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Abstract

Ovarian cancer (OvCa) remains the most common cause of death from gynecological malignan-
cies. Genetically engineered mouse models have been used to study initiation, origin, progression,
and/or mechanisms of OvCa. Based on the clinical features of OvCa, we examined a quadruple
combination of pathway perturbations including PTEN, TRP53, RB1, and/or CDH1. To characterize
the cancer-promoting events in the ovarian surface epithelium (OSE), Amhr2¢¢+ mice were used
to ablate floxed alleles of Pten, Trp53, and Cdh1, which were crossed with TgK19GT421 mice to
inactivate RB1 in KRT19-expressing cells. Inactivation of PTEN, TRP53, and RB1 with or without
CDH1 led to the development of type | low-grade OvCa with enlarged serous papillary carcinomas
and some high-grade serous carcinomas (HGSCs) in older mice. Initiation of epithelial hyperplasia
and micropapillary carcinoma started earlier at 1 month in the triple mutations of Trp53, Pten,
and Rb7 mice as compared to 2 months in quadruple mutations of Trp53, Pten, Rb1, and Cdh1
mice, whereas both genotypes eventually developed enlarged proliferating tumors that invaded
into the ovary at 3-4 months. Mice with triple and quadruple mutations developed HGSC and/or
metastatic tumors, which disseminated into the peritoneal cavity at 4-6 months. In summary,
inactivation of PTEN, TRP53, and RB1 initiates OvCa from the OSE. Additional ablation of CDH1
further increased persistence of tumor dissemination and ascites fluid accumulation enhancing
peritoneal metastasis.

Summary sentence

Inactivation of TRP53, PTEN, and RB1 initiates ovarian cancer from the ovarian surface epithelium.
Additional ablation of CDH1 further increased persistence of tumor dissemination.
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Introduction United States [1]. The majority of OvCa (85-90%) is histologically
Ovarian cancer (OvCa) remains the most common cause of death classified as epithelial ovarian cancer (EOC) [2, 3]. They are
from gynecological malignancies and is the fifth leading overall cause further divided into type I, low-grade OvCa and type II, high-grade
of death from cancer in women. In 2019, approximately 22,500 new aggressive malignancies based on the clinical behavior and

OvCa cases and 14,000 deaths were estimated from OvCa in the histopathological types of EOC [3, 4]. Most type II malignancies
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feature high-grade serous carcinomas (HGSCs), which have a high
propensity for metastasis, resulting in low overall survival [3]. The
cancer genome landscape of HGSC has unequivocally reported that
96% of HGSCs harbor mutations of TP53 [5]. These studies have
also highlighted alterations in the RB1 pathway (67%), the phos-
phoinositide 3-kinase (PI3K) pathway (45%), and Notch signaling
(22%) in HGSC [5]. Although OvCa is a complex heterogeneous dis-
ease, a clear understanding of molecular pathogenesis in OvCa is nec-
essary for early stage diagnosis as well as rational design of therapies.

Genetically engineered mouse models of OvCa have been devel-
oped to understand the specific functions of oncogenes and/or tumor
suppressors and the etiology of OvCa formation [3, 6-8]. Via
deletion of regulatory floxed genes by injecting adenovirus-Cre to
the ovarian bursa and/or crossing with Ambr2<¢+ mice, the ovarian
surface epithelium (OSE) can be transformed into OvCa. Specifi-
cally, combination of Pten, Kras®'?P, and/or TrpS3R17?H mutation
by Ambr2¢?+ mice can induce EOC such as serous papillary ade-
nocarcinomas, mucinous with serous features of carcinomas and/or
HGSC [9-11]. On the other hand, recent evidence, from clinical and
animal studies of OvCa, shows that HGSCs appear to arise from the
fallopian tube epithelium (FTE) [3]. The use of Pax8 or Ovgp1 pro-
moters to express Cre recombinase enables to target/disrupt genes in
FTE [12-15] resulting in the induction of HGSC and serous tubal
intraepithelial carcinomas mimicking the development of OvCa [12,
14]. While each model will provide some similarities and differences
in the clinical features and molecular aspects of OvCa, genetically
engineered mice with deletion or inactivation of tumor suppressor
genes and/or exogenous expression of oncogenes in a tissue-specific
manner provide a better understanding of the molecular mechanisms
in the precise origin of cells in OvCa.

In the present study, we have generated a mouse model of OvCa
in which Trp$53, Pten, and/or RB1, well-known altered signaling
pathways in OvCa, were conditionally ablated or inactivated in
the OSE using Amhr2?* mice. We have also induced disruption
of epithelial cells by deleting Cdh1 with a combination of Trp53,
Pten, and/or RB1 in OSE to examine the importance of epithelial
structure of OSE. While CDH1 mutation and/or deletion is not
common (~5%) in OvCa based on datasets from The Cancer
Genome atlas Program (TCGA), physical disruption of epithelial
cells in the OSE can be routinely induced by ovulation. Increased
ovulations with damaged OSE could serve as the origin of OvCa [3,
16].In addition, CDH1 ablation is one of the progressive phenomena
in cancer metastasis [17-19]. Inactivation of TRP53, PTEN, and RB1
in the OSE was predicted to induce type I low-grade OvCa such as
papillary features of adenocarcinomas with some HGSC phenotype
and metastasis. The combined inactivation of TRP53, PTEN, and
RB1 in the OSE resulted in loss of normal epithelial characteristics.
Interestingly, loss of Cdh1 seemed to cause disruption in the epithelial
histoarchitecture that delayed the onset of OvCa and elicited poorly
differentiated ovarian tumors. However, after OvCa establishment,
these mice exhibited poor survivability and all succumbed to the
disease by 6.5 months.

Materials and methods

Animals and tissue collection

Mice were maintained in the vivarium at Southern Illinois
University according to the institutional guidelines for the care
and use of laboratory animals (protocol #16-038). Health of mice
was continuously monitored by investigators and vivarium staff
according to National Research Council guidelines [20]. Mice

with tumor burden precluding normal movement and access to
food/water were euthanized and the day of sacrifice recorded.
B6.129-Ambr23@Bhr (aka Ambr29°t) mice were provided by
Dr. Richard R. Behringer (Univ. Texas MD Anderson Cancer
Center [21]). B6.129-Cdh17Xem2[] (aka Cdh1°*, Jax #005319)
and B6.12984-PtenM (aka Pten/"*, Jax #006440) mice were
obtained from the Jackson Laboratory. FVB.129-Trp53"8™ (aka
TrpS53f°* ) #01XC2) mice were obtained from the Mouse Models
of Human Cancers Consortium, NIH. B6.D2-Tg(K19GTj21)Tvd
(aka TgK19GTj21) mice were obtained from Drs. Yurong Song and
Terry van Dyke [22, 23]. Tissues were collected at 1, 2, 3, 4, and
6 months, and were fixed in fresh 4% paraformaldehyde in PBS at
room temperature and embedded in paraffin, or homogenized with
Trizol (Thermo Fisher, Waltham, MA) for RNA extraction.

Histology and immunohistochemistry

Tissue sections were stained with haematoxylin and eosin (H&E)
and evaluated by Mariléne Paquet, a board-certified pathologist
according to current ovarian cancer pathogenesis [3, 4, 24]. At
least five sections were examined for each genotype or time point.
Immunolocalization of Ki67, KRT14, CDH1, PAXS8, WT1, SV40 T
Antigen (RB1),and PTEN was determined in cross-sections (5 pm) of
paraffin-embedded tissue sections using specific primary antibodies
and a Vectastain Elite ABC Kit (Vector laboratories, Burlingame,
CA, USA). Primary antibodies used in these analyses were anti-
Ki67 (1:250 dilution, 550609, BD Biosciences, San Jose, CA);
KRT14 (1:200 dilution, PIPA532460, Invitrogen, Waltham, MA);
anti-CDH1 (1:250 dilution, 610181, BD Biosciences); PAX8 (1:200
dilution, 10336-1-AP, Proteintech, Rosemont, IL); anti-WT1 (1:200
dilution, ab89901, Abcam, Cambridge, MA); anti-SV40 T Antigen
(1:150 dilution, DP02, Millipore Sigma, St. Louis, MO); and PTEN
(1:250 dilution, 9552, Cell Signaling Technology, Danvers, MA).

Quantitative real-time PCR analysis (QPCR)

Total RNA was isolated from the tissues, and cDNA was
synthesized from total RNA using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher, USA). Relative gene expression
was determined by SYBR green (Bio Rad, USA) incorporation using
a Bio-Rad CFX as described previously [25]. Primer sequences
were determined using NCBI’s design tools and are provided in
Supplementary Table S1.

Statistical analysis

Graphs were constructed and statistics were analyzed with Graph-
Pad Prism 5.0 (GraphPad, San Diego, CA). Overall survival rates
were determined by Kaplan—-Meier analysis and P-value was deter-
mined by log-rank test. Student’s t-test was used to compare the rel-
ative TrpS3 mRNA expression levels between control and Trp539
mice. Tests of significance were performed using the appropriate
error terms according to the expectation of the mean squares for
error. A P-value of 0.05 or less was considered significant.

Results

Generation of mice with Pten, Trp53, and Cdh1
ablation and RB1 inactivation in the mouse ovary
To characterize the cancer-promoting events in the ovary, Ambr.
mice were crossed with Pten/, Trp 537, Cdbh 1", and/or TgK19GT12;
mice to provide a tissue-specific ablation/inactivation of PTEN,
TRPS53, CDH1, and/or RB1 in Amhr2-expressing cells. TgK19GT12;

2 Cre/+
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mice can Cre-dependently inactivate RB1 in KRT19 (cytokeratin
19)-expressing cells. T121 is comprised of the first 121 amino acids
of the SV40 large T antigen and inactivates RB1 and its functionally
redundant proteins RBL1 (p107) and RBL2 (p130) (see details in
(22, 23]). Ambr2** Pten™ Trp537f Cdbh17f TgK19GT;2; = Control,
Ambr2%e* Pten” TrpS3++ Cdb1t'+ = Pten™, Ambr29*+ Pten™'*
TrpS37" Cdb1t+ = TrpS53¥, Ambr2€+ Pten™* TrpS3++ Cdh17 =
Cdh1¥, Ambr2¢* Pten™* TrpS3++ Cdh1™+ TgK19GTix
= TgK19GTi21, Amhr2¢e+Pten” Trp53" Cdh1t*+ = Pten®?
TrpS3¥, Amhr2+ Pten TrpS37" Cdh1" = Pten®™ TrpS3¥d
Cdh1¥*, Ambr2©+ Pten® Trp537f Cdh1++ TgK19GTya1 = Pten®
Trp53% TgK19GTi2;, and Ambr2%e*Pten™ TrpS37 Cdh1?
TgK19GTy21 = Ptent TrpS3¥4 Cdh1%¢ TgK19GTy2;. Genotyping
by PCR is shown in Figure 1A, and the primers for genotyping are
shown in Supplementary Table S1. Cre recombinase in Amhr2¢re+
mice is active in the OSE and granulosa cells in the ovary [26],
and it is known that Ambr2¢“* mice are able to induce EOC
and/or granulosa tumors depending on the target genes [9, 27,
28]. The ability of Ambr2-Cre recombinase to mediate ablation
of Trp53, Cdh1, and Pten in the ovary was confirmed by Trp53
mRNA analysis, as well as PTEN and CDH1 (black arrow)
immunoreactivity (Figure 1B-D). A floxed eGFP-stop-T12; cassette
is inserted into exon 1 start codon of KRT19, and RB1 inactivation
in KRT-expressing cells has been confirmed in the OSE [22]. Our
results also showed that SV40 T antigen positive cells were observed
in the OSE (black arrows) of TgK19GT121 mice and EOC (black
arrows) of Pten Trp53%4 TgK19GT;z1 and Pten®™ Trp53%
Cdh1¥* TgK19GT1,1 mice (Figure 1E).

Impact of conditional inactivation of TRP53, PTEN,
CDH1, and RB1 in the ovary

Nine different genotypes of mice (control, Pten®, TrpS53%4, Cdh14,
TgK19GTy21, Pten®™ Trp539, Pten® Trp53¥ Cdh19, Pten™
TrpS53%¢ TgK19GT121, and Pten® Trp53% Cdh1¥¢ TgK19GT121)
were generated (7 = 4-13 at each time point). Reproductive tract
gross morphology was assessed at 6 month, Pten®, Trp53%
Cdh1¥, TgK19GTiz1, Pten Trp53%, and Pten®® Trp53#d
Cdh1% mice appeared to have normal ovaries based on the gross
morphology of ovaries (Figure 2A and B). Histological analysis
indicates that Pten™ Trp53%* Cdh1% mice did not show abnormal
cancerous ovaries (Supplementary Figure S1), but an enlarged uterus
(Figure 2B, arrow) was commonly (6 of 8 mice) observed in these
mice at 6 months. Cre recombinase in Amhr2¢“* mice is active
in the uterine stroma and myometrium [26], potentially eliciting
this abnormal morphology, but our focus was to characterize the
role of these genes in OvCa. Because normal ovarian histology in
Pten® mice has been reported [26] and mice with a double ablation
of Pten™ Trp53¥ possess ovaries with normal gross morphology
(Figure 2A) and histology at 6 months (Supplementary Figure S1),
TrpS53%, Pten®, and Pten® Trp53%? mice were removed from
further analysis. Pten®® TrpS53% TgK19GTi21 and Pten® Trp53%
Cdh1¥* TgK19GTi2; mice (n = 4-13, Table 1) exhibited enlarged
ovarian tumors starting at 3 months (Figure 2B). Pten® Trp53%
TgK19GTy2; mice (2 of 6 mice) and Pten®™ Trp539¢ Cdh1¥d
TgK19GTi21 mice (8 of 13 mice) also showed abnormally enlarged
uteri at 6 months (Supplementary Figure S2 and Table 1). Those
putative uterine tumors were largely necrotic and contained large
amount of putrid fluid. Ascites fluid accumulation and extensive
peritoneal carcinomatosis with clusters of tumor nodules (black
arrows, Figure 3A) and primary ovarian tumors (white arrows,

Figure 3A) were observed in one Pten® TrpS53% TgK19GTiz;
mouse at 4 months (Figure 3 and Table 1). Metastatic tumors were
detected in Pten™ Trp53%* Cdh19¢ TgK19GTi; mice at 4 months
(2 of 5 mice) and 6 months (5 of 13 mice) (Figure 3A and Table 1).

Kaplan—Meier analysis revealed that survival rates of Pten?
Trp53% TgK19GTiz; and Pten™ Trp53%* Cdh1¥¢ TgK19GTi21
mice were significantly reduced (P < 0.0001, Figure 3B). While
Pten®®  Trp53¥ TgK19GTiz; and Pten®® Trp53¥ Cdh1¥
TgK19GTi2; mice exhibited a median survival of 5.3 months,
71.8% of Pten Trp53¥* TgK19GTiz; and 100% of Pten®?
TrpS53% Cdh1¥¢ TgK19GTiz; mice died or reached our tumor
burden euthanasia criteria by 6.5 months. We observed that more
mice with Pten®® Trp53%* TgK19GTj2; compared to mice with
Pten®™ Trp53% Cdh1¥¢ TgK19GTj; died prior to 4.5 months
(black arrow in Figure 3B). Some Pten® Trp53% TgK19GTi2;
mice were still alive at 6-6.5 months, whereas no Pten®? Trp53%
Cdh1¥* TgK19GT13; mice survived to 6.5 months. The uterine
tumor burden observed in a few Pten®® Trp§53%* Cdbh14! mice led
to death/euthanasia between 4 and 6.5 months (Figure 3B), whereas
median survival was undefined by Kaplan—-Meier analysis. Control,
Cdh1%, TgK19GTy,1, and Pten® TrpS53# mice appeared healthy
until at least 6.5 months.

Histopathology of OvCa in Pten®?, Trp53% TgK19GT121,
and Pten?® Trp53%¢ Cdh1% TgK19GT127 mice
Histopathological examination demonstrated that single ablation
of Pten, Trp53, or Cdh1, and inactivation of RB1, double abla-
tion of Pten and Trp33, as well as triple ablation of Pten, TrpS53,
and Cdh1 in the ovary by 6 months did not show in any abnor-
malities (Supplementary Figure S1). In contrast, Pten® TrpS539
TgK19GTy21 and Pten™ Trp539¢ Cdh1%¢ TgK19GT121 mice devel-
oped similar features of EOC (Figure 4). However, initiation of EOC
occurs earlier in Pten® Trp53% TgK19GTi21 mice (Figure 4a and
Table 1). Pten™ TrpS3% TgK19GTi21 mice developed epithelial
hyperplasia (5 of 7 mice) and low-grade serous micropapillary
carcinomas (4 of 7 mice) that originated from the OSE at 1 months
(Figure 4a and Table 1). The first signs of epithelial hyperplasia
(3 of 9 mice) and micropapillary features (4 of 9 mice) in the
OSE of Pten™ Trp53%* Cdh1% TgK19GT;2; mice were observed
at 2 months (Figure 4f and Table 1). No Pten® Trp53%* Cdh14
TgK19GTi21 mice (0 of 8 mice) showed abnormal OSE at 1 months
(Figure 4e and Table 1). However, around 3—4 months, both Pten®?
Trp53%4 TgK19GTi2; and Pten®™ Trp53%¥* Cdh1# TgK19GTi2q
mice exhibited invasion of serous carcinomas into the ovary with
papillary and some HGSC features (Figure 4c and g and Table 1).
When some of these mice started dying at ~4 months in both
genotypes, we observed that EOC had already invaded into the entire
ovary and the peritoneal cavity. The features of HGSC were first
observed at 3 months in Pten® Trp53%* TgK19GTj2; mice and at
4 months in Pten® Trp53¥¢ Cdh1% TgK19GTi2; mice (Table 1).
At 6 months (Figure 4d and h and Table 1), Pten® Trp53%¢ Cdh14
TgK19GTi21 mice showed increased features of serous papillary
carcinoma (9 of 13 mice) and HGSC (5 of 13 mice), as well as ascites
fluid accumulation (5 of 13 mice), and peritoneal carcinomatosis
(5 of 13 mice). In contrast, Pten® Trp53%¥* TgK19GTjz; mice
exhibited less HGSC (1 of 6 mice), but showed some granulosa cell
tumors (2 of 6 mice).

As shown in Table 1, both genotypes of mice developed hetero-
geneous OvCa with papillary, HGSC, granulosa cell tumors, and/or
necrotic tumors, whereas other types of EOC such as endometrioid,


https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa008#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa008#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa008#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa008#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa008#supplementary-data

1058

M. Shi et al., 2020, Vol. 102, No. 5

A /.

Control Pter*Trpsd TgK19G T2 Pteff*Trp53%9Cdn1?*TgK 196 Trz1

150 bp 4=Cre

<= Pten flox
<= Pten WT
<= Trp53 flox
4= Trp53 WT

<= Cdh1 flox
<= Cdh1WT

Control

c
[
(=]
=
c
©
-
=)
g
>
7]

15 P<0.01

0.5

Relative 7rp53 mRNA Expression
L4

o
Control Trp53%9

Control

G 3
iy
AN
! L)
Fa A '2 i

Figure 1. Analysis of conditional ablation/inactivation of Pten, Trp53, Cdh1, and Rb1 induced by Amhr2€r+ mice in mouse ovary. (A) Genotyping PCR of tail
DNA to detect the Amhr2C"¢/+ transgene (three representative mice per each genotype and heterozygous, f/+). (B) QPCR analysis of Trp53 normalized to Rp/19
in the ovary of control and Trp53%? mice. Immunolocalization of (C) PTEN in the ovary of control and Pten?d mice; (D) CDH1 in the ovary of control and Cdh 1%
mice; and (E) SV40 T antigen in the ovary of control, TgK19G T2, Pten®? Trp53%d TgK19GT;21, and Pten?d Trp53%d Cdh19d TgK19GT;2; mice. Black arrows

show positive immunostaining.

clear cell, and mucinous carcinomas were not observed. In contrast,
serous papillary carcinomas were enlarged during the progression
of OvCa in both genotypes. While there was some variability
within animals of each group, several histopathological OvCa
features were commonly identified in both genotypes including EOC
hyperplasia (Figure 5a, arrow), progression of micropapillary and
papillary carcinomas originating from the OSE (Figure 5b and c),
papillary structure with slit-like spaces (Figure 5d), and papillary
architecture with cytosolic atypia (Figure Se). In addition, HGSC
was also observed (Figure 5f), especially in the later stages of OvCa
progression, characterized by nuclear atypia (Figure 5g, arrows),
apoptotic cells (Figure Sh, arrow), abnormal mitosis (Figure 5i,
arrows), and cell clumps (Figure 5j, arrow). We also observed crib-
riform architecture (Figure 5k), granulosa cell tumors (Figure 51),
papillary architecture with necrosis (Figure Sm), necrotic tumors
(Figure 5n), papillary carcinoma with cystic features (Figure 50), and
dissemination of tumors into the peritoneal cavity (Figure 5p). How-

ever, oviducts of mice from both genotypes showed normal histology
(Figure 5q).

Strong staining of Ki67 positive cells, as a marker of cell prolif-
eration, was observed within hyperplastic OSE (black arrows) at 2
months and OvCa tumors at 2-3 months in Pten® Trp53%¢ Cdh14
TgK19GTi2; mice, suggesting abnormal proliferation was present
(Figure 6A). In contrast, control OSE lacked Ki67 staining, normal
granulosa cells within growing follicles serve as a positive control for
staining in healthy follicles. Those hyperplastic OSE (black arrows)
at 2 months and OvCa at 2-3 months showed strong expression of
KRT14, a marker of epithelial cells, and WT1, a marker of cancer
cells in EOC (Figure 6A). Note: WT1 is known to be detectable in
normal granulosa cells [29, 30]. PAX8, a marker of oviductal epithe-
lial cells, was not detected within OvCa tumors, but was not altered
in oviductal cells of ovarian sections of mice with EOC (Figure 6B).
Similar staining was observed in Pten® TrpS3¥4 TgK19GT12; (data
not shown). CDH1 was positive in OSE in control mice (white
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Figure 2. Gross morphology of the female reproductive tract in (A) control, Pten®d, Trp53%d, Cdh19d, TgK19GT;2;, and Pten®d Trp5394 at 6 months of age;
and (B) Pten®@ Trp53%d Cdh19d, Pten®d Trp539d TgK19GT;21, and Pten®® Trp539d Cdh19d TgK19GT;21 mice at 1-6 months of age. Arrow indicates uterine

enlargement observed in 75% of Pten®d Trp53%d Cdh1%d mice at 6 months.

arrow) and EOC in Pten®™ TrpS53%¢ TgK19GTi; mice, but not
present in Pten®® TrpS53¥4 Cdh1¥¢ TgK19GTi2; mice (Figure 6C).
Note: CDHI1 is positive in oocytes, and granulosa cells show some
background fluorescence (see IgG control). Disseminated tumors
retrieved from the peritoneal cavity displayed strong Ki67, KRT14,
and WT1 expression throughout the tissue section (Figure 6D).

Discussion

The Cancer Genome Atlas (TCGA) dataset indicates that HGSC
harbor TP53 mutations in at least 96% of tumors [5]. Deregulation

of the RB1 and PI3K pathways has been reported in 67 and 45%
of HGSC, respectively [5]. While homozygous PTEN mutations are
found in 7% of HGSC [5], total or partial loss of PTEN protein was
reported in 15 or 50% of HGSC, respectively [31], implying that loss
of PTEN function could be an induction of aberrant AKT activation
in HGSC. Loss of CDH1 function has been implicated in the progres-
sion and metastasis of numerous malignancies [17-19]. Disruption
of epithelial cells routinely occurs in the OSE during ovulation.
Damaged OSE can result in the formation of a cyst with an epithelial
lining inside and can be the origin of EOC [3]. In fact, the increased
number of ovulations is considered as one of the risk factors of EOC
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Table 1. Characteristics of Pten® Trp53%? TgK19GT;27 and Pten®® Trp53% Cdh1%? TgK19GT127 mice.

Genotype Phenotype Age
1 month 2 months 3 months 4 months 6 months
Pten® Trp539H OSE hyperplasia 71.4% (5/7) 11.1% (1/9) 0% 0% 50.0% (3/6)
TgK19GT121
Serous papillary 57.1% (4/7) 44.4% (4/9) 71.4% (5/7) 100.0% (5/5) 50.0% (3/6)
carcinomas
HGSC 0% 0% 14.3% (1/7) 60.0% (3/5) 16.7% (1/6)
Peritoneal 0% 0% 0% 60.0% (3/5) 0%
metastasis
Ascites fluid 0% 0% 0% 20.0% (1/5) 0%
accumulation
Granulosa cell 0% 11.1% (1/9) 0% 0% 33.3% (2/6)
tumors
Necrotic tumors 0% 0% 14.3% (1/7) 0% 0%
Uterine tumors 0% 0% 0% 0% 16.7% (2/6)
OSE hyperplasia 0% (0/8) 30.0% (3/9) 25.0% (1/4) 0% 0%
Serous papillary 0% 44.4% (4/9) 75.0% (3/4) 80.0% (4/5) 69.2% (9/13)
carcinomas
Pten ¥ TrpS53 44 HGSC 0% 0% 0% 20.0% (1/5) 38.5% (5/13)
Cdh1 Peritoneal 0% 0% 0% 40.0% (2/5) 38.5% (5/13)
metastasis
TgK19GT 121 Ascites fluid 0% 0% 0% 40.0% (2/5) 38.5% (5/13)
accumulation
Granulosa cell 0% 0% 0% 0% 0%
tumors
Necrotic tumors 0% 0% 0% 20.0% (1/5) 0%
Uterine tumors 0% 0% 0% 0% 61.5% (8/13)

[16]. Owing to those clinical features of OvCa, we have generated
and characterized a mouse model in which TRP53, PTEN, RB1,
and/or CDH1 are conditionally inactivated using Amhr2+. Based
on the specificity of RB1 inactivation in KRT19-expressing cells
[22] and the results of initial epithelial hyperplasia in the OSE, the
present study indicates that EOC originates from the OSE. Although
histopathological analysis revealed that most tumors developed type
I low-grade OvCa with the features of serous papillary carcinomas,
some of the tumors became HGSCs exhibiting nuclear atypia and
peritoneal metastasis. It has been reported that the OSE can develop
into serous papillary adenocarcinomas, when Amhr2¢* mice are
used to mutate Pten and express Kras¢'?P [9]. With an addition
of TrpS3R172H mutant expression to disruption of Pten gene and
Kras®"?P, OSE forms mucinous with serous features of carcino-
mas [11]. Pten deletion and TrpS3R772H mutation are also able to
develop HGSC [10]. Adenovirus-Cre-mediated ablation of Trp53
and Rb1 [32] in the OSE induces poorly differentiated carcinomas.
Inactivation of TRP53, RB1, and BRCA1/2 in the OSE leads to the
development of ovarian tumors with HGSC phenotype [23]. These
results suggest that altered combinations of TRP53, RB1, and PTEN
functions in the OSE are most likely critical to induce low- and high-
grade features of EOC.

In our model, inactivation of TRP53, PTEN, and RB1 with
or without CDH1 ablation showed similar pathogenesis includ-
ing enlarged focal areas of papillary differentiation as shown in
Figure 4. On the other hand, Pten? Trp53%* TgK19GTiz; mice
initiated OSE hyperplasia and micropapillary differentiation at the
age of 1 month (Figure 4a). Interestingly, the initiation of EOC in
Pten® Trp53%4 TgK19GT21 mice started earlier than that in Pten®?

TrpS3% Cdh19 TgK19GT121 mice (Figure 4a and e). Although we
do not have a direct answer to address this observation, disruption of
epithelial cells by loss of CDH1 in the OSE might lead to insufficient
epithelial ablation/inactivation of TRP53, PTEN, and RB1, slowing
down the progression of carcinogenesis. One possibility is that the
loss of CDHI1 leads to sloughing and death of abnormal epithelial
cells that might otherwise lead to cancer. In fact, survival rate of
Pten® Trp53¥ TgK19GTy21 mice dropped 50% around 4 months,
whereas ~75% of Pten® Trp53%* Cdh1¥* TgK19GT1,1 mice sur-
vived until 5 months. However, a few more Pten® TrpS53%* Cdh14
TgK19GTi31 mice developed HGSC, serous papillary carcinomas,
and/or metastatic tumors at 6 months of age, and all mice died by
6.5 months. We observed that some of Pten® TrpS53¥¢ TgK19G T2
mice survived past the time-point of 4 months, and those mice
showed less invasive and aggressive features. Indeed, we did not
find any signs of metastasis in Pten® Trp53% TgK19GTz; mice
that survived at 6 months. Thus, TRP53, PTEN, and RB1 inacti-
vation is enough to initiate and progress early tumor development,
whereas loss of CDH1 eventually accelerates invasive and metastatic
progression of tumorigenesis in OvCa. On the other hand, HGSC
was observed in older mice at 3—6 months for Pten®® Trp539H
TgK19GTyz; mice, or 4-6 months for Pten® Trp53%! Cdh1¥*
TgK19GTy31 mice, whereas low-grade serous papillary carcinomas
have been observed from the early EOC development. These results
let us speculate that HGSC could be differentiated from serous
papillary carcinomas. However, the initiation and development of
HGSC might be separately considered differentiation from other
types of EOC, because HGSC has been detected in early stages of
OvCa in clinical studies [3].
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Figure 3. (A) Ascites fluid accumulation and peritoneal carcinomatosis tumors were observed in Pten?d Trp53%9 TgK19GT;2; and Pten®® Trp539d Cdh19/d
TgK19GT;27 mice. White arrows show primary ovarian tumors and black arrows show extensive peritoneal carcinomatosis with clusters of tumor nodules. (B)
Overall survival rate for control, Cdh199, TgK19GT;21, Pten®® Trp53%4, Pten®d Trp53%d Cdh19d, Pten¥d Trp53%d TgK19GT;2;, and Ptend Trp53%d Cdh19/d
TgK19GT;21 mice was determined by Kaplan-Meier analysis (P < 0.0001). All mice were monitored for any sign of sickness or discomfort. When present, those
mice were euthanized, and the day of sacrifice was recorded. Black arrow shows that more mice with Pten®? Trp53%? TgK19GT;,; died by 4.5 months compared

to mice with Pten?d Trp53%9 Cdh19d TgK19GT21.

We have occasionally observed granulosa cell tumors in Pten®?
TrpS53% TgK19GTi2; mice. This observation is surprising, because
RB1 inactivation via Cre-dependent induction of the Krt19 promoter
in Pten® Trp53%* TgK19GTi2; should be limited only to OSE.
Thus, these animals would possess granulosa-specific deletion for
only TRPS3 and PTEN. However, Pten® Trp53%¥? mice did not
show any abnormal histopathology in the ovary, indicating that
inactivation of RB1 in the OSE and loss of Trp53 and Pten either in
OSE or granulosa cells somehow could associate to induce granulosa
cell tumors.

Based on the results of PAX8 expression, our model did not
induce any tumors derived from the stroma of the oviduct where
Ambr2-Cre recombinase is active. Since inactivation of RB1 and
CDH1 is limited to epithelial cells, this result indicates that Ambr2-
Cre-driven ablation of TRP53 and PTEN in the stroma of the oviduct
is not able to induce tumorigenesis. The use of Pax8 or Ovgpl
promoters to express Cre recombinase is able to target in oviductal
epithelial cells of oviduct [12-15]. Targeting Brcal/2, TrpS3R172H,
and Pten genes using Pax8 induces HGSC originated from the
oviduct [12]. Breal, Trp53, Rb1, Nf1, and/or Pten defects using
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Figure 4. Ovarian histopathology of control, Pten®d Trp53%d TgK19GT;1, and Pten®d Trp53%d Cdh19d TgK19GT;2; mice at 1-6 months of age (a-h). Tissues
were stained using H&E. Black arrow indicates ovarian surface epithelial hyperplasia and arrowheads show serous micropapillary carcinomas.

Figure 5. Pten?d Trp53%d TgK19GT;2; and Pten®d Trp53%d Cdh19d TgK19GT;2; mice possess many histopathological features of OvCa in common.
Representative images are presented for: (a) epithelial hyperplasia (black arrow), (b, c) progression of micropapillary and papillary carcinomas, (d) papillary
structure with slit-like spaces, (e) papillary architecture with cytosolic atypia, (f) high-grade serous carcinoma (HGSC), (g—j) representative features of HGSC with
(g) nuclear atypia (black arrows), (h) apoptotic cells (black arrow), (i) abnormal mitosis (black arrows), (j) cell clumps (black arrow), (k) cribriform architecture,
() granulosa cell tumor, (m) papillary architecture with necrosis, (n) necrotic tumor, (o) papillary with cystic features, (p) peritoneal metastatic tumor, and (q)

normal oviduct.

Ouvgp1-iCre-ER™ result in serous tubal intraepithelial carcinomas
and HGSC [14]. These results suggest that inactivation of genes in
the epithelial cells of the oviduct is crucial to develop OvCa. On
the other hand, we observed uterine tumor burden in some Pten®?
TrpS53% Cdh1%, Pten? Trp53#¢ TgK19GTj21, or Pten™ Trp534
Cdh1# TgK19GTi2; mice at 6 months of age. Within the uterus,
AMHR2 expression is limited only to the stroma and myometrium

[26]. Thus, inactivation of TRP53 and PTEN is only likely to be
induced in the uterus. However, Pten®® TrpS53%¢ mice did not show
any abnormal uterine morphology. It has been reported that loss
of PTEN by Amhr2“+ mice fails to induce endometrial cancer,
but generates abnormal myometrial adipogenesis [26]. Although
the reasons for the development of necrotic uterine tumor burden
observed in Pten® Trp53% Cdh1%, Pten?® TrpS539¢ TgK19GTi21,
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Figure 6. Immunohistochemical analysis of (A) Ki67 as a marker of cell proliferation, KRT14 as a marker of epithelial cells, and WT1 as a marker of cancer cells
(black arrows show hyperplastic OSE at 2 months), (B) PAX8 as a marker of oviductal epithelial cells in Pten®? Trp53%9 Cdh 194 TgK19GT;,7 mice. Similar staining
was observed in Pten®d Trp53%d TgK19GT;2; (data not shown). (C) CDH1 (white arrows show CDH1 positive cells) in control, Pten®d Trp539 TgK19GT;,1, and
Pten?d Trp53%4 Cdh19d TgK19GT;21 mice. (D) Immunohistochemical analysis of Ki67, KRT14, and WT1 in metastatic tumors.

or Pten® Trp53# Cdh14* TgK19GT121 mice are still unclear, those Supplementary data
tumors .might. be .end.ometrial adenosarcomfl, which mlght warrar.lt Supplementary data are available at BIOLRE online.
further investigation in the future to determine the suitability of this

model for uterine cancer studies.

Collectively, the results of the present study suggest that the Acknowledgments
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