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Endometrial cancer (EC) is the most common malignancy of the female reproductive tract
worldwide. Although comprehensive genomic analyses of EC have already uncovered
many recurrent genetic alterations and deregulated signaling pathways, its disease model
has been limited in quantity and quality. Here, we review the current status of genetic
models for EC in mice, which have been developed in two distinct ways at the level of
organisms and cells. Accordingly, we first describe the in vivo model using genetic
engineering. This approach has been applied to only a subset of genes, with a primary
focus on Pten inactivation, given that PTEN is the most frequently altered gene in human
EC. In these models, the tissue specificity in genetic engineering determined by the Cre
transgenic line has been insufficient. Consequently, the molecular mechanisms underlying
EC development remain poorly understood, and preclinical models are still limited in
number. Recently, refined Cre transgenic mice have been created to address this issue.
With highly specific gene recombination in the endometrial cell lineage, acceptable in vivo
modeling of EC development is warranted using these Cre lines. Second, we illustrate an
emerging cell-based model. This hybrid approach comprises ex vivo genetic engineering
of organoids and in vivo tumor development in immunocompromised mice. Although only
a few successful cases have been reported as proof of concept, this approach allows
quick and comprehensive analysis, ensuring a high potential for reconstituting
carcinogenesis. Hence, ex vivo/in vivo hybrid modeling of EC development and its
comparison with corresponding in vivo models may dramatically accelerate EC
research. Finally, we provide perspectives on future directions of EC modeling.

Keywords: genetically engineered mouse, organoid, endometrial cancer, carcinogenesis, mouse model,
immunodeficient mice

INTRODUCTION

Endometrial cancer (EC) is the most common gynecological malignancy and the fourth most
common cancer in developed countries (Yamagami et al., 2017; Siegel et al., 2020). Risk factors for
EC include age, obesity, diabetes, and exposure to unopposed estrogen or tamoxifen. The 5-year
overall survival rate is between 74 and 90% for patients with stage I or II EC according to the
International Federation of Gynecology and Obstetrics (FIGO) staging, whereas that of patients with
EC in stage IV EC is 20–26% (Morice et al., 2016). Patients with the following hereditary diseases are
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susceptible to EC development: Cowden’s disease, Peutz–Jeghers
syndrome, and Lynch syndrome, which are caused by germline
mutations in PTEN (Blumenthal and Dennis, 2008), LKB1
(Hearle et al., 2006), and mismatch repair genes (Meyer et al.,
2009), respectively.

According to the traditional classification, EC is roughly divided
into two distinct subtypes based on clinical and pathological
characteristics. Type I EC, comprising 80% of all ECs, is mainly
associatedwith estrogen dependency, endometrial hyperplasia, and a
favorable prognosis. The predominant histological subtype is
endometrioid carcinoma, harboring mutations most frequently in
PTEN, followed by PIK3CA, KRAS, ARID1A, and CTNNB1. Type II
EC, comprising various minor subtypes including serous carcinoma,
clear cell carcinoma, and carcinosarcoma (CS), is associated with
estrogen independence, endometrial atrophy, and poor prognoses.
Mutations in TP53, PIK3CA, PPP2R1A, and ERBB2 amplification
are among the most frequent genetic alterations (Kandoth et al.,
2013; Murali et al., 2014). Based on comprehensive genomic
profiling of EC, four molecular subtypes have been recently
proposed: DNA polymerase epsilon (POLE) ultramutated type,
microsatellite instability (MSI) hypermutated type, copy number
low type, and copy number high type. Patients with the first two
subtypes have a significantly better prognosis than those with the
latter two subtypes (Kandoth et al., 2013).

As a therapeutic option for EC, surgery is primarily selected if the
tumor is locally confined. Surgery is followed by adjuvant
radiotherapy or chemotherapy for high-risk patients, such as
those suffering from recurrent and metastatic disease, Stage
III–IV disease, or type II EC. In these cases, cisplatin, carboplatin,
and paclitaxel are the representative agents (Morice et al., 2016).
Although molecular targeted therapies, including anti-angiogenesis
agents and immune checkpoint inhibitors, are effective in a subset of
patients with advanced or recurrent disease (Lee, 2021), treatment
options for EC are still limited, underscoring the need for the
development of new therapeutic options. Cancer models that
accurately mimic the biological properties of human tumors are
essential for efficient drug discovery and elucidation of the
mechanisms of carcinogenesis. To this end, various murine in
vivo models for EC have been established using the genetically
engineered mouse (GEM) approach (Van Nyen et al., 2018). Earlier
studies have mainly investigated the effect of Pten deletion, while the
relevance of other genetic alterations remains to be elucidated.

In this review article, we review the status of genetic models for
EC. Specifically, we stratified GEMs by assessing a series of Cre
transgenic mice generated to achieve uterine-specific genetic
engineering. We also illustrate recent advances in the
development of cell-based ex vivo/in vivo hybrid models for
EC and provide future perspectives in EC modeling.

IN VIVO MOUSE MODELS OF EC

Background
The anatomy and physiological function of the female reproductive
tract (FRT) differ significantly between humans and mice. In
humans, the uterus is a single-lumen organ located in the middle
of the pelvis. The two oviducts, also known as fallopian tubes (FTs),

protrude from both sides of the uterus and are functionally
connected with the ovaries via the infundibulum and fimbriae. In
mice, the uterus consists of two uterine horns, and the oviducts are
coiled under them inconspicuously. In humans, the reproductive
cycle, called themenstrual cycle, lasts for approximately 28 days. The
endometrium undergoes cyclical growth, differentiation, and
shedding during that period, under the regulation of estrogen
and progesterone. In contrast, this cycle in mice, called the
estrous cycle, lasts approximately 4–5 days, comprising proestrus,
estrus, metestrus, and diestrus periods, without themassive shedding
of endometrial tissues into the lumen. Therefore, it is vital to
consider these inherent inter-species differences when interpreting
the phenotypes of FRT in mouse models.

The generation of GEMs has been the gold standard for
modeling tumor development in a physiological setting. Cre-
LoxP technology enables the spatiotemporal regulation of gene
recombination, further extending its application to the fine-tuning
of carcinogenesis models (Deng, 2014; Kim et al., 2018). However,
there are some drawbacks to the GEM approach. First, time-
consuming and labor-intensive work is often required, especially
when conditional alleles are necessary for multiple genes. Second,
most current Cre transgenic lines provide limited tissue specificity
in generating EC models by intercrossing GEM with conditional
floxed alleles. To develop an ideal Cre transgenic line, identifying
genes specifically transcribed in endometrial cells is required.
Despite intensive efforts, research in the field has not come up
with such long-sought mice until recently.

Mice With Systemic Genetic Engineering
Pten-null mice die during embryogenesis, clearly indicating their
requirement for normal development. Pten+/− mice are born healthy
but develop precancerous lesions ormalignant neoplasms inmultiple
organs, including the endometrium, thyroid, and breast
(Podsypanina et al., 1999; Stambolic et al., 2000). All Pten+/− mice
developed endometrial hyperplasia with various degrees of atypia,
22% of which eventually progressed to EC within a year. Notably, the
tumors exhibited loss of heterozygosity (LOH) at the Pten locus,
confirming the tumor suppressor role of Pten in EC development.
Consistent with the high frequency of MSI in EC (Black et al., 2006;
Bonneville et al., 2017), the concurrent Mlh1 loss in Pten+/− mice
accelerates endometrial tumorigenesis, highlighting the critical role of
DNA mismatch repair deficiency in EC development (Wang et al.,
2002). To recapitulate the situation in middle-aged women with
unopposed estrogen, 17β-estradiol pellets were implanted in Pten+/−

mice that underwent oophorectomy. As predicted, this treatment
resulted in increased cancer incidence, underscoring the pro-
tumorigenic effects of estrogen. In contrast, Pten+/−; ERα−/− mice
paradoxically showed a higher incidence of in situ and invasive
carcinoma than Pten+/− mice, suggesting that loss of the ERα could
promote EC development. These opposing observations suggest that
the effects of Pten inactivation and the estrogen/ERα axis might exert
context-dependent effects in the development of EC, pointing toward
a narrow window for achieving the right tumorigenic effects (Joshi
et al., 2012). For genes other than Pten, there is little information on
systemic GEMs with EC development. Therefore, whether a certain
combination of systemic genetic alterations could lead to preferential
tumor development in the uterus remains largely unknown.
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Mice With Uterine-Specific Genetic
Engineering
Introduction
Various Cre transgenic mice have been generated to achieve
gene recombination in the uterus (Table 1), with varying
magnitudes of tissue-specific Cre expression. Nonetheless,
certain combinations of genetic aberrations are predisposed
to EC development. We illustrate representative conditional
GEM models for ECs sorted by Cre transgenic mouse lines
(Table 2).

Pgr-Cre Mice
The progesterone receptor (Pgr) is expressed in the uterus and
widely across the FRT. Transgenic Pgr-Cre mice expressing Cre
under the control of the Pgr promoter (Soyal et al., 2005) have
been most commonly used in the generation of GEM for EC
models, despite its incomplete tissue specificity (Table 1). As Pgr
expression is observed in all major types of cells in the uterus,
including epithelium, myometrium, and stroma, floxed genes are
deleted in both epithelial and non-epithelial components of the
uterus in Pgr-Cre mice. Therefore, genetic aberrations are not

TABLE 1 | Transgenic Cre mice used in generating genetically engineered mice for endometrial cancer models.

Cell-specificity in uterus Other FRT Main non-FRT Reference

Epithelium Mesenchyme Ovary FT

Pgr-Cre ✓ ✓ ✓ ✓ pituitary gland, mammary gland Soyal et al. (2005)
Sprr2f-Cre ✓ ✓ ✓ kidney, cerebellum Contreas et al. (2010)
BAC-Sprr2f-Cre ✓ Cuevas et al. (2019)
Ltf-iCre ✓ ✓ mammary gland, neutrophil Daikoku et al. (2014)
Ksp.1.3-Cre ✓ ✓ kidney Shao et al. (2002)
Pax8-rtTA; TetO-Crea ✓ ✓ kidney, hepatocyte Perets et al. (2013)
CAG-Cre-ERTb ✓ N.E. N.E. lung, colon, kidney, thyroid, liver Hayashi and McMahon (2002)
Amhr2-Cre ✓ ✓ ✓ Jamin et al. (2002)
Adenovirus-Cre ✓ ✓c Beauparlant et al. (2004)

FRT, female reproductive tract; N.E., not examined.
aDrinking water containing doxycyclin.
bIntraperitoneal injection of tamoxifen.
cLow penetration.

TABLE 2 | Past literature on genetically engineered mice for endometrial cancer models.

Cre line Targeted gene Penetrance Latency EC type Major histological type Reference

Systemic Pten+/− 100% 18–39w - CAH Podsypanina et al. (1999)
Pten+/− 21% 30–66w I AC (poorly diff.) Stambolic et al. (2000)
Pten+/−; Mlh1−/− 40% 14–18w I AC (well diff.) Wang et al. (2002)
Pten+/−; ER−/− 25% 32w I AC Joshi et al. (2012)

Pgr-Cre Ptenfl/fl 89% 12w I AC Daikoku et al. (2008)
Ptenfl/fl; KrasLSL-G12D/+ 100% 4w I AC (EMC) Kim et al. (2010)
Ptenfl/fl; Tgfbr1fl/fl 100% 16w I AC Gao et al. (2017)
Tgfbr1fl/fl N.A. N.A. I AC Monsivais et al. (2019)
Smad2fl/fl; Smad3fl/fl 100% 34w I AC (EMC) Kriseman et al. (2019)
Cdh1fl/fl; Trp53fl/fl 47% 48w II AC Stodden et al. (2015)
Ptenfl/fl; Dicer1fl/fl 100% 12w II AC (poorly diff.) Wang et al. (2020)

Sprr2f-Cre Lkb1fl/fl 100% 30w I AC Contreas et al. (2010)
Lkb1fl/fl; Ccl2−/− 100% 43–58w I AC Peña et al. (2015)
Trp53fl/fl; Pot1afl/fl 100% 60w II AC Akbay et al. (2013)

BAC-Sprr2f-Cre Ptenfl/fl; Fbxw7fl/fl 100% 40–67w II CS Cuevas et al. (2019)
PoleLSL-P286R/+; Msh2fl/fl 100% 45w I AC (EMC) Li et al. (2020)

Ltf-iCre Ptenfl/fl 100% 12w - CAH Liang et al. (2018)
R26-Pik3caH1047R; Arid1afl/fl 100% 20w I AC (moderately to poorly diff.) Wilson et al. (2019)

Ksp1.3-Cre Trp53fl/fl 84% 65–79w II AC (SC, CCC), CS, Undiff. Ca Wild et al. (2012)
Pax8-rtTA; TetO-Cre Ptenfl/fl; Arid1afl/fl 100% 6–12w I AC (EMC) Suryo Rahmanto et al. (2020)

Trp53fl/fl; Rb1fl/fl 81% 57w II AC (SC) Fu et al. (2020)
CAG-Cre-ERT Ptenfl/fl 100% 6–8w - AC in situ Mirantes et al. (2013)
Amhr2-Cre Ptenfl/fl; KrasLSL-G12V/+ 90% 22–56w - Stromal tumor Kun et al. (2020)
Adenovirus-Cre Ptenfl/fl 41% 16–32w I AC Joshi and Ellenson (2011)

Ptenfl/fl 88% 2w I CAH, AC (EMC) Saito et al. (2011)
Ptenfl/fl; Lkb1fl/fl 100% 8–28w I AC (EMC) Cheng et al. (2014)
Ptenfl/fl; KrasLSL-G12D/+ 50% 14w I AC (EMC) Tirodkar et al. (2014)

AC, adenocarcinoma; CAH, complex atypical hyperplasia; CCC, clear cell carcinoma; CS, carcinosarcoma; EMC, endometrioid carcinoma; SC, serous carcinoma; diff., differentiated;
Undiff. Ca, undifferentiated carcinoma; N.A., not available.
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recapitulated exclusively in endometrial cells in mice, unlike in
sporadic cases of EC in humans. Pgr-Cre; Ptenfl/fl mice frequently
develop invasive type I EC by 3 months of age (Daikoku et al.,
2008), suggesting that the endometrium is most susceptible to
tumorigenesis by Pten inactivation in FRT organs. KrasG12D

accelerates Pten inactivation-dependent EC development,
underscoring the oncogenic role of mutant Kras in the
endometrium (Kim et al., 2010). In the pathogenesis of human
cancers, the transforming growth factor β (TGFβ) signaling
pathway has multifaceted roles, either pro- or anti-
tumorigenic, depending on the organ and genetic context
(Gordon and Blobe, 2008). Consistent with this notion, Pgr-
Cre; Tgfbr1fl/fl; Ptenfl/fl mice develop metastatic EC (Gao et al.,
2017). It was later demonstrated that even Pgr-Cre; Tgfbr1fl/flmice
develop estrogen-dependent ECs with lung metastasis (Monsivais
et al., 2019). Furthermore, Pgr-Cre; Smad2fl/fl; Smad3fl/fl mice
develop endometrial hyperplasia, which eventually progresses to
bulky endometrioid carcinoma with complete mortality by
8 months of age (Kriseman et al., 2019). Based on these
results, it is likely that inactivation of the TGFβ signaling
pathway plays a pro-tumorigenic role, at least in the
pathogenesis of type I ECs. Some GEMs that recapitulate type
II EC have also been established. TP53 mutation and CDH1
inactivation are common in type II EC (Samarnthai et al., 2010).
Consistent with this finding, Pgr-Cre; Cdh1fl/fl; Trp53fl/fl mice
develop typical type II EC at 6 months of age, with histological
features including papillary growth, hobnailing, and severe
nuclear atypia (Stodden et al., 2015). In addition, metastasis to
nearby and distant organs within the peritoneal cavity was
evident at 12 months of age. Intriguingly, these tumors are
characterized by highly inflammatory microenvironments with
prominent immune cell recruitment. Consistent with the notion
that DICER1 is a putative tumor suppressor gene in EC (Bailey
et al., 2018), Pgr-Cre; Dicer1fl/fl; Ptenfl/fl mice develop hormone-
independent poorly differentiated EC that is positive for clear cell
carcinoma markers, such as napsin A and hepatocyte nuclear
factor (HNF) 1β (Wang et al., 2020).

Sprr2f-Cre Mice
Sprr2f is exclusively expressed in the uterus, particularly in
endometrial epithelial cells (Contreras et al., 2010). Hence, it
may be an ideal candidate for a gene promoter used in Cre
transgenic mice for EC development. To this end, Sprr2f-Cre
transgenic mice were generated by fusing a 5.8 kb Sprr2f
promoter fragment with Cre. Despite uterus-specific
expression of endogenous Sprr2f, Cre activity in this mouse
was observed not only in the endometrium but also in the
kidney and cerebellum (Contreras et al., 2010), as
demonstrated by the ROSA26 reporter knock-in mice (R26R)
(Soriano, 1999). This ectopic leaky expression in Sprr2f-Cre mice
might be attributed to the short length of the promoter fragment,
which could lack distant regulatory elements required for the
repression of its non-endometrial expression. Furthermore, gene
recombination in the adult uterine epithelia exhibited a mosaic
pattern. Thus, there might be room for further refinement of
these Sprr2f-Cre mice. Nevertheless, Sprr2f-Cre; Lkb1fl/fl mice

develop invasive ECs and eventually die by 30 weeks of age
(Contreras et al., 2010). Concurrent deletion of cytokine
chemokine ligand 2 (Ccl2) significantly attenuates Lkb1 loss-
driven tumor progression, revealing the involvement of
inflammation in EC development (Peña et al., 2015). The
development of type II EC has been associated with telomeric
dysfunction (Akbay et al., 2008). Consistent with this notion, the
concurrent deletion of Trp53 and Pot1a, which encodes a
component of the shelterin complex that stabilizes telomeres,
in Sprr2f-Cre; Pot1afl/fl; Trp53fl/flmice leads to the development of
type II EC (Akbay et al., 2013).

BAC-Sprr2f-Cre Mice
To recapitulate the highly endometrium-specific transcriptional
regulation of Sprr2f in mice, the bacterial artificial chromosome
(BAC) clone RP23-3914 was introduced to drive Cre expression
instead of the shorter promoter sequence used in Sprr2f-Cremice.
Since the BAC clone harbors a 189 kb genomic fragment spanning
the Sprr2 tandem gene cluster region on chromosome 3, it is
postulated to be long enough to recapitulate all endogenous
transcriptional regulation accurately. Indeed, BAC-Sprr2f-Cre
transgenic mice allowed gene recombination in a highly
endometrium-specific manner. EC has the highest incidence of
FBXW7 mutations among all human cancers, followed by colon
cancer (Yeh et al., 2018). BAC-Sprr2f-Cre; Ptenfl/fl; Fbxw7fl/fl mice
developed endometrioid carcinoma, which eventually progressed
to CS at 40–67 weeks. Genomic analysis revealed that most tumors
spontaneously acquired theTrp53mutation, in line with the critical
role of p53 loss in CS development (Cuevas et al., 2019). Thus, this
GEM represents a unique model that exhibits a transition from
type I to type II EC. POLE encodes a DNA polymerase epsilon,
mutated in 7–12% of ECs, and the P286Rmutation drives an ultra-
mutator phenotype (Kandoth et al., 2013; Rayner et al., 2016).
BAC-Sprr2f-Cre; PoleP286R/+ mice developed EC with complete
penetrance, which exhibited mutation signatures similar to
human EC, while remaining relatively stable in gene copy
number. These findings are consistent with those of POLE-type
ultra-mutated EC. Further tumor progression is achieved by
concurrent Msh2 deletion (Li et al., 2020).

Ltf-iCre Mice
Lactoferrin (Ltf), a non-heme iron-binding glycoprotein, is highly
expressed in the uterine epithelium of adult mice in response to
estrogen exposure (McMaster et al., 1992; Teng et al., 2002). Ltf-
improved Cre (iCre) transgenic mice were generated as an
endometrium-specific iCre mouse line. However, ectopic
expression was observed in mammary glands and neutrophils
(Daikoku et al., 2014). iCre is a modified Cre gene that reduces
the high CpG content of the prokaryotic coding sequence, thereby
reducing the chances of epigenetic silencing inmammals (Shimshek
et al., 2002). Whereas Pgr-Cre; Ptenfl/fl mice develop EC with high
penetration (Daikoku et al., 2008), Ltf-iCre; Ptenfl/fl mice develop
uterine complex atypical hyperplasia, but not carcinoma (Liang
et al., 2018). These results suggest that Pten inactivation in the
uterine stroma can promote the transformation of Pten-null
epithelial cells, which may not be potently tumorigenic on their
own. Considering that Pten inactivation in the uterine stroma is
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observed in Cowden’s disease, but not common in sporadic cases of
human EC, these results suggest that Pgr-Cre; Ptenfl/fl mice and Ltf-
iCre; Ptenfl/fl mice may mimic hereditary and sporadic cases of EC,
respectively. ARID1A loss frequently co-occurs with mutations in
genes involved in the PI3K pathway in ECs (Liang et al., 2012).
Consistent with this finding, Pgr-Cre; R26-Pik3caH1047R; Arid1afl/+

mice develop ECs (Wilson et al., 2019), suggesting thatARID1A is a
haploinsufficient tumor suppressor in EC development.

Ksp1.3-Cre Mice
Ksp-1.3 (also known as Cdh16) is expressed exclusively in the
adult kidney and developing genitourinary tract inmice (Thomson
et al., 1995; Thomson et al., 1998). Ksp1.3-Cre activity is usually
observed in a mosaic pattern in endometrial epithelial cells of the
lumen and glands (Shao et al., 2002; Frew et al., 2008). Ksp1.3-Cre;
Trp53fl/fl mice develop type II ECs, such as serous carcinoma, clear
cell carcinoma, and CS, in 84% of cases at 58–68 weeks of age (Wild
et al., 2012). In these tumors, the mTORC1 signaling pathway is
frequently activated in precancerous lesions and tumors,
suggesting that its cooperation with Trp53 loss leads to the
development of type II EC.

Pax8-rtTA; TetO-Cre Mice
Pax8 is a lineage-specific transcription factor that marks the
Müllerian lineage epithelium, such as the uterus and FT, but
not the ovary (Mittag et al., 2007). The Pax8-rtTA; TetO-Cre
mouse contains a reverse tetracycline (Tet)-regulated
transactivator under the control of the murine Pax8 promoter
and TetO-Cre, thereby enabling gene recombination in an
inducible manner by doxycycline administration. Using this
mouse model, the effects of various combinations of conditional
alleles of Brca1/2, Trp53, and Pten were investigated. While these
mice predominantly developed high-grade serous carcinoma from
secretory epithelial cells in the FT, various degrees of endometrial
lesions were also induced to a lesser extent, resembling endometrial
hyperplasia, dysplasia, and carcinoma in humans (Perets et al.,
2013). Because mutations in ARID1A and PTEN frequently co-
occur in uterine endometrioid carcinoma, Pax8-rtTA; TetO-Cre;
Ptenfl/fl;Arid1afl/flmice were generated. Six weeks after doxycycline
administration, these mice developed gross uterine tumors
accompanied by local and peritoneal dissemination.
Intriguingly, induced tumors exhibited histological features of
endometrioid carcinoma and displayed similar gene expression
profiles to those in human endometrioid carcinoma. Loss of either
gene alone did not induce any gross tumor (Suryo Rahmanto et al.,
2020), whichmay be indicative of cooperation between the losses of
ARID1A and PTEN in EC development. The development of EC
with histological features of serous carcinoma was observed in 81%
of Pax8-rtTA; TetO-Cre; Trp53fl/fl; Rbfl/fl mice (Fu et al., 2020).

CAG-Cre-ERT Mice
The CAG promoter is a hybrid construction of the
cytomegalovirus (C) early enhancer element fused to the
chicken β-actin (A) gene promoter and the splice acceptor of
the rabbit β-globin (G) gene. Therefore, it is supposed to function
as a promoter that drives high levels of transcription in most cells
and tissues. However, in the CAG-Cre-ERT transgenic mouse, in

which Cre expression is induced by tamoxifen administration
(Hayashi and McMahon, 2002), intraperitoneal (i.p.) injection of
tamoxifen leads to gene recombination mainly in epithelial cells
throughout the body in a dose-dependent manner. After i.p.
injection of tamoxifen, CAG-Cre-ERT; Ptenfl/fl mice developed
endometrial hyperplasia and adenocarcinoma in situ, while
thyroid hyperplasia was also ectopically observed (Mirantes
et al., 2013). These results underscore the higher susceptibility
of the endometrium to Pten loss-dependent tumorigenesis
compared to any other organ. However, considering the
ubiquitous expression pattern, it remains to be seen whether
transgenic CAG-Cre-ERT mice are also useful in EC development
driven by other genetic alterations.

Amhr2-Cre Mice
Amhr2 is expressed in the Müllerian duct mesenchyme and the
adjacent mesonephric epithelium (Arango et al., 2008). Amhr2-
Cremice undergo gene recombination in the uterus, selectively in
the cells of the stroma and myometrium, but not in the
epithelium (Jamin et al., 2002; Daikoku et al., 2013). Amhr2-
Cre; Ptenfl/fl mice fail to develop EC, but instead potently induced
the conversion of myometrial cells into adipocytes (Daikoku
et al., 2011). Amhr2-Cre; Ptenfl/fl; KrasLSL-G12V/+ mice develop
uterine stromal tumors, such as leiomyoma and leiomyosarcoma,
but not epithelial tumors (Kun et al., 2020). These findings
suggest that Amhr2-Cre mice may not be suitable for uterine
epithelial tumorigenesis.

Intrauterine Injection of Adenovirus-Cre
As an alternative approach to achieve conditional gene
recombination in the endometrium of adult mice, local
injection of adenovirus encoding Cre (Adeno-Cre) has been
adopted (Beauparlant et al., 2004). After the intrauterine (i.u.)
injection of Adeno-Cre, Ptenfl/fl mice developed EC, albeit with
partial penetrance (Joshi and Ellenson, 2011; Saito et al., 2011).
After Adeno-Cre injection, Ptenfl/fl; KrasLSL-G12D/+ mice and
Ptenfl/fl; Lkb1fl/fl mice developed EC with 50% penetrance
(Tirodkar et al., 2014) and 100% penetrance (Cheng et al.,
2014), respectively. These results suggest that Lkb1 inactivation
cooperates more profoundly than Kras activation. However, both
genetic alterations are thought to activate the PI3K pathway.
Visualization of gene recombination using R26R mice
demonstrated that gene recombination by the i.u., injection of
Adeno-Cre is not completely epithelium-specific or uniformly
achieved in targeted cells (Joshi and Ellenson, 2011). Nonetheless,
it seems likely that the Adeno-Cre approach has been successful,
at least for modeling EC development driven by Pten deletion.

EX VIVO/IN VIVO HYBRID MOUSEMODELS
FOR EC

General Overview
In addition to pursuing tissue specificity in vivo by developing novel
Cre transgenic mice with the promoter of endometrium-specific
genes, researchers have also attempted to achieve the same goal
using an alternative approach. It is a cell-based carcinogenesis
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model comprising two steps: 1) ex vivo culture of murine primary
endometrial cells followed by gene transduction to reconstitute EC-
specificmutation and 2) allograft implantation of transduced cells into
immunocompromised mice for in vivo monitoring of tumor
development. An obvious advantage of this ex vivo/in vivo hybrid
approach is that the cell and tissue type specificity is warranted by
physical separation of the uterus and that the outcome is apparent
within a short period. On the other hand, the caveat is that the
authentic uterinemicroenvironment, including the proficient immune
response, is not thoroughly provided, potentially affecting the outcome
depending on the genetic alterations tested in this model. At any rate,
no model is perfect by itself. Ideally, they should complement one
another to move EC research forward. Below, we have illustrated
recent efforts, including ours, to develop cell-based ex vivo/in vivo
hybrid models for endometrial carcinogenesis.

Monolayer Cell-Based Model
To achieve uterine-specific genetic engineering ex vivo, the uterus was
isolated from wild-type (WT) mice. After enzymatic and mechanical
dissociation, primarymurine epithelial cells were transiently prepared
and expanded in a Petri dish. Genetic engineering, such as the
introduction of myr-Akt (encoding a membrane-bound
constitutive active form of Akt) or shPten (encoding short hairpin
RNA against Pten) into primary endometrial cells, is conducted using
lentiviral vectors. By implanting transduced endometrial cells,
together with the WT uterine stromal cells from neonates, into
the renal capsule of severe combined immunodeficiency (SCID)
mice, adenocarcinoma development was achieved (Memarzadeh
et al., 2010). This study demonstrated that the generation of GEM
is dispensable for the induction of EC in murine cells. Similarly,
epithelial cells isolated from the uterus of GEM also develop tumors.
After isolation of the uterus from Ptenfl/fl mice, epithelial cells were
separated from cultured stromal cells using flow cytometry. After
infecting these cells with lentivirus encoding Cre (LV-Cre), the
resultant Pten-null epithelial cells and WT uterine stroma were
jointly implanted into the renal capsule of oophorectomized SCID
mice. With estrogen supplementation, adenocarcinoma-like tumors
eventually develop (Janzen et al., 2013). These two studies suggest the
importance of cooperation between epithelia and stroma for the
development of Pten deletion-driven EC, although whether co-
transplanted uterine stromal cells are dispensable for tumor
development is yet to be investigated. In addition, it remains to be
seen whether tumors can develop even in the subcutis, where there is
a lower blood supply.

Organoid-Based Model
General Overview
Organoid culture is an emerging technology that enables the self-
renewal and differentiation of normal epithelial stem cells in amatrix-
assisted three-dimensional structure supplemented with distinct stem
cell niche factors. As organoids are maintained in serum-free media,
epithelial cells are selectively propagated in response to EGF, while
non-epithelial cells are quickly and automatically depleted from the
culture. Thus, flow cytometry-based sorting is not necessary for the
purification of epithelial cells. It was first demonstrated that murine
intestinal stem cells marked by Lgr5 could infinitely proliferate
in vitro, giving rise to all differentiated lineages of the small

intestine (Sato et al., 2009). Organoid culture technology has been
extensively applied to various cancer research fields, including
carcinogenesis, drug resistance, and drug discovery (Drost and
Clevers, 2018). We previously developed an efficient in vitro gene
transduction method using a lentivirus (Maru et al., 2016), which is
based on the Matrigel bilayer organoid culture (MBOC) protocol
(Maru et al., 2019a). This technical innovation enabled us to establish
the first murine organoid-based carcinogenesis model with WT
normal cells in the ex vivo/in vivo setting (Figure 1). It
recapitulated multi-step colon carcinogenesis in the subcutis of
nude mice without generating GEM. Similarly, multiple genetic
alterations were reconstituted in murine and human intestinal
organoids using CRISPR/Cas9 technology to generate organoid
models of multi-step colorectal carcinogenesis (Drost et al., 2015;
O’rourke et al., 2017). Although tumor development from murine
organoids is achieved by one or two genetic alterations, it remains
technically challenging to induce full-blown tumors from normal
human organoids even with three to four genetic alterations. This
suggests that murine cells might have a lower threshold for
tumorigenesis, presumably reflecting a shorter lifespan in mice.

Using this approach, we demonstrated that reconstitution of the
common genetic alterations in each organ could considerably and
generally recapitulate multi-step carcinogenesis independently of
the tissue-specific microenvironment. For example, mutantKras in
intestinal organoids markedly accelerates tumorigenesis caused by
Apc knockdown alone (Onuma et al., 2013). In organoids from the
hepatobiliary tract (Ochiai et al., 2019) and pancreas (Matsuura
et al., 2020), full-blown tumors are developed not by mutant Kras
alone but by concurrent inactivation of the p53 or Rb pathways.
These outcomes are consistent with the results from earlier in vivo
GEM studies with identical genetic alterations, if the tumorigenic
potential was evaluated based on the tumor development rate, size,
and histology. Therefore, these findings point toward the notion
that these models could, at least partly, substitute and complement
GEMs in evaluating the pathological relevance of reconstituted
genetic interactions. Ex vivo/in vivo hybrid carcinogenesis models
using murine FT organoids have been recently described (Maru
et al., 2021b). Although Trp53 loss alone is not sufficient for tumor
development in FT organoids, the concurrent introduction of
common genetic aberrations in ovarian high-grade serous
carcinoma leads to the development of tumors of various grades
and histological features. For example, adding Pik3caH1047R or
KrasG12D to p53-null FT organoids leads to the development of
adenocarcinoma and CS, respectively. Drug sensitivity varies
among mouse-derived tumor organoids (MDTO) with different
genetic aberrations.

Given the ectopic nature as a tumor developing site and the lack
of the right immune response, the subcutis of Balb/c background
nude mice may not be ideal for C57bl/6J background endometrial
organoids for tumor development. However, we initially did not
pay much attention to this situation because the purpose of
inoculating transduced organoids in nude mice was to detect
cellular transformation, which was supposed to be achieved by
genetic engineering alone. Intriguingly, a detailed analysis of
MDTO revealed that this artificial setting supported Kras-driven
carcinogenesis from pancreatic organoids in a way that
recapitulates pancreatic carcinogenesis in humans (Matsuura
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et al., 2020). For example, organoids acquired genetic or epigenetic
changes after subcutaneous inoculation, which were, in turn,
positively selected by nude mice for more malignant tumors.
Moreover, mutation signatures in MDTO were similar to those
observed in human pancreatic cancer. Based on these findings, it is
tempting to speculate that the hybrid carcinogenesis models might
depend on both ex vivo and in vivo parts. Both would further
cooperate for tumorigenesis. Thus, we updated our view on ex vivo/
in vivo hybrid carcinogenesis models that had initially emphasized
the ex vivo part.

Endometrial Organoid-Based Model
Murine endometrial organoids recapitulate the physiological
response of the endometrial epithelium to hormones, including
estrogen and progesterone (Boretto et al., 2017). However, it
remains unclear whether carcinogenesis could also be
recapitulated. We recently aimed to establish an ex vivo/in vivo
hybrid carcinogenesis model using endometrial organoids (Maru
et al., 2021a). Unlike in earlier in vivo studies using GEM, inactivation
of Pten in endometrial organoids has only a marginal impact on
tumorigenesis, even when combined with mutant Kras. These results
reconfirmed the relevance of the uterine stroma in endometrial
carcinogenesis. We are currently testing many other combinations
of genetic alterations that could potentially cooperate for EC
development. We have already generated multiple tumors, and
detailed information will be reported elsewhere.

Intriguingly, the propagation of endometrial organoids was
unexpectedly halted after the lentiviral introduction of the pLKO.1-
puro vector and shLuc (shRNA against luciferase), an empty
backbone vector and the negative control shRNA, respectively
(Maru et al., 2021a). These phenomena have never been observed
in any other tissue-derived organoids under almost the same
culture conditions (Onuma et al., 2013; Ochiai et al., 2019;
Matsuura et al., 2020; Maru et al., 2021b). In addition,
endometrial organoids with potentially advantageous alterations,
such as Cre-mediated KrasG12D induction or shRNA-mediated
Pten knockdown, continued to proliferate over many passages

after lentiviral infection. Together, these observations raise the
possibility that endometrial organoids may be extremely sensitive
to DNA damage triggered by genome integration following
lentiviral infection, which could be overcome by oncogenic
signals. Alternatively, this might imply that the currently
adopted culture conditions require further optimization for
endometrial organoids.

Notably, Cdkn2a knockdown or Trp53 deletion in KrasG12D-
expressing endometrial organoids leads to CS or monophasic
sarcoma development via extensive epithelial-mesenchymal
transition (Maru et al., 2021a). Re-inoculating MDTO into the
subcutis of nudemice revealed that the transition from carcinoma
to CS might be unidirectional. Considering that identical genetic
aberrations in pancreatobiliary organoids always result in the
development of adenocarcinoma (Ochiai et al., 2019; Matsuura
et al., 2020), these findings, together with the results of a study
with FT organoids, suggest that gynecological organs, in general,
may be predisposed to CS due to some inherent epigenetic status.
Detailed examination of organoids in each step of the models
revealed that spontaneous deletion of the KrasWT allele frequently
occurs in MDTOs with KrasG12D and shCdkn2a knockdown, but
not in those with KrasG12D and Trp53 deletion. These findings are
in line with the notion that the KrasWT, which is normally
regarded as an oncogene, serves as a relative tumor suppressor
gene in the presence of KrasG12D (Zhang et al., 2001), suggesting
that Cdkn2a suppression might be less tumorigenic than Trp53
loss in the context of Kras-driven tumorigenesis in gynecological
organs. It remains to be seen whether tumor development can be
achieved in GEM models with identical genetic alterations.

DISCUSSION

The development of genetic mouse models for EC has been
extended in two different directions. One conventional method
is to pursue the generation of GEMs with the highest specificity
for genetic engineering of the uterine epithelium. To this end, the

FIGURE 1 |Organoid-based ex vivo/in vivo hybrid carcinogenesis model. Primary cells were isolated and subjected to the Matrigel bilayer organoid culture method.
Cancer-specific recurrent genetic alterations are reconstituted in murine organoids by lentiviral infection. These transduced organoids were inoculated into the subcutis
of nude mice to monitor tumor development for 8–10 weeks. The effects of particular genetic alterations on tumorigenic potential were evaluated in terms of the
incidence, size, and histology of the tumors. Induced subcutaneous tumors andmouse-derived tumor organoids can be analyzed usingmany downstream assays.
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two Cre lines, Ltf-iCre (Daikoku et al., 2014) and BAC-Sprr2f-Cre
(Cuevas et al., 2019), are currently the most sophisticated in terms
of accurate genetic engineering of the endometrium. As the
cooperation between epithelial cells and the
microenvironment, such as stromal cells and immune cells, is
also integrated, these in vivoGEMmodels will likely contribute to
the elucidation of the molecular mechanisms underlying EC
initiation and progression. Hence, it is unlikely that there is a
growing demand for the development of novel superior Cre lines
in generating EC models. Researchers would rather generate
more GEMs with diverse combinations of genetic alterations
using these available Cre lines. Most previous studies mainly
focused on histological features but not genomic, transcriptomic
or proteomic features concerning the similarity between induced
mouse uterine tumors and human EC. Now that public databases
of so-called Omics-based analysis of human tumors have become
available, future studies will definitely need to include these data
in assessing the inter-species similarity of the tumors.

Another newway is to develop ex vivo/in vivo hybridmodels based
on genetic engineering of primary endometrial cells or organoids.
Given the rapid application of organoids andCRISPR/Cas9 technology
in many research fields (Izumiya et al., 2021), it is probable that an
increasing number of organoid-basedmodels for ECwill be developed.
However, only a few such models have been documented for FRT
organs to date (Zhang et al., 2019; Lohmussaar et al., 2020; Maru et al.,
2021a; Maru et al., 2021b), including ours being the first and only EC
model (Maru et al., 2021a). Although this study described the
development of a novel model for uterine CS, it belongs to a
minor category of type II EC, and no organoid-based model for
type I EC has been developed so far. However, in an ongoing project,
we are developing new organoid-based type I ECmodels. These results
will also shed light on the mechanisms by which the outcomes could
vary between in vivo and ex vivo/in vivo hybrid models for EC.

One of the obvious shortcomings of the current ex vivo/in vivo
hybrid carcinogenesis model is the absence of a proficient immune
response and physiological tissue-specific microenvironment. To
overcome this limitation associated with the subcutis of nude mice,
we recently established an orthotopic gallbladder (GB) cancer
model using syngeneic mice (Kato et al., 2021). Specifically, we
generated genetically engineered organoids in vitro using LV-Cre
and CRISPR/Cas9 technology. The organoids were inoculated into
the dorsal skin of a syngeneic WT mouse, which developed
subcutaneous tumors in several weeks. Subsequently, minced
tumor fragments were directly sutured to the outer surface of
the GB of another syngeneic WT mouse. This novel two-step
model enabled detailed analysis of tumor-infiltrating immune cells
and evaluation of drug responses in more physiological settings.
Notably, the therapeutic effects of immune checkpoint inhibitors
will become feasible.

In our earlier studies, the subcutis of nude mice was selected as
the target site for organoid inoculation. Still, it was mainly for
technical convenience and did not necessarily mean using nude
mice is required. Indeed, we confirmed that transduced pancreatic
organoids could develop in the subcutis of syngeneic mice, albeit

smaller in size (Matsuura et al., 2020). Moreover, orthotopic
implantation of or tumor organoids or fragments derived from
nudemice efficiently developed tumors in the pancreas. Similarly, we
obtained subcutaneous tumors in syngeneic mice with a subset of
endometrial organoids expressing KrasG12D and shRNAs targeting
certain tumor suppressor genes. Therefore, the application of the
abovementioned two-step approach to transduced endometrial
organoids that are proven tumorigenic in nude mice might be
worth testing and should be further pursued. Such efforts will
probably lead to significant improvements in the current
organoid-based EC model as a preclinical model.

Considering the feasibility of organoid culture of patient-derived
normal endometrium and endometriosis (Nikolakopoulou and
Turco, 2021), establishing an organoid-based carcinogenesis
model in humans might also be plausible. Patient-derived tumor
organoids (PDTO) from diverse types of cancer (Bleijs et al., 2019;
Maru et al., 2019b; Maru and Hippo, 2019), including EC (Boretto
et al., 2019; Maru et al., 2019c; Alzamil et al., 2021), have been
recently established. Collectively, integrated analyses of the two-way
mouse models of EC, namely in vivo GEM models and ex vivo/in
vivo hybrid carcinogenesis models, and PDTO as a human model,
will probably accelerate research on EC in many aspects, such as the
elucidation of the mechanisms underlying carcinogenesis and
development of new therapeutic strategies.

CONCLUDING REMARKS

Mouse genetic models that recapitulate EC development to
varying extents in in vivo or ex vivo/in vivo hybrid settings
have been developed. Precise modeling of EC and mutual
comparison will contribute to both basic and translational
research on EC. We hope that this review article will help
researchers in the field to develop novel EC models.

AUTHOR CONTRIBUTIONS

Writing and original draft preparation, YM; Writing-review and
editing, YH. All authors have read and agreed to the published
version of the manuscript.

FUNDING

This work was partly supported by the Japan Society for the
Promotion of Science (grant numbers 17K19624, 21K09483,
21K09506) and a research grant from Chiba Prefecture.

ACKNOWLEDGMENTS

We thank Naotake Tanaka and Makiko Itami for their helpful
discussions.

Frontiers in Genetics | www.frontiersin.org December 2021 | Volume 12 | Article 7986288

Maru and Hippo Mouse Models for Endometrial Cancer

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


REFERENCES

Akbay, E. A., Contreras, C. M., Perera, S. A., Sullivan, J. P., Broaddus, R. R.,
Schorge, J. O., et al. (2008). Differential Roles of Telomere Attrition in Type I
and II Endometrial Carcinogenesis. Am. J. Pathol. 173, 536–544. doi:10.2353/
ajpath.2008.071179

Akbay, E. A., Peña, C. G., Ruder, D., Michel, J. A., Nakada, Y., Pathak, S., et al.
(2013). Cooperation Between P53 and the Telomere-Protecting Shelterin
Component Pot1a in Endometrial Carcinogenesis. Oncogene 32, 2211–2219.
doi:10.1038/onc.2012.232

Alzamil, L., Nikolakopoulou, K., and Turco, M. Y. (2021). Organoid Systems to
Study the Human Female Reproductive Tract and Pregnancy. Cell Death Differ
28, 35–51. doi:10.1038/s41418-020-0565-5

Arango, N. A., Kobayashi, A., Wang, Y., Jamin, S. P., Lee, H.-H., Orvis, G. D., et al.
(2008). A Mesenchymal Perspective of Müllerian Duct Differentiation and
Regression inAmhr2-lacZ Mice.Mol. Reprod. Dev. 75, 1154–1162. doi:10.1002/
mrd.20858

Bailey, M. H., Tokheim, C., Porta-Pardo, E., Sengupta, S., Bertrand, D.,
Weerasinghe, A., et al. (2018). Comprehensive Characterization of Cancer
Driver Genes and Mutations. Cell 173, 371–385.e18. doi:10.1016/
j.cell.2018.02.060

Beauparlant, S. L., Read, P. W., and Di Cristofano, A. (2004). In Vivo Adenovirus-
mediated Gene Transduction into Mouse Endometrial Glands: A Novel Tool to
Model Endometrial Cancer in the Mouse. Gynecol. Oncol. 94, 713–718.
doi:10.1016/j.ygyno.2004.06.008

Black, D., Soslow, R. A., Levine, D. A., Tornos, C., Chen, S. C., Hummer, A. J., et al.
(2006). Clinicopathologic Significance of Defective DNA Mismatch Repair in
Endometrial Carcinoma. Jco 24, 1745–1753. doi:10.1200/jco.2005.04.1574

Bleijs, M., Van De Wetering, M., Clevers, H., and Drost, J. (2019). Xenograft and
Organoid Model Systems in Cancer Research. EMBO J. 38, e101654.
doi:10.15252/embj.2019101654

Blumenthal, G. M., and Dennis, P. A. (2008). PTEN Hamartoma Tumor
Syndromes. Eur. J. Hum. Genet. 16, 1289–1300. doi:10.1038/ejhg.2008.162

Bonneville, R., Krook, M. A., Kautto, E. A., Miya, J., Wing, M. R., Chen, H. Z., et al.
(2017). Landscape of Microsatellite Instability Across 39 Cancer Types. JCO
Precis Oncol. 2017, PO.17.00073. doi:10.1200/po.17.00073

Boretto, M., Cox, B., Noben, M., Hendriks, N., Fassbender, A., Roose, H., et al.
(2017). Development of Organoids from Mouse and Human Endometrium
Showing Endometrial Epithelium Physiology and Long-Term Expandability.
Development 144, 1775–1786. doi:10.1242/dev.148478

Boretto, M., Maenhoudt, N., Luo, X., Hennes, A., Boeckx, B., Bui, B., et al. (2019).
Patient-derived Organoids from Endometrial Disease Capture Clinical
Heterogeneity and Are Amenable to Drug Screening. Nat. Cel Biol 21,
1041–1051. doi:10.1038/s41556-019-0360-z

Cheng, H., Liu, P., Zhang, F., Xu, E., Symonds, L., Ohlson, C. E., et al. (2014). A
Genetic Mouse Model of Invasive Endometrial Cancer Driven by Concurrent
Loss of Pten and Lkb1 Is Highly Responsive to mTOR Inhibition. Cancer Res.
74, 15–23. doi:10.1158/0008-5472.can-13-0544

Contreras, C. M., Akbay, E. A., Gallardo, T. D., Haynie, J. M., Sharma, S., Tagao, O.,
et al. (2010). Lkb1 Inactivation Is Sufficient to Drive Endometrial Cancers that
Are Aggressive yet Highly Responsive to mTOR Inhibitor Monotherapy. Dis.
Model. Mech. 3, 181–193. doi:10.1242/dmm.004440

Cuevas, I. C., Sahoo, S. S., Kumar, A., Zhang, H., Westcott, J., Aguilar, M., et al.
(2019). Fbxw7 Is a Driver of Uterine Carcinosarcoma by Promoting Epithelial-
Mesenchymal Transition. Proc. Natl. Acad. Sci. USA 116, 25880–25890.
doi:10.1073/pnas.1911310116

Daikoku, T., Hirota, Y., Tranguch, S., Joshi, A. R., Demayo, F. J., Lydon, J. P., et al.
(2008). Conditional Loss of Uterine Pten Unfailingly and Rapidly Induces
Endometrial Cancer in Mice. Cancer Res. 68, 5619–5627. doi:10.1158/0008-
5472.can-08-1274

Daikoku, T., Jackson, L., Besnard, V., Whitsett, J., Ellenson, L. H., and Dey, S. K.
(2011). Cell-specific Conditional Deletion of Pten in the Uterus Results in
Differential Phenotypes. Gynecol. Oncol. 122, 424–429. doi:10.1016/
j.ygyno.2011.04.022

Daikoku, T., Ogawa, Y., Terakawa, J., Ogawa, A., Defalco, T., and Dey, S. K. (2014).
Lactoferrin-iCre: A New Mouse Line to Study Uterine Epithelial Gene
Function. Endocrinology 155, 2718–2724. doi:10.1210/en.2014-1265

Daikoku, T., Yoshie, M., Xie, H., Sun, X., Cha, J., Ellenson, L. H., et al. (2013).
Conditional Deletion of Tsc1 in the Female Reproductive Tract Impedes
Normal Oviductal and Uterine Function by Enhancing mTORC1 Signaling
in Mice. Mol. Hum. Reprod. 19, 463–472. doi:10.1093/molehr/gat016

Deng, C. X. (2014). Conditional Knockout Mouse Models of Cancer. Cold Spring
Harb Protoc. 2014, 1217–1233. doi:10.1101/pdb.top074393

Drost, J., and Clevers, H. (2018). Organoids in Cancer Research. Nat. Rev. Cancer
18, 407–418. doi:10.1038/s41568-018-0007-6

Drost, J., Van Jaarsveld, R. H., Ponsioen, B., Zimberlin, C., Van Boxtel, R., Buijs, A.,
et al. (2015). Sequential Cancer Mutations in Cultured Human Intestinal Stem
Cells. Nature 521, 43–47. doi:10.1038/nature14415

Frew, I. J., Minola, A., Georgiev, S., Hitz, M., Moch, H., Richard, S., et al. (2008).
Combined VHLH and PTENMutation Causes Genital Tract Cystadenoma and
Squamous Metaplasia.Mol. Cel Biol 28, 4536–4548. doi:10.1128/mcb.02132-07

Fu, D. J., De Micheli, A. J., Bidarimath, M., Ellenson, L. H., Cosgrove, B. D.,
Flesken-Nikitin, A., et al. (2020). Cells Expressing PAX8 Are theMain Source of
Homeostatic Regeneration of Adult Mouse Endometrial Epithelium and Give
Rise to Serous Endometrial Carcinoma. Dis. Model. Mech. 13, dmm047035.
doi:10.1242/dmm.047035

Gao, Y., Lin, P., Lydon, J. P., and Li, Q. (2017). Conditional Abrogation of
Transforming Growth Factor-β Receptor 1 in PTEN-Inactivated
Endometrium Promotes Endometrial Cancer Progression in Mice. J. Pathol.
243, 89–99. doi:10.1002/path.4930

Gordon, K. J., and Blobe, G. C. (2008). Role of Transforming Growth Factor-β
Superfamily Signaling Pathways in Human Disease. Biochim. Biophys. Acta
(Bba) - Mol. Basis Dis. 1782, 197–228. doi:10.1016/j.bbadis.2008.01.006

Hayashi, S., and McMahon, A. P. (2002). Efficient Recombination in Diverse
Tissues by a Tamoxifen-Inducible Form of Cre: A Tool for Temporally
Regulated Gene Activation/Inactivation in the Mouse. Dev. Biol. 244 (2),
305–318. doi:10.1006/dbio.2002.0597

Hearle, N., Schumacher, V., Menko, F. H., Olschwang, S., Boardman, L. A., Gille,
J. J. P., et al. (2006). Frequency and Spectrum of Cancers in the Peutz-Jeghers
Syndrome. Clin. Cancer Res. 12, 3209–3215. doi:10.1158/1078-0432.ccr-06-
0083

Izumiya, M., Kato, S., and Hippo, Y. (2021). Recent Advances in Implantation-
Based Genetic Modeling of Biliary Carcinogenesis in Mice. Cancers (Basel) 13,
2292. doi:10.3390/cancers13102292

Jamin, S. P., Arango, N. A., Mishina, Y., Hanks, M. C., and Behringer, R. R. (2002).
Requirement of Bmpr1a for Müllerian Duct Regression During Male Sexual
Development. Nat. Genet. 32, 408–410. doi:10.1038/ng1003

Janzen, D. M., Paik, D. Y., Rosales, M. A., Yep, B., Cheng, D., Witte, O. N., et al.
(2013). Low Levels of Circulating Estrogen Sensitize PTEN-Null Endometrial
Tumors to PARP Inhibition In Vivo. Mol. Cancer Ther. 12, 2917–2928.
doi:10.1158/1535-7163.mct-13-0572

Joshi, A., and Ellenson, L. H. (2011). Adenovirus Mediated Homozygous
Endometrial Epithelial Pten Deletion Results in Aggressive Endometrial
Carcinoma. Exp. Cel Res. 317, 1580–1589. doi:10.1016/j.yexcr.2011.03.006

Joshi, A., Wang, H., Jiang, G., Douglas,W., Chan, J. S. Y., Korach, K. S., et al. (2012).
Endometrial Tumorigenesis in Pten+/−Mice Is Independent of Coexistence of
Estrogen and Estrogen Receptor α. Am. J. Pathol. 180, 2536–2547. doi:10.1016/
j.ajpath.2012.03.006

Kandoth, C., Kandoth, C., Schultz, N., Cherniack, A. D., Akbani, R., Liu, Y., et al.
(2013). Integrated Genomic Characterization of Endometrial Carcinoma.
Nature 497, 67–73. doi:10.1038/nature12113

Kato, S., Fushimi, K., Yabuki, Y., Maru, Y., Hasegawa, S., Matsuura, T., et al. (2021).
Precision Modeling of Gall Bladder Cancer Patients in Mice Based on
Orthotopic Implantation of Organoid-Derived Tumor Buds. Oncogenesis 10,
33. doi:10.1038/s41389-021-00322-1

Kim, H., Kim, M., Im, S.-K., and Fang, S. (2018). Mouse Cre-LoxP System: General
Principles to Determine Tissue-specific Roles of Target Genes. Lab. Anim. Res.
34, 147–159. doi:10.5625/lar.2018.34.4.147

Kim, T. H., Wang, J., Lee, K. Y., Franco, H. L., Broaddus, R. R., Lydon, J. P., et al.
(2010). The Synergistic Effect of Conditional Pten Loss and Oncogenic K-Ras
Mutation on Endometrial Cancer Development Occurs via Decreased
Progesterone Receptor Action. J. Oncol. 2010, 139087. doi:10.1155/2010/
139087

Kriseman, M., Monsivais, D., Agno, J., Masand, R. P., Creighton, C. J., andMatzuk,
M.M. (2019). Uterine Double-Conditional Inactivation of Smad2 and Smad3 in

Frontiers in Genetics | www.frontiersin.org December 2021 | Volume 12 | Article 7986289

Maru and Hippo Mouse Models for Endometrial Cancer

https://doi.org/10.2353/ajpath.2008.071179
https://doi.org/10.2353/ajpath.2008.071179
https://doi.org/10.1038/onc.2012.232
https://doi.org/10.1038/s41418-020-0565-5
https://doi.org/10.1002/mrd.20858
https://doi.org/10.1002/mrd.20858
https://doi.org/10.1016/j.cell.2018.02.060
https://doi.org/10.1016/j.cell.2018.02.060
https://doi.org/10.1016/j.ygyno.2004.06.008
https://doi.org/10.1200/jco.2005.04.1574
https://doi.org/10.15252/embj.2019101654
https://doi.org/10.1038/ejhg.2008.162
https://doi.org/10.1200/po.17.00073
https://doi.org/10.1242/dev.148478
https://doi.org/10.1038/s41556-019-0360-z
https://doi.org/10.1158/0008-5472.can-13-0544
https://doi.org/10.1242/dmm.004440
https://doi.org/10.1073/pnas.1911310116
https://doi.org/10.1158/0008-5472.can-08-1274
https://doi.org/10.1158/0008-5472.can-08-1274
https://doi.org/10.1016/j.ygyno.2011.04.022
https://doi.org/10.1016/j.ygyno.2011.04.022
https://doi.org/10.1210/en.2014-1265
https://doi.org/10.1093/molehr/gat016
https://doi.org/10.1101/pdb.top074393
https://doi.org/10.1038/s41568-018-0007-6
https://doi.org/10.1038/nature14415
https://doi.org/10.1128/mcb.02132-07
https://doi.org/10.1242/dmm.047035
https://doi.org/10.1002/path.4930
https://doi.org/10.1016/j.bbadis.2008.01.006
https://doi.org/10.1006/dbio.2002.0597
https://doi.org/10.1158/1078-0432.ccr-06-0083
https://doi.org/10.1158/1078-0432.ccr-06-0083
https://doi.org/10.3390/cancers13102292
https://doi.org/10.1038/ng1003
https://doi.org/10.1158/1535-7163.mct-13-0572
https://doi.org/10.1016/j.yexcr.2011.03.006
https://doi.org/10.1016/j.ajpath.2012.03.006
https://doi.org/10.1016/j.ajpath.2012.03.006
https://doi.org/10.1038/nature12113
https://doi.org/10.1038/s41389-021-00322-1
https://doi.org/10.5625/lar.2018.34.4.147
https://doi.org/10.1155/2010/139087
https://doi.org/10.1155/2010/139087
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Mice Causes Endometrial Dysregulation, Infertility, and Uterine Cancer. Proc.
Natl. Acad. Sci. USA 116, 3873–3882. doi:10.1073/pnas.1806862116

Kun, E. H. S., Tsang, Y. T. M., Lin, S., Pan, S., Medapalli, T., Malpica, A., et al.
(2020). Differences in Gynecologic Tumor Development in Amhr2-Cre Mice
with KRASG12D or KRASG12V Mutations. Sci. Rep. 10, 20678. doi:10.1038/
s41598-020-77666-y

Lee, S. Y. (2021). Tailored Therapy Based on Molecular Characteristics in
Endometrial Cancer. Biomed. Res. Int. 2021, 2068023. doi:10.1155/2021/
2068023

Li, H. D., Lu, C., Zhang, H., Hu, Q., Zhang, J., Cuevas, I. C., et al. (2020). A
PoleP286R Mouse Model of Endometrial Cancer Recapitulates High
Mutational Burden and Immunotherapy Response. JCI Insight 5, e138829.
doi:10.1172/jci.insight.138829

Liang, H., Cheung, L. W. T., Li, J., Ju, Z., Yu, S., Stemke-Hale, K., et al. (2012).
Whole-exome Sequencing Combined with Functional Genomics Reveals Novel
Candidate Driver Cancer Genes in Endometrial Cancer. Genome Res. 22,
2120–2129. doi:10.1101/gr.137596.112

Liang, X., Daikoku, T., Terakawa, J., Ogawa, Y., Joshi, A. R., Ellenson, L. H., et al.
(2018). The Uterine Epithelial Loss of Pten Is Inefficient to Induce Endometrial
Cancer with Intact Stromal Pten. Plos Genet. 14, e1007630. doi:10.1371/
journal.pgen.1007630

Lõhmussaar, K., Kopper, O., Korving, J., Begthel, H., Vreuls, C. P. H., Van Es, J. H.,
et al. (2020). Assessing the Origin of High-Grade Serous Ovarian Cancer Using
CRISPR-Modification of Mouse Organoids. Nat. Commun. 11, 2660.
doi:10.1038/s41467-020-16432-0

Maru, Y., and Hippo, Y. (2019). Current Status of Patient-Derived Ovarian Cancer
Models. Cells 8, 505. doi:10.3390/cells8050505

Maru, Y., Onuma, K., Ochiai, M., Imai, T., and Hippo, Y. (2019a). Shortcuts to
Intestinal Carcinogenesis by Genetic Engineering in Organoids.Cancer Sci. 110,
858–866. doi:10.1111/cas.13938

Maru, Y., Orihashi, K., and Hippo, Y. (2016). Lentivirus-Based Stable Gene
Delivery into Intestinal Organoids. Methods Mol. Biol. 1422, 13–21.
doi:10.1007/978-1-4939-3603-8_2

Maru, Y., Tanaka, N., Ebisawa, K., Odaka, A., Sugiyama, T., Itami, M., et al.
(2019b). Establishment and Characterization of Patient-Derived Organoids
from a Young Patient with Cervical Clear Cell Carcinoma. Cancer Sci. 110,
2992–3005. doi:10.1111/cas.14119

Maru, Y., Tanaka, N., Itami, M., and Hippo, Y. (2019c). Efficient Use of Patient-
Derived Organoids as a Preclinical Model for Gynecologic Tumors. Gynecol.
Oncol. 154, 189–198. doi:10.1016/j.ygyno.2019.05.005

Maru, Y., Tanaka, N., Tatsumi, Y., Nakamura, Y., Itami, M., and Hippo, Y. (2021a).
Kras Activation in Endometrial Organoids Drives Cellular Transformation and
Epithelial-Mesenchymal Transition. Oncogenesis 10, 46. doi:10.1038/s41389-
021-00337-8

Maru, Y., Tanaka, N., Tatsumi, Y., Nakamura, Y., Yao, R., Noda, T., et al. (2021b).
Probing the Tumorigenic Potential of Genetic Interactions Reconstituted in
Murine Fallopian Tube Organoids. J. Pathol. 255, 177–189. doi:10.1002/
path.5752

Matsuura, T., Maru, Y., Izumiya, M., Hoshi, D., Kato, S., Ochiai, M., et al. (2020).
Organoid-based Ex Vivo Reconstitution of Kras-Driven Pancreatic Ductal
Carcinogenesis. Carcinogenesis 41, 490–501. doi:10.1093/carcin/bgz122

Mcmaster, M. T., Teng, C. T., Dey, S. K., and Andrews, G. K. (1992). Lactoferrin in
the Mouse Uterus: Analyses of the Preimplantation Period and Regulation by
Ovarian Steroids. Mol. Endocrinol. 6, 101–111. doi:10.1210/mend.6.1.1738363

Memarzadeh, S., Zong, Y., Janzen, D. M., Goldstein, A. S., Cheng, D., Kurita, T.,
et al. (2010). Cell-autonomous Activation of the PI3-Kinase Pathway Initiates
Endometrial Cancer from Adult Uterine Epithelium. Proc. Natl. Acad. Sci. 107,
17298–17303. doi:10.1073/pnas.1012548107

Meyer, L. A., Broaddus, R. R., and Lu, K. H. (2009). Endometrial Cancer and Lynch
Syndrome: Clinical and Pathologic Considerations. Cancer Control 16, 14–22.
doi:10.1177/107327480901600103

Mirantes, C., Eritja, N., Dosil, M. A., Santacana, M., Pallares, J., Gatius, S., et al.
(2013). An Inducible Knockout Mouse to Model the Cell-Autonomous Role of
PTEN in Initiating Endometrial, Prostate and Thyroid Neoplasias. Dis. Model.
Mech. 6, 710–720. doi:10.1242/dmm.011445

Mittag, J., Winterhager, E., Bauer, K., and Grümmer, R. (2007). Congenital
Hypothyroid Female Pax8-Deficient Mice Are Infertile Despite Thyroid

Hormone Replacement Therapy. Endocrinology 148, 719–725. doi:10.1210/
en.2006-1054

Monsivais, D., Peng, J., Kang, Y., and Matzuk, M. M. (2019). Activin-like Kinase 5
(ALK5) Inactivation in the Mouse Uterus Results in Metastatic Endometrial
Carcinoma. Proc. Natl. Acad. Sci. USA 116, 3883–3892. doi:10.1073/
pnas.1806838116

Morice, P., Leary, A., Creutzberg, C., Abu-Rustum, N., and Darai, E. (2016).
Endometrial Cancer. The Lancet 387, 1094–1108. doi:10.1016/s0140-6736(15)
00130-0

Murali, R., Soslow, R. A., and Weigelt, B. (2014). Classification of Endometrial
Carcinoma: More Than Two Types. Lancet Oncol. 15, e268–e278. doi:10.1016/
s1470-2045(13)70591-6

Nikolakopoulou, K., and Turco, M. Y. (2021). Investigation of Infertility Using
Endometrial Organoids. Reproduction 161, R113–r127. doi:10.1530/rep-20-
0428

O’rourke, K. P., Loizou, E., Livshits, G., Schatoff, E. M., Baslan, T., Manchado, E.,
et al. (2017). Transplantation of Engineered Organoids Enables Rapid
Generation of Metastatic Mouse Models of Colorectal Cancer. Nat.
Biotechnol. 35, 577–582. doi:10.1038/nbt.3837

Ochiai, M., Yoshihara, Y., Maru, Y., Tetsuya, M., Izumiya, M., Imai, T., et al. (2019).
Kras-driven Heterotopic Tumor Development from Hepatobiliary Organoids.
Carcinogenesis 40, 1142–1152. doi:10.1093/carcin/bgz024

Onuma, K., Ochiai, M., Orihashi, K., Takahashi, M., Imai, T., Nakagama, H., et al.
(2013). Genetic Reconstitution of Tumorigenesis in Primary Intestinal Cells.
Proc. Natl. Acad. Sci. 110, 11127–11132. doi:10.1073/pnas.1221926110

Peña, C. G., Nakada, Y., Saatcioglu, H. D., Aloisio, G. M., Cuevas, I., Zhang, S., et al.
(2015). LKB1 Loss Promotes Endometrial Cancer Progression via CCL2-
dependent Macrophage Recruitment. J. Clin. Invest. 125, 4063–4076.
doi:10.1172/JCI82152

Perets, R., Wyant, G. A., Muto, K. W., Bijron, J. G., Poole, B. B., Chin, K. T., et al.
(2013). Transformation of the Fallopian Tube Secretory Epithelium Leads to
High-Grade Serous Ovarian Cancer in Brca;Tp53;Pten Models. Cancer Cell 24,
751–765. doi:10.1016/j.ccr.2013.10.013

Podsypanina, K., Ellenson, L. H., Nemes, A., Gu, J., Tamura, M., Yamada, K. M.,
et al. (1999). Mutation of Pten/Mmac1 in Mice Causes Neoplasia in Multiple
Organ Systems. Proc. Natl. Acad. Sci. 96, 1563–1568. doi:10.1073/
pnas.96.4.1563

Rayner, E., Van Gool, I. C., Palles, C., Kearsey, S. E., Bosse, T., Tomlinson, I., et al.
(2016). A Panoply of Errors: Polymerase Proofreading Domain Mutations in
Cancer. Nat. Rev. Cancer 16, 71–81. doi:10.1038/nrc.2015.12

Saito, F., Tashiro, H., To, Y., Ohtake, H., Ohba, T., Suzuki, A., et al. (2011). Mutual
Contribution of Pten and Estrogen to Endometrial Carcinogenesis in a
PtenloxP/loxP Mouse Model. Int. J. Gynecol. Cancer 21, 1343–1349.
doi:10.1097/igc.0b013e31822d2a8a

Samarnthai, N., Hall, K., and Yeh, I. T. (2010). Molecular Profiling of Endometrial
Malignancies. Obstet. Gynecol. Int. 2010, 162363. doi:10.1155/2010/162363

Sato, T., Vries, R. G., Snippert, H. J., Van DeWetering, M., Barker, N., Stange, D. E.,
et al. (2009). Single Lgr5 Stem Cells Build Crypt-Villus Structures In Vitro
Without aMesenchymal Niche.Nature 459, 262–265. doi:10.1038/nature07935

Shao, X., Somlo, S., and Igarashi, P. (2002). Epithelial-specific Cre/lox
Recombination in the Developing Kidney and Genitourinary Tract. Jasn 13,
1837–1846. doi:10.1097/01.asn.0000016444.90348.50

Shimshek, D. R., Kim, J., Hübner, M. R., Spergel, D. J., Buchholz, F., Casanova, E.,
et al. (2002). Codon-improved Cre Recombinase (iCre) Expression in the
Mouse. Genesis 32, 19–26. doi:10.1002/gene.10023

Siegel, R. L., Miller, K. D., and Jemal, A. (2020). Cancer Statistics, 2020. CA A.
Cancer J. Clin. 70, 7–30. doi:10.3322/caac.21590

Soriano, P. (1999). Generalized lacZ Expression with the ROSA26 Cre Reporter
Strain. Nat. Genet. 21, 70–71. doi:10.1038/5007

Soyal, S. M., Mukherjee, A., Lee, K. Y.-S., Li, J., Li, H., Demayo, F. J., et al. (2005).
Cre-mediated Recombination in Cell Lineages that Express the Progesterone
Receptor. Genesis 41, 58–66. doi:10.1002/gene.20098

Stambolic, V., Tsao, M. S., Macpherson, D., Suzuki, A., Chapman, W. B., and Mak,
T. W. (2000). High Incidence of Breast and Endometrial Neoplasia Resembling
Human Cowden Syndrome in Pten+/- Mice. Cancer Res. 60, 3605–3611.

Stodden, G. R., Lindberg, M. E., King, M. L., Paquet, M., Maclean, J. A., Mann, J. L.,
et al. (2015). Loss of Cdh1 and Trp53 in the Uterus Induces Chronic

Frontiers in Genetics | www.frontiersin.org December 2021 | Volume 12 | Article 79862810

Maru and Hippo Mouse Models for Endometrial Cancer

https://doi.org/10.1073/pnas.1806862116
https://doi.org/10.1038/s41598-020-77666-y
https://doi.org/10.1038/s41598-020-77666-y
https://doi.org/10.1155/2021/2068023
https://doi.org/10.1155/2021/2068023
https://doi.org/10.1172/jci.insight.138829
https://doi.org/10.1101/gr.137596.112
https://doi.org/10.1371/journal.pgen.1007630
https://doi.org/10.1371/journal.pgen.1007630
https://doi.org/10.1038/s41467-020-16432-0
https://doi.org/10.3390/cells8050505
https://doi.org/10.1111/cas.13938
https://doi.org/10.1007/978-1-4939-3603-8_2
https://doi.org/10.1111/cas.14119
https://doi.org/10.1016/j.ygyno.2019.05.005
https://doi.org/10.1038/s41389-021-00337-8
https://doi.org/10.1038/s41389-021-00337-8
https://doi.org/10.1002/path.5752
https://doi.org/10.1002/path.5752
https://doi.org/10.1093/carcin/bgz122
https://doi.org/10.1210/mend.6.1.1738363
https://doi.org/10.1073/pnas.1012548107
https://doi.org/10.1177/107327480901600103
https://doi.org/10.1242/dmm.011445
https://doi.org/10.1210/en.2006-1054
https://doi.org/10.1210/en.2006-1054
https://doi.org/10.1073/pnas.1806838116
https://doi.org/10.1073/pnas.1806838116
https://doi.org/10.1016/s0140-6736(15)00130-0
https://doi.org/10.1016/s0140-6736(15)00130-0
https://doi.org/10.1016/s1470-2045(13)70591-6
https://doi.org/10.1016/s1470-2045(13)70591-6
https://doi.org/10.1530/rep-20-0428
https://doi.org/10.1530/rep-20-0428
https://doi.org/10.1038/nbt.3837
https://doi.org/10.1093/carcin/bgz024
https://doi.org/10.1073/pnas.1221926110
https://doi.org/10.1172/JCI82152
https://doi.org/10.1016/j.ccr.2013.10.013
https://doi.org/10.1073/pnas.96.4.1563
https://doi.org/10.1073/pnas.96.4.1563
https://doi.org/10.1038/nrc.2015.12
https://doi.org/10.1097/igc.0b013e31822d2a8a
https://doi.org/10.1155/2010/162363
https://doi.org/10.1038/nature07935
https://doi.org/10.1097/01.asn.0000016444.90348.50
https://doi.org/10.1002/gene.10023
https://doi.org/10.3322/caac.21590
https://doi.org/10.1038/5007
https://doi.org/10.1002/gene.20098
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Inflammation with Modification of Tumor Microenvironment. Oncogene 34,
2471–2482. doi:10.1038/onc.2014.193

Suryo Rahmanto, Y., Shen, W., Shi, X., Chen, X., Yu, Y., Yu, Z.-C., et al. (2020).
Inactivation of Arid1a in the Endometrium Is Associated with Endometrioid
Tumorigenesis Through Transcriptional Reprogramming. Nat. Commun. 11,
2717. doi:10.1038/s41467-020-16416-0

Teng, C. T., Beard, C., and Gladwell, W. (2002). Differential Expression and
Estrogen Response of Lactoferrin Gene in the Female Reproductive Tract of
Mouse, Rat, and Hamster. Biol. Reprod. 67, 1439–1449. doi:10.1095/
biolreprod.101.002089

Thomson, R. B., Igarashi, P., Biemesderfer, D., Kim, R., Abu-Alfa, A., Soleimani,
M., et al. (1995). Isolation and cDNA Cloning of Ksp-Cadherin, a Novel
Kidney-specific Member of the Cadherin Multigene Family. J. Biol. Chem. 270,
17594–17601. doi:10.1074/jbc.270.29.17594

Thomson, R. B., Ward, D. C., Quaggin, S. E., Igarashi, P., Muckler, Z. E., and
Aronson, P. S. (1998). cDNA Cloning and Chromosomal Localization of the
Human and Mouse Isoforms of Ksp-Cadherin. Genomics 51, 445–451.
doi:10.1006/geno.1998.5402

Tirodkar, T. S., Budiu, R. A., Elishaev, E., Zhang, L., Mony, J. T., Brozick, J., et al.
(2014). MUC1 Positive, Kras and Pten Driven Mouse Gynecologic Tumors
Replicate Human Tumors and Vary in Survival and Nuclear Grade Based on
Anatomical Location. PLoS One 9, e102409. doi:10.1371/journal.pone.0102409

Van Nyen, T., Moiola, C. P., Colas, E., Annibali, D., and Amant, F. (2018).
Modeling Endometrial Cancer: Past, Present, and Future. Int. J. Mol. Sci. 19,
2348. doi:10.3390/ijms19082348

Wang, H., Douglas, W., Lia, M., Edelmann, W., Kucherlapati, R., Podsypanina, K.,
et al. (2002). DNA Mismatch Repair Deficiency Accelerates Endometrial
Tumorigenesis in Pten Heterozygous Mice. Am. J. Pathol. 160, 1481–1486.
doi:10.1016/s0002-9440(10)62573-4

Wang, X., Wendel, J. R. H., Emerson, R. E., Broaddus, R. R., Creighton, C. J., Rusch,
D. B., et al. (2020). Pten and Dicer1 Loss in the Mouse Uterus Causes Poorly
Differentiated Endometrial Adenocarcinoma. Oncogene 39, 6286–6299.
doi:10.1038/s41388-020-01434-5

Wild, P. J., Ikenberg, K., Fuchs, T. J., Rechsteiner, M., Georgiev, S., Fankhauser, N.,
et al. (2012). p53 Suppresses Type II Endometrial Carcinomas in Mice and

Governs Endometrial Tumour Aggressiveness in Humans. EMBOMol. Med. 4,
808–824. doi:10.1002/emmm.201101063

Wilson, M. R., Reske, J. J., Holladay, J., Wilber, G. E., Rhodes, M., Koeman, J., et al.
(2019). ARID1A and PI3-Kinase Pathway Mutations in the Endometrium
Drive Epithelial Transdifferentiation and Collective Invasion. Nat. Commun.
10, 3554. doi:10.1038/s41467-019-11403-6

Yamagami, W., Nagase, S., Takahashi, F., Ino, K., Hachisuga, T., Aoki, D., et al.
(2017). Clinical Statistics of Gynecologic Cancers in Japan. J. Gynecol. Oncol. 28,
e32. doi:10.3802/jgo.2017.28.e32

Yeh, C.-H., Bellon, M., and Nicot, C. (2018). FBXW7: A Critical Tumor Suppressor
of Human Cancers. Mol. Cancer 17, 115. doi:10.1186/s12943-018-0857-2

Zhang, S., Dolgalev, I., Zhang, T., Ran, H., Levine, D. A., and Neel, B. G. (2019).
Both Fallopian Tube and Ovarian Surface Epithelium Are Cells-Of-Origin for
High-Grade Serous Ovarian Carcinoma. Nat. Commun. 10, 5367. doi:10.1038/
s41467-019-13116-2

Zhang, Z., Wang, Y., Vikis, H. G., Johnson, L., Liu, G., Li, J., et al. (2001). Wildtype
Kras2 Can Inhibit Lung Carcinogenesis in Mice. Nat. Genet. 29, 25–33.
doi:10.1038/ng721

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Maru and Hippo. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org December 2021 | Volume 12 | Article 79862811

Maru and Hippo Mouse Models for Endometrial Cancer

https://doi.org/10.1038/onc.2014.193
https://doi.org/10.1038/s41467-020-16416-0
https://doi.org/10.1095/biolreprod.101.002089
https://doi.org/10.1095/biolreprod.101.002089
https://doi.org/10.1074/jbc.270.29.17594
https://doi.org/10.1006/geno.1998.5402
https://doi.org/10.1371/journal.pone.0102409
https://doi.org/10.3390/ijms19082348
https://doi.org/10.1016/s0002-9440(10)62573-4
https://doi.org/10.1038/s41388-020-01434-5
https://doi.org/10.1002/emmm.201101063
https://doi.org/10.1038/s41467-019-11403-6
https://doi.org/10.3802/jgo.2017.28.e32
https://doi.org/10.1186/s12943-018-0857-2
https://doi.org/10.1038/s41467-019-13116-2
https://doi.org/10.1038/s41467-019-13116-2
https://doi.org/10.1038/ng721
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Two-Way Development of the Genetic Model for Endometrial Tumorigenesis in Mice: Current and Future Perspectives
	Introduction
	In Vivo Mouse Models of EC
	Background
	Mice With Systemic Genetic Engineering
	Mice With Uterine-Specific Genetic Engineering
	Introduction
	Pgr-Cre Mice
	Sprr2f-Cre Mice
	BAC-Sprr2f-Cre Mice
	Ltf-iCre Mice
	Ksp1.3-Cre Mice
	Pax8-rtTA; TetO-Cre Mice
	CAG-Cre-ERT Mice
	Amhr2-Cre Mice
	Intrauterine Injection of Adenovirus-Cre


	Ex Vivo/In Vivo Hybrid Mouse Models for EC
	General Overview
	Monolayer Cell-Based Model
	Organoid-Based Model
	General Overview
	Endometrial Organoid-Based Model


	Discussion
	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References


