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Epithelial ovarian cancer is a heterogeneous disease that is subdi-
vided into five major histotypes but the mechanisms driving their
differentiation are not clear. Mutations in adenomatous polyposis
coli (APC) and B-catenin are commonly observed in the human
ovarian endometrioid adenocarcinoma (OEA) patients. However,
the mechanisms subsequent to APC deletion in ovarian tumo-
rigenesis have not been well characterized. We have conditionally
deleted APC in the murine ovarian surface epithelium (OSE) and
showed that its loss leads to development of epithelial inclusion
cysts. High-grade OEAs with tightly packed villoglandular histol-
ogy were observed in older APC-deleted mice. Phosphatase and ten-
sin homolog (PTEN) expression was elevated in the early lesions but
lost after progression to the more advanced tumors. Knockdown of
APC or expression of a gain-of-function (3-catenin similarly induced
human OSE cells to develop tumors with endometrioid histology
in xenografts. Expression of HOXA10 was induced in both the
advanced APC-deleted murine tumors and in the tumor xenografts
of human OSE cells with knocked-down APC. These results show
that reduced APC activity is sufficient to induce formation of epithe-
lial inclusion cysts and support OEA development and suggest that
induced HOXA10 expression and loss of PTEN are key mechanisms
driving endometrioid histotype differentiation and progression.

Introduction

Human ovarian endometrioid adenocarcinoma (OEA) is one of the
major histotypes of epithelial ovarian cancer, which is the most lethal
gynecological cancer in the USA (1,2), but the etiology of the dis-
ease and the molecular mechanisms driving histotype differentiation
are not clear. Activating mutations in exon 3 of the [3-catenin gene
(CTNNBI), which encodes the phosphorylation sites required for its
degradation by the adenomatous polyposis coli (APC) complex (3),
is observed in 16-38% patients of human OEAs (1), suggesting that
dysregulated 3-catenin activity might be a contributing factor in these
patients. In support of this hypothesis, we have shown previously that
conditional deletion of exon 3 of the (3-catenin gene (Ctnnbl) in the
ovarian surface epithelium (OSE) induces OEA development in mice
(4). Additionally, most familial adenomatous polyposis patients with
mutations in the APC gene usually succumb to colon cancer (5), but
they are also at increased risk of developing tumors in other tissues,
including the ovary (6-8).

Abbreviations: APC, adenomatous polyposis coli; CA-f3-catenin, constitu-
tively activated (-catenin; CK8, cytokeratin 8; DAPI, 4’,6-diamidino-2-phe-
nylindole; GFP, green fluorescent protein; HOSE, human ovarian surface
epithelial; IF, immunofluorescence; IHC, immunohistochemistry; LEF1, lym-
phoid enhancer factor 1; OEA, ovarian endometrioid adenocarcinoma; OSE,
ovarian surface epithelium; pH3, phospho-histone H3; TCF1, T-cell factor 1.

Concomitant mutations in the tumor suppressor PTEN gene are
also frequently observed in human OEA patients with defective
WNT/B-catenin signaling but do not appear to play a significant role
in histotype differentiation because loss of PTEN is found in serous
ovarian carcinomas as well (9,10). Combined loss of PTEN, which
inhibits AKT activation in the PI3K signaling pathway, and exon 3 of
[B-catenin increased tumor penetrance and aggressiveness in mice, but,
as with human OEAs, PTEN deletion had no effect on the histopathol-
ogy of these mouse tumors (11). In contrast, neither conditional loss
of a flox allele of Apc after adenoviral delivery of Cre recombinase
into the intrabursal space of murine ovaries (10) nor Apc haploinsuffi-
ciency (12) resulted in ovarian tumorigenesis. However, homozygous
deletion of both Apc and Pten causes formation of aggressive OEAs
within 6 weeks with 100% penetrance (10). These Apc/Pten-deleted
ovarian tumors showed distinct epithelial glandular morphology with
significant areas of cytokeratin-negative mesenchymal cells, indica-
tive of epithelial-mesenchymal transition (10). Similar to Apc dele-
tion, Pten loss or a gain-of-function mutation of the PI3K catalytic
subunit alone in OSE is unable to cause tumor formation in mouse
ovaries (4,10,13,14). Currently, it is unknown why alterations in these
two specific pathways predominantly occur in human OEA patients
and the individual contributions of APC and PTEN to the initiation,
progression and differentiation of ovarian tumorigenesis is unclear.

The goal of this study was to determine whether conditional dele-
tion of Apc in the OSE by using Amhr2-driven Cre expression is suf-
ficient to induce ovarian tumorigenesis and whether loss of PTEN is
involved in either tumorigenesis or disease progression. We show that
conditional loss of APC alone leads to formation of ovarian epithelial
inclusion cysts, a suspected precursor stage for human epithelial ovar-
ian cancer and later to the development of OEAs. During the early
stages of the disease, PTEN expression is prominently observed in the
mutant cells, but in advanced stages, PTEN expression is lost. Because
of observed differences between mouse and human OSE cells (15),
we developed two xenotransplant models of OEA with either over-
expression of an activating allele of B-catenin or with knockdown of
APC expression in human OSE. Both models phenocopied each other
suggesting that dysregulated nuclear (3-catenin activity is an impor-
tant driver of OEA differentiation. Lastly, we show that dysregulated
[B-catenin activates the expression of HOXA10, a homeobox protein
linked to endometrioid histotype differentiation (16,17).

Materials and methods

Mouse genetics and husbandry

All animal experimentation is performed by following protocols approved by
the Institutional Animal Care and Use Committee at Massachusetts General
Hospital. Mice used in this study were maintained on a mixed genetic back-
ground (C57BL/6;129/SvEv) and housed under standard animal housing con-
ditions. Amhr23(reBlr/Amhr2-cre [a gift from Dr Richard Behringer (18)]
mice were crossed with Apc*¥#¥ (19) (National Cancer Institute) to generate
conditional knockout Amhr23(cre)Bhr, Apcfovfiox (Apcko), and control littermates
Amhr2m3(crelBhr, Apclort (Apcdel+) and Apc*ex, The DNA from tail biopsies
was used for genotyping using standard PCR protocols (20). Gross photog-
raphy was performed with either a Nikon SMZ1500 and Spot digital camera
(Diagnostic Instruments, Sterling Heights, MI) or a Nikon D60 digital camera.

Histology, immunofluorescence and immunohistochemistry

For histological analyses, ovaries were fixed in 4% paraformaldehyde overnight
at4°C. Hematoxylin and eosin staining was performed using standard protocols.
The procedures for immunofluorescence (IF) and immunohistochemistry
(IHC) are described in a previous study (21). The primary and secondary
antibodies used in this study are (3-catenin (BD Transduction Laboratories, San
Jose, CA), lymphoid enhancer factor 1 (LEF1), T-cell factor 1 (TCF1), PTEN,
non-phospho (active) B-catenin Ser33/37/Thr41 (Cell Signaling Technology,
Danvers, MA), cytokeratin 8 (CK8; Developmental Studies Hybridoma Bank,
Towa City, IA), anti-Miillerian hormone (Santa Cruz Biotechnology, Santa
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Cruz, CA), cyclin dl (Neomarkers, Fremont, CA), inhibina (Biogenex, San
Ramon, CA), phospho-histone 3 (Millipore, Billerica, MA), AlexaFluor
secondary antibodies (Invitrogen, Carlsbad, CA) and biotinylated donkey
secondary F(ab), fragments (Jackson ImmunoResearch, West Grove, PA).
Photos were taken with a Nikon TE2000 microscope with epifluorescence and
a Spot digital camera (Diagnostic Instruments).

Human ovarian endometrioid carcinoma sample analyses

Paraffin-embedded tissue blocks for human OEAs (n = 5) and normal/benign
ovarian samples (n = 3) were obtained from the Department of Pathology,
MGH, using Institutional Review Board-approved protocols. IF for LEF1,
TCF1 and cyclin d1 was performed on 5 pm thick tissue sections.

Human ovarian surface epithelial in vitro and in vivo

Telomerase reverse transcriptase-immortalized human ovarian surface epi-
thelial (HOSE) cells (22) were cultured in Medium 199 (Invitrogen):MCDB
105 medium (Sigma, St Louis, MO). For viral transduction, 0.3 million HOSE
cells were plated in 6-well plates and incubated with constitutively activated
B-catenin (CA-p-catenin) (23) (Addgene, Cambridge, MA), APC shRNA
(Dana Farber/Harvard Cancer Center DNA Resource Core) and empty retro-
viral vectors. Green fluorescent protein (GFP) expression was used to moni-
tor transduction efficiency for both the CA-f-catenin and empty vectors and
for purification by cell sorting. Puromycin selection was performed after APC
shRNA transduction. Tumor development was performed by injecting 10°
HOSE cells from the three different groups in nude mice, both intraperitoneal
and subcutaneous. Comparative histological analyses were done with endo-
metrial cancer tumors made with 10° AN3CA cells (American Type Culture
Collection, Manassas, VA).

Western blot analyses

Ovaries were collected from Apc° and control mice (n = 3 each) and analyzed
by western blot as described previously (20). Antibodies used are GSK3-f3,
pGSK3-p, LEF1, TCF1 (Cell Signaling Technology), cyclin d1 (Neomarkers)
and B-catenin (BD Transduction Laboratories).

Results

To study the function of APC in ovarian somatic cells, we generated
mice with conditional deletion of exon 14 of the Apc gene by
mating anti-Miillerian hormone receptor 2-Cre (Amhr2-Cre, also
known as Misr2-Cre, Miillerian inhibiting substance receptor 2-Cre)
mice with mice carrying flox alleles of Apc (20). Amhr2-Cre is
expressed in OSE, granulosa cells of developing follicles as well
as in the stroma of Miillerian duct mesenchyme-derived structures
(20,24). Complete knockout of exon 14 of the Apc gene induces
embryonic lethality and phenocopies other Apc gene complete
knockouts, suggesting that deletion of exon 14 leads to loss or
abnormal functions of APC (19). Confirmation that Amhr2-Cre
causes faithful recombination of the Apc flox allele in the ovary,
oviduct and uterus of Apc*® mice was shown in a previous study
(20). Since the APC complex controls the cellular level of (3-catenin,
we hypothesized that -catenin nuclear accumulation would occur
in cells with conditional deletion of Apc. Examination of total
and active (non-phosphorylated) [(3-catenin expression in control
ovaries (n = 3 each) shows mostly membranous expression of
[-catenin in surface epithelial and granulosa cells (Supplementary
Figure 1A, C and E, available at Carcinogenesis Online). However,
prominent patches of cytoplasmic and nuclear accumulation of
[B-catenin were observed in the OSE but not in granulosa cells of
the mutant ovaries (Supplementary Figure 1B, D and F, available at
Carcinogenesis Online). Increased protein expression of TCF1 and
LEF1 was also observed in mutant ovaries compared with controls
(Supplementary Figure 1G, available at Carcinogenesis Online).
Western blot analyses of APC downstream targets (3-catenin, TCF1,
LEF1 and cyclin d1) with whole ovarian protein extracts showed
increased expression of these proteins in the older mutant ovaries
compared with controls (Supplementary Figure 1H, available at
Carcinogenesis Online), confirming increased but varying levels of
tumor burden with age. Increased phosphorylation of GSK3f was
also observed in mutant ovaries (Supplementary Figure 1H, available
at Carcinogenesis Online), which is consistent with destabilization
of the APC complex (3). No difference was observed in total GSK3f3
protein between control and mutant ovaries. Gross examination of
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6-week-old homozygous Apc°, heterozygous Apc?’* and unfloxed

control ovaries revealed no obvious differences between these
three groups at this age (n = 3 each) (Supplementary Figure 11,
available at Carcinogenesis Online). Examination of older ovaries
(220 weeks) revealed that the size of nearly half the mutant ovaries
was increased (n = 7/18) compared with control and Apc?”* ovaries
(Supplementary Figure 11, available at Carcinogenesis Online).

Early phenotypic changes in the ovaries of mutant mice

Histological examination of ovaries at different time points was
performed to examine microscopic changes after loss of APC. No
abnormal growth was observed in 5-week-old Apc/eex, and Apcde*
control ovaries (n = 6) (Supplementary Figure 2A-D, available at
Carcinogenesis Online) but darkly stained areas that resemble the
CKS8-positive areas in Figure 1D and F were observed in Apc®*® ova-
ries (Supplementary Figure 2E and F, available at Carcinogenesis
Online). Normal looking follicles and corpora lutea were present in
all three group of ovaries examined in this study (Supplementary
Figure 2A-F, available at Carcinogenesis Online). Oocytes were
collected from control and mutant ovaries to analyze ovarian func-
tion. Fewer oocytes (MII) were retrieved from superovulated mutant
ovaries compared with controls (Supplementary Table I, available
at Carcinogenesis Online), which was likely due to the presence of
shortened or nearly absent oviducts in the APC%® mice (4). However,
fertilization efficiency and embryo quality were equivalent in oocytes
collected from the control and mutant ovaries (Supplementary
Table II, available at Carcinogenesis Online), suggesting that fol-
licular functions were normal in both groups of mice. Histological
assessment of 4-month-old ovaries from control (n = 7) and mutant
ovaries (n = 6/8) showed hyperplasia of the OSE cells in mutant
ovaries (Supplementary Figure 2G-J, available at Carcinogenesis
Online), cells that were often shed and observed in the intrabursal
space (Supplementary Figure 2H and J, available at Carcinogenesis
Online). Granulosa cells continued to appear normal at this age.

Progressive development of OEAs in Apc™® mice

Disrupted APC expression initially affects the crypt architecture and
later induces changes in epithelial cellular proliferation in colon cancer
mouse models (25). Additionally, overexpression of full-length APC
in a colon cancer cell line decreases cell migration and increases cell
adhesion (26), suggesting that normal APC plays an important role in
cell migration and adhesion. In this study, we observed that OSE cells
of mutant ovaries invade the ovarian stroma (n = 5/20), which were
similar to the inclusion cysts that have been implicated in the etiol-
ogy of epithelial ovarian cancers (15), and appeared to form glandular
structures (Figure 1B and D-F). Unlike controls (Figure 1A and C),
epithelial cells were observed in the intrabursal space of mutant ova-
ries (n = 4/20) (Figure 1E and F). IF for CK8, an epithelial cell-spe-
cific marker, confirmed the presence of epithelial cells in the ovarian
stroma of Apc*® ovaries (Figure 1D and F). APC*’ mice progres-
sively develop ovarian tumors through 11 months of age (n = 7/20)
(Figure 1G-J). However, no tumor formation was observed in control
mouse ovaries (n = 14). These tumors were often admixed with cysts
and limited to the ovaries. Histological examination of the tumors
showed that they were largely composed of tightly packed epithelial
cells similar to advanced Type I endometrial cancer (Figure 1G-J).
CKS8-specific staining confirmed the epithelial nature of these tumors
(Figure 1J). Expression analyses of anti-Miillerian hormone or
Miillerian inhibiting substance and inhibina, two well-known mark-
ers of ovarian stromal tumors (4), showed that tumors were negative
for both markers (Figure 1K and L), which again supports the epi-
thelial nature of these tumors. As expected, nuclear accumulation of
[-catenin was observed in the fully developed tumors (Supplementary
Figure 3A and B, available at Carcinogenesis Online).

Activating mutations in exon 3 of the (3-catenin gene accompanied
by nuclear accumulation of [-catenin protein have been observed in
human ovarian microcystic stromal tumors (27). Because Amhr2-Cre
is also expressed in stromal cells of the mouse ovary (4,24), we exam-
ined mutant mice for the stromal abnormalities/tumors and observed
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Fig. 1. Histology of Apc*° ovaries. (A) Normal histology of the OSE in older
(>4 month) control ovaries by hematoxylin and eosin. (B) Invasion of stromal
cells by hyperplastic OSE cells (arrowheads) in Apc* ovaries at 7-9 months.
Epithelial gland-like structures (arrows) were observed in ovarian stroma. (C
and D) CK8-specific staining showed normal OSE cells in control ovaries
(arrow), and hyperplastic OSE cells (arrowheads) and glandular (arrows)
epithelial cells in stroma of mutant ovaries at 7-9 months. (E and F) CKS8-
positive epithelial cells were observed in the space between the OSE and the
ovarian bursa (arrowhead). Mutant OSE cells forming epithelial glandular
structures (arrows) in mutant ovaries at 7-9 months. (G-I) OEAs formed

in mutant ovaries. IF of the Apc"‘” tumors with CK8 (J), anti-Miillerian
hormone (K) and inhibina (L). T = tumor area in K and L at 7-9 months. In
panels C, D, F, J, K and L, nuclei are shown stained with 4’,6-diamidino-2-
phenylindole (DAPI). Bars: 50 pm.

PTEN/HOXA10 in ovarian endometrioid tumorigenesis

cysts in some (n = 4/20) of the Apc*® ovaries (Supplementary
Figure 3C, available at Carcinogenesis Online). However, further
examination of these cysts revealed that they were positive for CK8
staining (Supplementary Figure 3D, available at Carcinogenesis
Online), suggesting an epithelial origin. Stromal granulosa cell
tumors were not observed in any of the mutant ovaries (n = 28) exam-
ined, indicating a limited role for mutated APC in the development of
stromal tumors in mice, which is consistent with the lack of nuclear
[-catenin in either human adult or juvenile granulosa cell tumors (28).
Increased nuclear or total 3-catenin ultimately leads to the activa-
tion of its target genes, including LEF1, TCF1 and cyclin d1 (29).
Dominant-stable activation of [-catenin causes formation of intes-
tinal polyps and cancer similar to the mice with mutated Apc (30),
and expression of dominant-negative TCFs or deletion of cyclin
dl1 suppressed APC-mutated intestinal cancer cell proliferation (3).
Additionally, previous studies have illustrated that activation of Wnt
signaling occurs in human OEAs (1,4). The expression of LEFI1,
TCF1 and cyclin d1 in human and Apc*® mice OEAs was elevated in
both human (n = 5) and murine (n = 3) OEAs compared with controls
(Figure 2), suggesting that dysregulated nuclear (3-catenin activity
might be contributing to progression of the disease in both settings.

Upregulation of Pten expression in pretumoral lesions present in
mutant ovaries

Deletion of PTEN and activation of PIK3CA alone are not sufficient
to initiate ovarian tumorigenesis (10,13,24). However, loss of PTEN
appears to potentiate tumorigenesis in ovaries with mutations of other
genes (4,10,24) and the combined loss of PTEN and APC causes a
100-fold increase in the penetrance of OEAs (10). We observed
increased expression of PTEN in the pretumoral lesions of Apc™° ova-
ries (Figure 3A and B), suggesting that PTEN expression might be
inhibited by normal APC activity or induced by nuclear [-catenin.
Colocalization of (3-catenin and PTEN confirms that upregulation of
PTEN only occurred in lesions with nuclear [-catenin accumulation
in the Apc®* ovaries (Figure 3C—F). The expression of the cell cycle
regulator, P27%P! a downstream target of PTEN/AKT signaling, was
also increased in pretumoral lesions (Supplementary Figure 4A and
B, available at Carcinogenesis Online). However, FOXO1, a tumor
suppressor and downstream target of AKT signaling (11), was not
increased in the pretumoral lesions (Supplementary Figure 4C and D,
available at Carcinogenesis Online).

Expression of the proliferation marker, phospho-histone H3 (pH3),
was examined to determine whether abnormal proliferation was
observed in cells with dysregulated {-catenin and showed that pre-
cancerous lesions with nuclear f-catenin accumulation had a very low
proliferative index at 4 weeks compared with the surrounding tissue of
mutant mice (Figure 3G and H). Increased PTEN and P27%P! expression,
combined with the lower proliferation rate of pretumoral lesions and the
loss or suppression of PTEN expression accompanied by a higher pro-
liferation rate in fully developed tumors (Figure 3L and M), suggests
that B-catenin-induced expression of PTEN suppresses progression of
tumor development in Apc?*® ovaries. Although precancerous lesions
are present in 4—6-week-old Apc™° ovaries, cancer development took
up to 11 months, indicating that either another mechanism suppressing
PTEN expression or PTEN mutation is required for progression.

pB-Catenin activation or APC suppression in HOSE cells causes
Sformation of tumors with OEA characteristics

Because dysregulated Wnt signaling is associated with development
of human OEAs (4,10), we investigated the role of Wnt signaling
in HOSE cells, an immortalized human cell line used as a surrogate
for primary ovarian surface epithelial cells (22). The HOSE cells
were transduced with viral vectors either to express CA-f3-catenin
(23) or to suppress APC expression (Dana Farber/Harvard Cancer
Center DNA Resource Core) (Supplementary Figure 5A, a—g, avail-
able at Carcinogenesis Online). HOSE cells appeared more epithe-
lial with a cobblestone morphology 4 days after transduction with
the CA-3-catenin and APC vectors (Supplementary Figure 5A, d-g,
available at Carcinogenesis Online) but not with control vector
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Human normal/benign Human OEA

A

B

TCF1 LEF1

Cyclind1

Fig. 2. Induction of B-catenin-responsive genes in human and Apc®® OEAs. Sections from human and Apc*” OEAs were analyzed by IF for expression of LEF1
(B and D), TCF1 (F and H) and cyclin d1 (J and L) for comparison with normal human (A, E and I) and control murine (C, G and K) ovaries. Murine OEAs and
controls are from 11-month-old mice. Arrowheads in panels A, C, E, G, I and K are pointing toward the normal OSE. Nuclei are shown by DAPI staining. Bar:

50 pm.

(Supplementary Figure SA, a—c, available at Carcinogenesis Online).
To analyze the effects of CA-3-catenin expression and APC knock-
down on the tumor-forming ability of these cells, 10° cells were com-
bined with Matrigel and injected into the dorsal flanks of nude mice
(2 site/mouse and minimum 15 sites each group; n = 8 mice/group).
Four weeks after injection, tumors were harvested from the animals
(Figure 4A, a). As expected, GFP was expressed in tumors derived
from CA-[3-catenin and control vector expressing cells (Figure 4A,
b and c); the APC knockdown viruses do not express GFP and thus
could not be similarly analyzed. The mean tumor volume and weight
was higher in CA-3-catenin and APC tumors compared with control
group (Figure 4A, d and e). One injection site each from control and
CA-[3-catenin group did not form grossly visible tumors (Figure 4A,
d). All animals injected with HOSE cells transduced with APC
knockdown shRNA developed tumors (Figure 4A).

Next, we examined the status of WNT signaling in these tumors by
analyzing the expression of 3-catenin and its downstream targets (TCF1
and LEF1) (Figure 4B). As predicted by the observed increase in nuclear
[-catenin accumulation, which is indicative of activated WNT signal-
ing, increased expression of TCF1 and LEF1 was observed in CA-[3-
catenin and APC tumors but not in controls (Figure 4B). Histological
examination revealed that tumors formed from HOSE cells with either
CA-fB-catenin or APC knockdown showed features similar to human
OEAs and also shared histological characteristics with tumors formed
after subcutaneous injections of AN3CA, a human endometrial cancer
cell line (Figure 4C, a— and Supplementary Figure 5B, available at
Carcinogenesis Online). Similar to human OEAs, these tumors were
positive for cytokeratin and PAX8 (markers for human ovarian car-
cinomas (31); Figure 4C, d-i). Additionally, increased proliferation,
DNA damage and decreased cell death examined by pH3 staining,
v-H2AX staining and terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling, respectively, were observed in CA-f3-catenin
and APC knockdown tumors compared with controls (Figure 4C, j—r).
None of the tumors derived from control vector-transduced HOSE
cells showed typical OEA histology (Figure 4C, a).
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In human patients, ovarian cancer is a peritoneal disease. To mimic
conditions of orthotopic tumor progression of human ovarian can-
cer patients, we injected 3x 10° transduced HOSE cells intraperito-
neally per mouse (n = 5 mice/group). Visibly enlarged tumors were
observed 5 weeks after injection in 80% (8/10) of mice injected with
either CA-3-catenin or APC knockdown HOSE cells, often attached
to the bowel (Figure SA and Supplementary Figure 5C, available at
Carcinogenesis Online). In comparison, only one small tumor was
discovered in mice injected with control vector-transduced HOSE
cells (data not shown). CA-f-catenin tumors were GFP positive
(Figure 5A, ¢ and d), indicating that they were derived from the trans-
duced cells. Interestingly, 50% (2/4) of the tumors in mice injected
with APC knockdown HOSE cells developed in ovaries of the nude
mice (Figure 5A, e and f), suggesting that these cells preferentially
target the ovary, which was not observed in either CA-f3-catenin or
control HOSE-injected mice. Histological examination of tumors
showed that CA-f-catenin and APC knockdown HOSE tumors are
similar to tumors developed after subcutaneous injections (Figure 4)
and human OEAs (Figure 5B, b—d). The control HOSE tumor was
largely cystic (Figure 5B, a). Cytokeratin staining confirmed the
epithelial origin of these tumors (Figure 5C, a—c). Similar to subcu-
taneous tumors (Figure 4), nuclear accumulation of [3-catenin was
only observed in CA-f-catenin and APC knockdown HOSE tumors
(Figure 5C, d—f), and like human OEAs, these tumors were also posi-
tive for PAX8 (Figure 5C, g—i).

During embryonic development, segmental expression of the
HOXA homeobox gene cluster is thought to play a central role
in differentiation of the embryonic Miillerian duct into the female
reproductive tract. For example, HOXA10 expression appears to
drive uterine differentiation and its deletion leads to homeotic
transformation of the uterus to a more oviductal phenotype (32).
WNT signaling is a known inducer of HOX genes and tightly
regulated Wnt signaling is required for proper patterning of the
female reproductive tract (32). Additionally, forced expression of
HOXAT10 in mouse OSE causes endometrioid-like differentiation
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(16). Since the OEA histotype closely resembles the uterine endo-
metrium, we examined expression of HOXA10 in both orthotopic
and ectopic tumors with either CA-f3-catenin or APC knockdown
(Figure 5D, a—d), as well as in Apc* tumors (Figure 5D, e and
f), and observed increased expression of HOXA10 compared with
controls, suggesting that dysregulated Wnt signaling contributes to
the formation of OEAs partially by inducing aberrant expression
of HOX genes.
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Discussion

Ovarian cancer is broadly classified into five different categories on
the basis of histological features: serous, endometrioid, mucinous,
clear cell and undifferentiated, with the serous, endometrioid and
mucinous subtypes so named because of their histological similar-
ity to the oviductal, endometrial, and cervical epithelia, respectively
(1). Mutated OSE, oviductal epithelial and endometrial epithelial
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Fig. 3. PTEN expression is induced and proliferation is inhibited in early Apc®* lesions. Expression of PTEN (representative of n = 3 in each group) in
juvenile control (A) and mutant ovaries (B) by IHC. Colocalization of [3-catenin and PTEN in juvenile control (C and D) and mutant ovaries (E and F) by IF.
Coimmunostaining of 3-catenin and pH3 in juvenile control (G) and mutant (H) ovaries. PTEN protein expression in adult control (I) and mutant (J and K)
ovaries by IHC. IF for $-catenin and pH3 in adult control (L) and mutant (M) ovaries. Arrowheads indicate OSE in A and L; arrows in B, E, F and H indicate

precancerous lesions. Bars: 50 pm.
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Fig. 4. Xenotransplants of HOSE cells with either CA-f-catenin or APC knockdown. HOSE cells were transduced with control virus or, virus to express
CA-f-catenin or to knockdown (kd) expression of APC. Gross tumors harvested 4 weeks after subcutaneous injection of the transduced HOSE cells into the
dorsal flanks of nude mice (A, a). Direct GFP fluorescence in control and CA-3-catenin tumors (A, b and ¢). Tumor volume and weight in three different groups
of tumors (A, d and e). Expression of 3-catenin, TCF1 and LEF1 was detected by IF in tumors as indicated (B). Histological and IF (cytokeratin, PAX8, pH3,
v-H2AX and terminal deoxynucleotidy! transferase-mediated dUTP nick end labeling) examination of tumors (C). Inset in panel C, g, is a positive control for
PAXS staining in mouse oviduct. DAPI staining was used to indicate nuclei. Bars: 50 pm.

cells have all been proposed as possible cells of origin of differ-
ent ovarian cancer subtypes (15,33-35). Studies in various ovarian
cancer mouse models have shown that specific genetic alterations in
OSE cells lead to the development of ovarian carcinomas resembling
serous, endometrioid and mucinous subtypes (4,10,14,16,24,36—
38). For example, activation of KRAS and loss of PTEN in OSE
cells lead to the formation of poorly differentiated ovarian serous
papillary adenocarcinomas and endometrioid adenocarcinomas in
two different mouse models using adenoviral- and Amhr2-driven
Cre recombinase (24,36). Similarly, overexpression of HOXA9,
10 and 11 in ovarian epithelial tumors is associated with serous,
endometrioid and mucinous characteristics, respectively (16). These
studies collectively support that OSE cells are capable of forming
ovarian carcinomas with Miillerian epithelial characteristics. Our
studies reported here showing development of the inclusion cysts
in the OSE also support the theory that OEAs are derived from the
OSE. However, the other suspected origins cannot be ruled out, par-
ticularly since we have shown previously that older APC** mice
also develop endometrial hyperplasia that can sometimes progress
to endometrial cancer (20). Therefore, we are unable to completely
rule out an endometrial origin for OEAs in this model. In humans,
double primary carcinoma of the ovary and endometrium is rela-
tively rare, approximately 3% of each (39), a compelling rationale
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for further investigation of the APC®’ mice to determine whether
bilateral oophorectomy or hysterectomy can interfere with either
endometrial or ovarian carcinogenesis, respectively.

Unlike other ovarian cancer histotypes, defective WNT signaling
is commonly observed in human OEAs (1), suggesting that WNT
signaling plays an important role in initiation and/or progression of
this type of cancer. In a previous study, only compound loss of APC
and PTEN generated OEAs (10). However, no tumor formation was
observed in that study by deletion of either APC or PTEN alone, and
the contribution of the individual mechanisms disrupted by mutation
of each of these genes to development of OEAs is unknown (10).
The activation of WNT signaling by deleting exon 3 of (3-catenin
with PTEN loss in mouse ovary also caused formation of tumors with
mesenchymal characteristics (11), which further confounded the role
of this pathway in OEAs. In Figure 1, we show that deletion of APC
alone can lead to the development of OEAs in older mutant mice. The
precancerous lesions in younger mutant ovaries (4—-6 week old) over-
express PTEN (Figure 3) and are composed of very few proliferating
cells. We hypothesize that the increased level of PTEN in the early
lesions, which we show is associated with elevated nuclear 3-catenin
activity, might be suppressing progression of the tumors to a more
cancerous phenotype. This would explain the formation of aggres-
sive OEAs with 100% penetrance in combined APC/PTEN-deleted
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Fig. 5. Tumor development with intraperitoneal injection of transduced HOSE cells. (A) Gross analysis of tumors formed after intraperitoneal injections of
CA-fB-catenin (a—d) and APC knockdown (e-f) HOSE cells. CA-f3-catenin tumors were GFP positive (d). Histology of control (B, a), CA-3-catenin (B, b) and
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Localization of cytokeratin, (3-catenin and PAX8 in tumors from all three groups of animals by IF (C). Mouse oviduct was used as positive control for cytokeratin
localization (inset in panel C, a). HOXA10 protein expression in control (D, a), CA-B-catenin (D, b) and APC knockdown (D, ¢) HOSE tumors. (D, e and f)
HOXA10 expression in Apc®*” ovarian tumors and controls. (D, d) Negative control for HOXA 10-specific staining with an equal amount of non-immune IgG.

Nuclei are stained with DAPI. Bars: 50 pm.

mice (10). The discrepancy between those results and those reported
here could be because in the previous study, ovaries of the mutants
were only examined from 30 to 42 weeks postnatal after Cre delivery
and we report tumor development at 11 months, even though pre-
cancerous lesions were observed in younger ovaries. Alternatively,
APC conditional deletion in the previous study was performed using
adenoviral Cre injection into the ovarian intrabursal space of postpu-
bertal mice. In our study, Amhr2-Cre is used, which is continuously
expressed in the OSE from the embryonic period (40) through prepu-
bertal ovaries and into adult ovaries (24), suggesting that both studies
targeted OSE cells at different stages of development.

Although the major emphasis of this study is the early events
in OEA tumorigenesis, it is important to note that classification of
the later, high-grade tumors derived in the Apc™® mice and in the
xenotransplants, as well as those in the previously reported CA-f3-
catenin mice (4), as OEAs is not without its caveats. These tumors tend
to be poorly differentiated and difficult to discern from high-grade
serous cystadenocarcinomas (41). We have relied on the histology of
the early or low-grade tumors to guide their classification as OEAs but
we cannot rule out the possibility that these high-grade tumors might
be serous cystadenocarcinomas. Additionally, whereas the preponder-
ance of evidence from human serous cystadenocarcinomas and mouse
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studies suggests that neither dysregulated WNT/B-catenin signaling
nor APC inactivation plays significant roles in serous ovarian cancer
biology, they have been linked to a majority of OEAs (10,42,43). The
lack of proper differentiation of the human cell lines after subcutane-
ous or intraperitoneal transplantation in immunocompromised mice
could also be attributed to the lack of mesenchymal or fibroblast cells.
A recent study showed that transplantation of a pure population of
endometrial epithelial cells is unable to form endometrial epithelial
glands (44). However, transplantation of equal numbers of epithelial
and stromal cells leads to the proper differentiation of the epithelial
cells and resulting tumors were similar to the endometrial adenocar-
cinoma. Since the stromal microenvironment is well known to play a
role in cancer development, we avoided adding stromal cells in our
model system with the HOSE cell line, fearing that it might compli-
cate interpretation of our results. The contribution of the stromal cells
to carcinogenesis in gynecological tissues is an active focus of our
laboratory and we plan to explore the mechanisms involved in that
process in future studies.

The interaction of WNT and PI3K signaling pathways has been
shown to play an important role in carcinogenesis (4,10). For exam-
ple, activation of 3-catenin is observed in PTEN-null prostate can-
cer cell lines and restoration of wild-type expression of PTEN leads
to increased phosphorylation and degradation of [(3-catenin (45).
Overexpression of PTEN suppresses proliferation, reduces cellular
[-catenin levels and decreases tumor formation in a WNT1-induced
mammary cancer mouse model (46), suggesting that PTEN antago-
nizes WNT-induced tumor formation. In a previous study, we showed
that sustained activation of (3-catenin induces PTEN expression and
contributes to a cellular senescence phenotype in OSE cells (4).
Loss of PTEN combined with activation of [-catenin caused very
aggressive ovarian tumor development with 100% penetrance (4).
Lastly, mutations in WNT and PI3K signaling members have been
prominently observed in human OEAs (9,43,47,48). However, the
individual contributions of these two signaling pathways in ovarian
carcinogenesis were not known. In this study, we show that APC
loss alone can initiate development of OEAs, which is suppressed by
activation of PTEN signaling (Figures 1 and 3). Although the loss of
PTEN alone is unable to initiate cancer formation, it appears essential
for progression of the disease.

We (49) and others (32, 50-52) have shown that WNT/B-catenin
signaling is important for normal endometrial differentiation and
can induce OEA when dysregulated (4,10,42,43,53); however, the
mechanisms involved are not well understood. Induction of HOXA10
expression has also been shown to be important for normal endome-
trial differentiation (32,51,54) and OEA differentiation (16). Here,
we have linked induced [3-catenin expression with induced HOXA10
expression during OEA differentiation (Figure 5). We attempted to
determine whether that link was direct or indirect by assaying the
expression of CDX2 and CDX4, both of which have been shown to
induce HOXA10 and are themselves induced by [3-catenin (55,56).
No changes in either CDX2 or CDX4 were observed in the tumors
by IHC in the transduced HOSE cells by western analyses (data not
shown). In our future studies, we will investigate whether other pos-
sible indirect mechanisms are involved or whether -catenin directly
induces HOXA10 at the transcriptional level.

In summary, we have shown that deletion of the APC gene is suffi-
cient to initiate the formation of OEAs. The increase in PTEN protein
levels and lower proliferation were observed in precancerous lesions
present in younger (4-6 week old) ovaries, suggesting that PTEN sup-
presses early tumor progression in Apc®®® ovaries. Because of previ-
ously reported functional and physiological differences in rodent and
human OSE, we have also developed ectopic and orthotopic xenograft
models to study human OEAs by altering WNT signaling in HOSE
cells (Figures 4 and 5), the first such report of OEAs developing from
human OSE cells. We also showed that dysregulated WNT/[3-catenin
signaling is associated with induced HOXA10 expression, a likely
mechanism driving OEA histotype differentiation. We are planning to
use these model systems to determine the molecular details of those
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mechanisms leading to OEA development and progression with the
hope that we can identify novel therapeutic targets for better manage-
ment of human OEA patients.

Supplementary material

Supplementary Tables I and II and Figures S1-S5 can be found at
http://carcin.oxfordjournals.org/
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