviations, using Zeiss Axiovision software, from slides near the middle section (with the greatest width) of ovarian tumors. P values were
calculated by a nonpaired Student ¢ test. *¥, P << 0.0001; ***, P < 0.001. (H) Example of Ki67 staining of a wild-type ovary. (I) Example of Ki67 staining of a
Wv/Wv ovarian tubular adenoma. (J) Example of Ki67 staining of a Wv/Wv; p27 '~ ovarian tubular adenoma. (K) Based on the analysis of at the least 5 cases
in each category, the percentages of Ki67-positive epithelial cells among either ovarian surface or tubular adenoma epithelial cells were estimated for wild-type
(WT), Wv/Wv, Wv/Wv; p27/~, and Wv/Wv; p27~'~ mice and are shown as averages and ranges. The increases in Ki67 cells were statistically significant (P <
0.005) in comparisons between wild-type and Wv/Wv, Wv/Wv; p27"/~, and Wv/Wv; p27 '~ mice. The difference between Wv/Wv and Wv/Wv; p27*'~ or

Wv/Wv; p27 '~ mice was also significant, but no significant difference was found between Wv/Wv; p27*/~ and Wv/Wv; p27 '~ mice.

significant mitotic figures were absent. In aged Wv/Wv; p27 "/~
mice, large ovarian tumors developed, infiltrated, and occupied
the entire para- and meso-ovarian regions (Fig. 4). Mortality
(sudden death) was frequently observed in the tumor-bearing
Wv/Wv; p27*'~ mice but not in Wv/Wv or p27 "/~ mice. How-
ever, we examined all the mice following a planned time course up
to 12 months of age and did not use death as an endpoint for the
analysis of these ovarian-tumor-bearing mice.

The presence of epithelial tubular adenoma is inversely cor-
related with inhibin o expression in p27-deficient Wv/Wv ovar-
ian tumors. Previously, we had observed that in ovarian tubular
adenomas from Wv/Wv mice, the presence of inhibin a-positive
granulosa cells was inversely correlated with the presence of cy-
tokeratin-positive epithelial cells (45). Here, we found that the
same correlation existed in the ovarian tumors from Wv/Wv;
p27*'" and the Wv/Wv; p27~'~ mice (Fig. 4), which developed
much larger ovarian tumors. In all ovarian tumors from either
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Wv/Wv; p27'~ or Wy/Wv; p27 '~ mice, CK8-positive epithelial
lesions, mostly presenting as infiltrating adenomas, occupied the
ovary and surrounding tissues. These tumors also contained
patches of inhibin a-positive granulosa cells scattered in the tis-
sues. In all of these ovarian tumors, the tumor mass was largely
epithelial (CK8 positive) and often contained a minor component
(10% or less) of granulosa cells (inhibin « positive) (Fig. 4). These
granulosa cells were likely the remnants of the degenerated folli-
cles. In 18 cases of tumors analyzed, we observed that, within a
tumor where CK8-positive staining was sparse, inhibin a staining
was positive in the same area of an adjacent section, and areas that
were cytokeratin 8 positive were inhibin o negative (Fig. 4). An
example of a Wv/Wv; p27 '~ tumor is shown in detail in Fig. 4C:
tumor area 1 is cytokeratin 8 positive and inhibin o negative (Fig.
4C, C4 to C6), and tumor area 2 is inhibin « positive while the
growth and expansion of the cytokeratin 8-positive epithelial
glands appears restricted (Fig. 4C, C7 to C9). Thus, a strict inverse
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FIG 3 Morphology of ovarian tubular adenomas in Wv/Wv; p2

mice. (A) H&E staining of a large ovarian tubular adenoma from an 8-month-old Wv/Wv;

p27*/~ mouse. The tumor is papillary and resembles a serous borderline ovarian tumor. (B) Higher magnification of the tumor in panel A showing the presence
of papillary adenoma morphology. (C) Higher magnification of the tumor in panel A showing the crowding of epithelial tubular gland structures. (D) The same
tumor stained with cytokeratin 8. (E and F) Cytokeratin 8 staining of the tumor shown at higher magnification.

correlation between cytokeratin 8 and inhibin « exists in the tu-
mors from these Wv/Wv; p27 "/~ and Wv/Wv; p27 '~ mice. The
inverse correlation supports the suggestion that a paracrine fac-
tor(s) produced by follicles or granulosa cells suppresses epithelial
growth in ovaries (45).

Restricted p53 deletion in ovarian surface epithelial cells
augments ovarian tumor growth in Wv/Wv mice. Since global
deletion of p53 suppressed the development of ovarian tubular
adenomas in the Wv/Wv mice (45), we explored another strategy
for a restricted p53 deletion in ovarian epithelial cells using a flox-
p53 line. By deleting p53 in ovarian surface epithelial cells through
injection of adenovirus carrying a Cre transgene, we established an
ovarian mouse model referred to as Wv/Wv; p53"%; Adv-Cre,
mimicking both reproductive factors (postmenopause) and ge-
netic inactivation (p53) in human serous ovarian cancer. Female
Wv/Wv; p537" mice were readily generated from Wv/+; p53™"1
parents and were collected for the experiments. Using a mini-
surgical procedure to gain access (see Fig. S1A and B in the sup-
plemental material), Adv-Cre was injected into the ovarian bursa
of 2-month-old Wv/Wv; p53™" mice, at a time when ovarian fol-
licles were nearly depleted and tubular adenoma formation had
just started (Fig. 5A). The adenovirus (Adv-Cre) was injected on
one side only, and the noninjected (or injected with Adv-LacZ or
Adv-GFP as controls in some cases) ovary from the same mouse
was used for comparison. Using Adv-LacZ as a reporter, this pro-
cedure was efficient at expressing the transgene carried by the
adenoviral vector, and both the ovarian surface and, to a lesser
extent, the inner epithelial lining of the ovarian bursa were trans-
fected by the adenoviral vector (see Fig. S1C and D in the supple-
mental material). This procedure was also sufficient to transfect
the ovarian surfaces of Wv/Wv mice at 2 months of age, when the
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ovaries were much smaller than those of the wild type and surface
epithelial proliferation and the formation of tubular adenoma
were about to start (see Fig. SIE in the supplemental material).
The procedure of injection of Adv-Cre into ovarian bursa was able
to delete the p53 gene in the Wv/Wv ovaries, and cells with p53
deleted persisted in the ovarian tumors, as detected by PCR geno-
typing of the DNA extracted from the ovarian tumors 4 months
after infection with Adv-Cre (Fig. 5B). The mice were sacrificed 4
to 10 months after Adv-Cre injection to analyze for development
of ovarian tumors. Adv-Cre-mediated p53 gene deletion generally
enhanced the growth of ovarian tumors in the Wv/Wv mice (Fig.
5C; see Fig. S4 in the supplemental material), while p53 deletion
did not cause obvious changes in control (Wv/+; p53"%) ovaries
(see Fig. S5 in the supplemental material), suggesting follicle de-
pletion is required for tumor growth prompted by p53 inactivation.
Comparison of the two ovaries from the same Wv/Wv; p53™" mouse
showed that Adv-Cre injection enlarged the ovarian tumors to
various degrees, ranging from minimal to 10-fold (Fig. 5C). Adv-
Cre-injected ovaries commonly contained cysts of hemorrhage
appearance (see Fig. S4 in the supplemental material), and CK8
staining indicated that these tumors were largely epithelial in or-
igin (see Fig. S6 in the supplemental material). Nevertheless, in
most cases, the tumors were still restricted to the ovaries, and p53
deletion did not lead to metastasis or spreading of the tubular
adenomas in the Wv/Wv mice.

In 3 out of 12 cases, aggressive tumors resulted from the Wv/
Wv; p53"% Adv-Cre mice. The injected ovary developed into a
tumor mass fused with surrounding tissues (Fig. 5D; see Fig. S7
and S8 in the supplemental material), and tumor lesions histolog-
ically adjacent to the pancreas were identified (Fig. 5E). In these
tumors, the ovarian bursa was not recognizable and the tumor
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FIG 4 Inverse correlation between the presence of granulosa cells and epithelial lesions in Wv/Wv; p27 ™/~ and Wv/Wv; p27 '~ ovaries. (A) Representative
tissue sections stained with H&E, the granulosa cell marker inhibin «, and the epithelial marker CK8 in adjacent sections of ovarian tubular adenomas from a
12-month-old Wv/Wv; p27*'~ mouse. (B) Staining of a representative ovarian tubular adenoma from a 12-month-old Wv/Wv; p27 '~ mouse. (C) An ovarian
tubular adenoma from an 8-month-old Wv/Wv; p27 '~ mouse was analyzed in more detail (C1 to C3) for H&E, CK8, and inhibin « (inha) staining. Images at
higher magnification (numbered in panel C1) are shown for area 1, which is CK8 positive (C4, H&E; C5, CK8; C6, inhibin «), and area 2, which is inhibin o

positive (C7, H&E; C8, CK8; C9, inhibin a).

lesions occupied the entire space and spread along the connective
tissues. As a result, the core tumor masses surgically dissected
contained surrounding organs (Fig. 5E; see Fig. S7 and S8 in the
supplemental material). Thus, we were able to induce ovarian
tumors using a single oncogenic mutation (p53 deletion) in these
germ cell-deficient mice, modeling the genotype of human serous
ovarian cancer (29).

Restricted p53 deletion through MISR2-Cre produces epi-
thelial and granulosa cell ovarian tumors in Wv/Wv mice. To
test if the MISR2-derived epithelial cells were capable of produc-
ing ovarian tumors and to explore an alternative approach for

2424 mcb.asm.org

Molecular and Cellular Biology

ovarian gene deletion other than the surgical procedure and injec-
tion of adenoviral vectors, the MISR2-Cre transgene was used to
mediate p53 gene deletion in ovaries of Wv/Wv mice. With several
steps of crossing, we produced Wv/Wv; p5374; MISR2-Cre mice
for analysis, expecting p53 deletion in ovarian tubular adenomas,
since we had shown that these tumor cells were mostly derived
from the MISR2 lineage. In 6 mutant mice analyzed at an age of 3
to 12 months, ovarian tumors were observed in all cases, as shown
by examples at various magnifications (Fig. 6A). Generally, the
tumors were bilateral and larger than those of Wv/Wv ovaries at
the same stages. Many of the tumors were entirely positive for
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FIG 5 Ovarian tumors in Wv/Wv; p53ﬂ/ . Adv-Cre mice. (A) Schematic of the experimental protocol, in which 2-month-old Wv/Wv; p53ﬂ/ f female mice were
injected with Adv-Cre in the ovarian bursa of one side; the mice were then analyzed 4 to 10 months later (at 6 to 12 months of age). (B) DNA extracted from the
ovarian or tumor tissues was used for PCR genotyping for the wild-type p53 allele and the delta floxed (df) allele (with deletion of exons 2 to 10). Adv-LacZ or
Adv-GFP was used in the controls. (C) Tumor sizes were quantified based on a histological slide near the widest cross section of the ovary/tumor. The
ovary/tumor pairs from injected and uninjected control sides were plotted for comparison. The difference between the two groups was statistically significant
based on paired two-tailed Student ¢ tests (P < 0.001). (D) Typical gross morphology of ovaries and uterine horns of a 10-month-old Wv/Wv; p53/%; Adv-Cre
mouse. The left ovary was injected with Adv-Cre. (E) Sections of a typical pair from uninjected or Adv-Cre-injected ovarian tissue or derived tumors were stained
with CK8. The control (uninjected) ovary is shown for comparison. (F) H&E staining showing the tumor cell morphology of the ovarian adenoma from a

10-month-old Wv/Wv; p53ﬂ/ﬂ; Adv-Cre mouse.

cytokeratin 8, suggesting epithelial origin, and also were highly
Ki67 positive, indicating active proliferation (Fig. 6B). However,
about half of the Wv/Wv; p53 4 MISR2-Cre ovaries contained
mixed epithelial and granulosa cell tumors (see Fig. S9 in the sup-
plemental material), suggesting MISR2-Cre-mediated p53 dele-
tion occurred in both epithelial and granulosa cells. Since MISR2-
Cre is expressed in rete ovarii and in only a fraction of ovarian
surface epithelial cells, the epithelial tumors were likely generated
from both these sources, and p53 deletion also promoted tumor-
igenesis in the granulosa cells that likely were derived from degen-
erated follicles in the Wv/Wv ovaries. In the limited number of
mutant mice produced and analyzed, we have not observed le-
sions originating from oviduct fimbria, where p53 deletion might
have occurred in the fraction of epithelial cells derived from the
MISR?2 lineage.

Cell proliferation is limited by compensatory regulation of
cyclin inhibitors. We examined the effects of p27 and p53 dele-
tion on the growth and signaling of primary ovarian surface epi-
thelial cells in culture. Compared to the wild type, ovarian epithe-
lial cells isolated from Wv/Wv mice had an increased proliferation
rate in culture at their early passages, though the growth rate
returned to the basal state after culturing for a few more pas-
sages (Fig. 7). Both heterozygous and homozygous deletions of
p27, but only homozygous p53 deletion, enhanced cell prolif-
eration (Fig. 7).

We also determined the cell cycle parameters of the cells in
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culture. Homozygous deletion of p27 and p53 increased cyclin A,
Cdk4, Cdk2, and PCNA (Fig. 8A and B). Homozygous p27 dele-
tion induced a compensatory increase in the expression of other
cyclin-dependent kinase inhibitors, such as p21, p19 (slightly),
and p16, though heterozygous deletion did not (Fig. 8C). p53
deletion led to the loss of p21 and an increase in p19 and p16 but
not p27; the increases in p19 and p16 were greater in later passages
(Fig. 8D). Deletion of p27 and p53 also caused an increase in the
cell adhesion proteins E-cadherin and claudin 3 (Fig. 8E and F).
Lastly, deletion of p27 or p53 did not significantly impact the
activation of Erk1/2 and Akt (Fig. 8G and H) or the expression of
the apoptotic regulators Bcl-X;, Bcl2, and Bax (Fig. 8I and J).
Thus, loss of p27 or p53 likely impacts cell growth through the
expression of cyclin inhibitors but does not significantly affect
signaling or apoptosis. We reason that addition of p27 or p53
deletion augmented the ovarian adenomas in the Wv/Wv mice by
enhancing tumor cell proliferation, though impacts on malignant
properties were not apparent.

DISCUSSION

Modeling serous ovarian cancer in mice with genetic mutations
found in human cancer remains a challenge, and how genetic
events lead to the development of ovarian cancer has not been
satisfactorily established. Here, we attempted to model epithelial
ovarian cancer in mice by using an oncogenic mutation(s) to con-
vert benign ovarian epithelial tubular adenomas to more malig-
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FIG 6 Ovarian tumors in Wv/Wv; p53ﬂ’ fl. MISR2-Cre mice. (A) Typical morphology of an ovarian tumor from a 12-month-old Wv/Wv; p53ﬂ’ fl. MISR2-Cre
mouse with H&E staining at various magnifications. The tumor (arrows) was located adjacent to oviduct fimbria (arrowhead). (B) Representative images of
immunostaining of ovarian tumors from Wv/Wv; p53ﬂ’ﬂ; MISR2-Cre mice for CK8 and Ki67.

nant tumors. We were able to enhance tumor development by
adding p27 or p53 deficiency, resulting in larger and more prolif-
erative tubular adenomas that often resemble human borderline
serous tumors or florid papillomatosis. Thus, we achieved the

S A3

modeling of human ovarian epithelial tumors by introducing just
a single oncogenic mutation into germ cell-deficient ovaries (mir-
roring a postmenopausal state), although the tumors were not
overtly malignant.
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FIG 7 Increased proliferation of p27 '~ and p53 ™/~ mouse ovarian surface epithelial cells in culture. Primary ovarian surface epithelial cells were prepared from
ovaries of mice with various genotypes. The growth rates of wild-type, Wv/Wv (early [passage 2] and late [passage 7] passages), p27"'~, p27 ', p53*/~, and
P53/~ primary ovarian surface epithelial cells were measured by WST-1 assay (1 = 3) from days 1 to 5. The results are shown as means = standard deviations
(SD). The differences were found to be statistically significant between p27*'~ or p27*/~ and wild-type and between p53~/~ and wild-type or p53™/~ cells.
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FIG 8 Analysis of markers in p27/~, p27~/~, and p53~/~ mouse ovarian surface epithelial cells. Primary ovarian surface epithelial cells were prepared from
ovaries of 3-month-old mice with wild-type, p27*/~, p27~/~, p53™/~, and p53 '~ genotypes. Early (passage 3) and late (passage 8) p53 '~ cells were used. The
cells were analyzed for various markers by Western blotting. (A) Cell cycle and proliferation markers were analyzed in wild-type (wt), p27*/~, and p27 /" cells.
(B) Cell cycle and proliferation markers were analyzed in wild-type and early (passage 3 [p.3]) and late (passage 8) passages of p53 '~ cells. (C and D) Cyclin
inhibitors. (E and F) Epithelial-to-mesenchymal transition markers. (G and H) Markers of cellular signaling. (I and J) Apoptosis and cell survival markers. The
aligned panels of images from the immunoblots were derived from the same cell lysate, but more than one gel was used to obtain all the images. Thus, the

beta-actin loading controls are representative but not necessarily from the same gel.

Mutation of p27 is rare in cancer, though reduced or cytoplas-
mic mislocation of p27 is common (55, 60). Both p27-null and
heterozygous mutant mice often develop tumors, indicating p27
is a haploinsufficient tumor suppressor (61, 62). Reduction of p27
expression predicts the ovarian prognosis in human ovarian can-
cer (55-60). In the current study, we found that both null and
heterozygous p27 loss increased the development of ovarian epi-
thelial tumors in Wv/Wv mice.

P53 inactivation is the only common genetic mutation found
in high-grade ovarian serous cancer (29). However, in previous
modeling attempts, p53 deletion by adenovirus delivery of Cre in
p53 floxed mice often produced stromal tumors rather than epi-
thelial tumors (31-33). In the previous works, combinations of
two or more oncogenic mutations were needed to produce epi-
thelial ovarian tumors in mice. Here, we were able to produce
large ovarian epithelial tumors with p53 deletion alone in Wv/Wv
mice. In control experiments using Wv/+ mice, deletion of p53 in
ovarian epithelial cells either by adenoviral delivery of Cre or by
crossing into MISR2-Cre mice did not cause significant growth or
tumors of the ovaries. This result supports the idea that p53-stim-
ulated proliferation of ovarian epithelial cells is restrained in fol-
licle-containing ovaries and that ovarian epithelial cells are capa-
ble of proliferation only when follicles are depleted, such as in
Wv/Wv mice after 2 months of age.

Analysis of ovarian epithelial cells in culture suggested that loss
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of p27 or p53 did not significantly affect signaling or apoptosis;
rather, the mutations impacted cell growth through the expres-
sion of a cyclin inhibitor, p27 or p21, respectively. The alteration
of the cell cycle is consistent with that found in human ovarian
cancer (59, 63—65). Loss of either p53 or p27 in the cells induced
compensatory expression of cyclin inhibitors, p16 and p19. This
may be one reason for the still limited tumor aggressiveness we
found occurring with either p27 or p53 deletion in the Wv/Wv
mice.

Although the growth of ovarian epithelial tumors in the
Wv/Wv mice was enhanced, often involved adjacent tissues, and
caused fatalities, the histology and cytology of the tumors were not
overtly malignant compared to human high-grade serous ovarian
carcinomas. Several potential reasons were considered. First, se-
rous cancer may originate from fallopian tube fimbria rather than
ovarian surface epithelial cells. Although, Adv-Cre-induced p53
deletion also occurred in the fallopian tube epithelial cells in our
procedure, the gene deletion was not as efficient as in ovarian
surface epithelial cells, and no tumors or lesions from fallopian
tube fimbria were observed. Additionally, p53 gain of function by
point mutation may be critical for tumor malignancy, but the
mouse models here used only a loss-of-function allele. The anal-
ysis in cell culture also indicated that the growth of the tumors
likely was restrained by a compensatory mechanism in the cell
cycle and expression of cyclin inhibitors. Lastly, chromosomal
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instability, in addition to p53 deletion, may be the driving force,
since unique patterns of chromosomal loss occur in high-grade
cancer (29). Thus, we speculate that additional chromosomal in-
stability may be needed to promote the tumor cells to high-grade
serous tumors. Limitations of using mice to model pathology,
especially ovarian cancer, in humans include differences in life
span, tissue scale, and anatomy. Preneoplastic microscopic lesions
may persist for many years to develop fully genomic changes and
aneuploidy in human patients while remaining undetected prior
to diagnosis. They would be difficult to replicate in mice in the
current laboratory setting.

For many years, ovarian surface and inclusion cyst epithelial
cells were thought to be the cells of origin for epithelial ovarian
cancer, of which high-grade serous cancer is the major histological
subtype (66—68). Considering their possible Mullerian origin, an
alternative idea is that epithelial cells of Mullerian remnants in
ovaries or surrounding tissues, such as the rete ovarii epithelia,
may be the true precursor cells of serous ovarian cancer (69, 70).
Furthermore, in recent years, the cell of origin question has been
reassessed, and now it is commonly accepted that the epithelial
cells of the fallopian tube fimbria are the precursors of many or
even the majority of ovarian serous cancers (19-22). Using
MISR2-Cre as a marker for lineage tracing, we found that rete
ovarii and only a small fraction of ovarian surface and oviduct
fimbria epithelial cells are derived from the Mullerian lineage.
Nevertheless, these Mullerian-derived ovarian surface epithelial
cells have higher potential for growth and expansion to form tu-
mors in the Wv ovaries, and these cells may be the precursors of
ovarian serous cancer. Indeed, MISR2 expression is commonly
detectable in ovarian cancer cell lines and primary cancer ascites
cells (71), and the ovarian cancer cells are often responsive to
recombinant Mullerian inhibitory substance (MIS) (72, 73).

The view that the loss of ovarian function and tissue homeo-
stasis is a risk factor for ovarian cancer has been previously con-
sidered (74, 75). Overall, the data reported here support the idea
that a reproduction-competent ovary offers an environment that
limits proliferation of epithelial cells (45). However, when follicles
are depleted, such as in a postmenopausal state, the constraint on
ovarian epithelial cell proliferation is rescinded, particularly for
the epithelial cells derived from the MISR2 lineage. Thus, in post-
menopausal ovaries, epithelial cells of the ovarian surface, cysts, or
rete ovarii become proliferative. The postmenopausal ovarian en-
vironment may also be permissive for implantation and growth of
epithelial cells derived from fallopian tube fimbria.

In this study, we demonstrated that the addition of oncogenic
mutations, such as loss of p27 or p53, promotes ovarian tumor
development from the benign adenomas of germ cell-deficient
ovaries (see Fig. S10 in the supplemental material). Otherwise,
these oncogenic mutations have little impact on epithelial growth
of ovaries containing follicles. The results establish that the post-
menopausal ovarian environment is permissive for epithelial pro-
liferation and transformation by oncogenic mutations, and the
study offers a mechanistic explanation for the etiology of ovarian
cancer risk in menopause.
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