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ABSTRACT

Leiomyomas and other mesenchymally derived tumors are the
most common neoplasms of the female reproductive tract.
Presently, very little is known about the etiology and progression
of these tumors, which are the primary indication for hysterec-
tomies. Dysregulated WNT signaling through beta-catenin is a
well-established mechanism for tumorigenesis. We have devel-
oped a mouse model that expresses constitutively activated beta-
catenin in uterine mesenchyme driven by the expression of Cre
recombinase knocked into the Miillerian-inhibiting substance
type Il receptor promoter locus to investigate its effects on
uterine endometrial stroma and myometrium. These mice show
myometrial hyperplasia and develop mesenchymal tumors with
100% penetrance that exhibit histological and molecular
characteristics of human leiomyomas and endometrial stromal
sarcomas. By immunohistochemistry, we also show that both
transforming growth factor beta and the mammalian target of
rapamycin are induced by constitutive activation of beta-
catenin. The prevalence of the tumors was greater in multipa-
rous mice, suggesting that their development may be a
hormonally driven process or that changes in uterine morphol-
ogy during pregnancy and after parturition induce injury and
repair mechanisms that stimulate tumorigenesis from stem/
progenitor cells, which normally do not express constitutively
activated beta-catenin. Additionally, adenomyosis and endome-
trial gland hyperplasia were occasionally observed in some mice.
These results show evidence suggesting that dysregulated,
stromal, and myometrial WNT/beta-catenin signaling has
pleiotropic effects on uterine function and tumorigenesis.

adenomyosis, beta-catenin, developmental biology, endometrial
stromal sarcoma, hypertrophic scarring, leiomyoma, signal
transduction, uterine fibroids, uterus, WNT signaling

INTRODUCTION

Mesenchymal uterine tumors are the most common
neoplasms found in the human female reproductive tract. The
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vast majority of these tumors are uterine leiomyomas (uterine
fibroids), which are benign lesions that form in the myome-
trium of an estimated 25%—-50% of American women. Uterine
leiomyomas are clonal in origin and hormone responsive [1].
Patients may have a single uterine fibroid, but many have
multiple fibroids, and they can be located anywhere in
myometrial tissue. These tumors are commonly associated
with severe pelvic discomfort during menstruation (dysmenor-
rhea), heavy menstrual bleeding (menorrhagia), infertility,
abortion, ascites, and polycythemia. On the basis of their
location in the uterus, fibroids are subdivided into three broad
categories: subserosal, submucosal, and intramural. The size of
the fibroids can vary greatly from microscopic to tumors
weighing more than 1 kg, are often associated with significant
morbidities, and are the leading cause of hysterectomies [2].
Other uterine tumors such as leiomyosarcomas, endometrial
stromal sarcomas (ESSs), perivascular epitheliod cell tumors
(PEComa), and adenocarcinomas are less common but still
pose a significant burden on a women’s health and are often
fatal. The etiology of any of these mesenchymal tumors is
largely unknown.

One of the major mechanisms of neoplastic transformation is
dysregulated B-catenin signaling. B-Catenin is the core
component of the canonical wingless-type MMTYV integration
site family member (WNT) signaling pathway whose activation
leads to the translocation of B-catenin from the cytoplasm to the
nucleus and transcription of targeted genes [3]. The role of
WNT signaling in carcinogenesis in other tissues is well
documented [4], but evidence for its contribution to mesenchy-
mal uterine tumor development has been limited [5-7]. WNT
signaling is indispensible for normal uterine development from
the primordial Miillerian duct [8—10], and there is accumulating
evidence to support a role for WNT signaling in postnatal
uterine functions, including implantation [11], decidualization
[12, 13], and perhaps remodeling after parturition.

We have been investigating B-catenin signaling in uterine
development and function using a mouse Cre recombinase
model system [14, 15] that exploits the uterine mesenchyme-
specific expression of the Miillerian inhibiting substance type
II receptor, which is also known as anti-Miillerian hormone 2
(AMHR2). We have shown that conditional deletion of
B-catenin in uterine mesenchyme leads to progressive cell fate
change from myogenesis to an adipogenic lineage [15]. The
aim of the present study was to investigate the role of B-catenin
in uterine development further by expressing a constitutively
activated form of B-catenin in uterine mesenchyme driven by
Amhr2-Cre. When Amhr2™3( 8" (Amhr2-Cre) mice are
crossed with Ctnnbl™™™ mice [16], Amhr2-driven Cre
recombinase, which is expressed in ovary, oviduct, and uterus,
deletes exon3 and leads to formation of a stable form of
B-catenin in Amhr2-Cre-expressing cells and in their progeny.
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TABLE 1. Oocyte and embryo analysis in Amhr2tm3(cre/Bhry
Ctnnb 1" ™M+ mice.*
Amhrztm3(cre)8hr/+;
Stage Control Ctnnb 7 !Mmty .
Oocytes
Mil 27.7 9.1 (75%) 20.0 = 7.0 (77%)
GVBD 4.0 2.7 (11%) 2.0 = 0 (8%)
GV 0 (0%) 0.3 (1%)
Atretic 4.7 = 2.5 (13%) 3.7 £ 1.5 (14%)
Total 363 7.7 26.0 =+ 7.8
Embryos’
Four-cell to morula 6*2(21%) 3 %1 (19%)
Early blastocyst 5.3 =2 (19%) 3.7 = 1.2 24%)
Expanded blastocyst 16.7 = 3.8 (60%) 9 +2.0G57%)
Total 28 £ 2.0 15.7 = 3.2

*n=3; mean = SD (% of total).
 Two out of six oviducts were blocked in mutant mice.

This form of B-catenin is resistant to phosphorylation by the
adenomatosis polyposis coli complex and its subsequent
degradation. We show that dysregulated WNT signaling in
the uteri of these mice causes mesenchymal tumorigenesis in
all mice examined and occasional adenomyosis, with probable
indirect stromal support for the induction of adenocarcinoma.

MATERIALS AND METHODS
Mouse Husbandry

The mice used in this study were housed under standard animal housing
conditions. All protocols involving animal experimentation were approved by
the Institutional Animal Care and Use Committee at Massachusetts General
Hospital. Mice were maintained on C57BL/6;129/SvEv mixed genetic
background. Amhr2™3(")B"" (Amhr2-Cre) mice [17] (Dr. Richard Behringer,
M.D. Anderson, Houston, TX) were mated with Ctnnbl™™""™!™™ [16] to
generate Amhr2"™ B [+ Ctnnb 1™ ™™/ + mice. The DNA from tail biopsies
was used to genotype mice using the standard PCR protocols. The uterus
collected from Amhr2™3( B |- Ctnnb 1™ ™™/ 1 and control mice were
photographed by using a Nikon SMZ1500 microscope with an attached Spot
camera (Diagnostic Instruments, Sterling Heights, MI).

Oocyte and Blastocyst Collection and Assessment

The 6- to 7-wk-old mutant and control mice were superovulated with i.p.
injections of 7.5 IU equine chorionic gonadotropin (eCG; Sigma Chemical Co.,
St. Louis, MO) followed by 7.5 IU human chorionic gonadotropin (hCG;
Sigma) after 48 h. Fourteen hours after hCG injection, females were euthanized,
and their oviducts were removed. The cumulus-oocyte complexes were released
from the ampullary region of each oviduct by puncturing the oviduct. Cumulus
cells were removed by exposure to 80 IU/ml hyaluronidase (Irvine Scientific,
Santa Ana, CA) in Hepes buffer and washed out with human tubal fluid (HTF;
Irvine Scientific) with 10% fetal bovine serum (FBS). Isolated oocytes were
transferred into HTF media with 10% FBS and assessed by morphology.
Oocytes were classified into four groups as mature, germinal vesicle break
down, immature, and atretic. For blastocysts, the 6- to 7-wk-old mutant and
control mice were superovulated with 7.5 IU eCG and 7.5 IU hCG as above then
mated with wild-type males. Mice were euthanized at 3.5 days after mating, and
uteri were removed. Blastocysts were flushed from the uteri and transferred into
HTF media with 10% FBS and assessed by morphology. Blastocysts were
classified as 4-cell to morula, expanded blastocyst, and early blastocyst.

Histology

Human myometrial and fibroid samples were collected using Institutional
Review Board approved protocols. Murine uteri and human samples were fixed by
immersion in 4% paraformaldehyde for 10-12 h and then transferred to 70%
ethanol until processing. The fixed tissues were dehydrated in a graded ethanol
series, cleared in xylene, and embedded in paraffin wax. Embedded tissue samples
were sectioned at 5S-pum thickness and mounted on slides. Hematoxylin and eosin
(H&E) staining was performed using standard histological techniques. Photomi-
crographs of nontumorous myometria (n =3 mice for each group) were measured
to determine the ratio of the width of myometria to total uterine width.
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In Situ Hybridization

Analyses for Amhr2 mRNA are described in a detail in a previous study
[14, 15]. Briefly, urogenital ridges were collected from timed pregnant dams
and at Embryonic Day 13.5 (E13.5) and fixed overnight at 4°C in 4%
paraformaldehyde. Tissues were pretreated with protease prior to overnight
hybridization with either Amhr2 full-length [18] digoxigenin-labeled antisense
riboprobes in 50% formamide hybridization solution at 70°C. The resultant
hybrids were detected with alkaline phosphatase-conjugated antidigoxigenin
antibodies and BM purple colorimetric solution (Roche Molecular Biochem-
icals, Indianapolis, IN).

Immunofluorescence

Serial sections of tissues were deparaffinized with xylene and rehydrated
with graded series of ethanol (absolute, 95%, 80%, and 50%, respectively, and
distilled water), followed by two washes of 5 min each in PBS containing
0.05% Tween 20 (PBS-T). After a wash with PBS-T, antigen retrieval was
performed by boiling the tissue sections in 0.01 M citrate buffer (pH 6) for 20
min. Sections were then washed for 5 min in PBS-T and blocked at room
temperature for 1 h by using 2% normal donkey or goat serum, 2% bovine
serum albumin, and 0.1% triton-X in PBS. Tissue sections were then incubated
in a humidified chamber overnight at 4°C with primary antibody. Sections were
subsequently washed with PBS-T, incubated at room temperature for 1 h with
secondary antibody, then counterstained with 4',6’-diamidino-2-phenylindole
(DAPI). Images were photographed using a microscope (Nikon Eclipse TE
2000-S; Micro Video Instruments, Avon, MA) equipped with a Spot digital
camera. DAPI-stained nuclei and phospho-histone H3 (pH3)-positive cells from
sections of three different lesions were counted with the nucleus-counting
analysis plugin of Image J software (v1.37; NIH, Bethesda, MD) after setting a
black and white threshold at 27-30 in Photoshop (v10; Adobe Systems Inc.,
San Jose, CA).

Antibodies

Following are the primary and secondary antibodies used in this study: anti-
B-catenin (1:250; BD Transduction Laboratories, San Jose, CA); anti-KIT
(1:200; R&D Systems, Minneapolis, MN); anti-TGFB3 (1:200; Abcam,
Cambridge, MA); anti-HMGA2 and anti-PECAMI1 (1:200; Santa Cruz
Biotechnology, Santa Cruz, CA); anti-vimentin (1:200; Santa Cruz Biotechnol-
ogy); anti-Ecadherin (1:100; Santa Cruz Biotechnology); anti-pH3 (1:200; BD
Transduction Laboratories); anti-CD11B (1:100; eBiosciences, San Diego, CA);
anti-CD140B (1:200; Ebiosciences); anti-ACTA2, CY3-conjugated (Sigma);
anti- PCNA (ready to use; Zymed, San Francisco, CA); anti-FRAP1 (1:200; Cell
Signaling, Danvers, MA); AlexaFluor secondary antibodies (1:500; Invitrogen,
Carlsbad, CA); and biotinylated donkey anti-mouse or anti-rabbit antibody
F(ab), (1:1000; Jackson ImmunoResearch Laboratories, West Grove, PA).

RESULTS

A previous study has shown that despite normal ovarian
functions, Amhr2m3(cre)Bhrj 4 Cppp]mIMmtj 1 mutant mice
were subfertile [19]. In our study we also observed that
Amhr2m3(€reBhry - Crapb 1"™M™M) 4 mice have smaller litters in
younger mice despite their having histologically normal
ovaries (data not shown). Further analyses showed that neither
oocyte nor 3-day-old embryo quality appeared to be signifi-
cantly affected by constitutive activation of B-catenin in the
ovary (Table 1). However, fewer oocytes and embryos were
collected from the mutant uteri (Table 1), which is likely in part
because of structural blockage we observed in some of the
mutant oviducts (data not shown). We next analyzed the uteri
to determine if the subfertility in mutant mice might also be
due, in part, to defective development in mutant uteri. Below
we show evidence that expression of constitutively activated [3-
catenin in mouse uteri results in the appearance of two types of
mesenchymal tumors that resemble human leiomyomas and
ESSs (Table 2).

Leiomyoma-Like Lesions

Amhp2tm3ere)Bhr 4 Coppb ™™™/ + mutant and
Amhr2t3(€reBhr L or Ctnnb 1™ ™M™+ control mice were
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TABLE 2. Incidence of mesenchymal tumors in Amhr2!™3(€®Bh/ . Ctnph 1™ ™M™/ 4+ mice.

Age of mice Phenotype observed

No. of animals with tumorous
phenotype (%)

No. of animals examined
per phenotype

Smooth muscle tumor and hyperplasia
Endometrial stromal sarcoma-like lesions
Smooth muscle tumor and hyperplasia
Endometrial stromal sarcoma-like lesions
Smooth muscle tumor and hyperplasia
Endometrial stromal sarcoma-like lesions
Adenomyosis

<6 wk (nulliparous)
>8 wk (nulliparous)

>12 wk (multiparous)

5 5 (100)
5 5 (100)
5 5 (100)
5 5 (100)
14 14 (100)
14 14 (100)
14 2 (14.28)

examined for phenotypic analysis. Initial gross examination of
adult nulliparous mutant uteri occasionally showed hemor-
rhagic areas (data not shown) along both horns and an
extraneous layer of tissue with protruding nodules at the
anti-mesometrial side of the uteri (Fig. 1A). Examination of
mutant uteri from multiparous mice revealed the presence of
large tumorous growths and consistent multiple hemorrhagic
sites on the surface of the uteri (Fig. 1B). No abnormalities
were detected in the uteri collected from control mice (Fig.
1C). Histological examination of noncycling 4-wk-old uteri
showed that the nodules observed on the surface of uteri appear
to originate from the longitudinal myometrial layer of the
uterus (shown with a red arrowhead in Fig. 1D). We also
observed a small area of dysplasia (shown with a black
arrowhead and outlined in white) in the mutant uteri, which
otherwise appear similar to controls (Fig. 1E), suggesting that
tumorigenesis starts before the mice begin estrous cycling.
Staining of the mutant and control uteri for o-smooth muscle
actin (ACTA2) shows that the polyps are derived from the
myometrium and that there was expansion of the myometrium
in the mutants (Fig. 1, F and G). The ratio of the width of
ACTA2-positive myometrium to total uterine width in the
mutant (0.45 = 0.04, n = 3) was significantly higher (P =
0.009) than that of control uteri (0.22 = 0.03, n = 3) suggesting
smooth muscle hyperplasia. Normal WNT signaling is highly
active at the coelomic epithelium of the Miillerian duct [20].
The nodules we observe in the mutant mice may be the result
of constitutively activated B-catenin on the coelomic epitheli-
um and adjacent mesenchyme of the presumptive anti-meso-
metrial side of the E13.5 urogenital ridge where Amhr2 is
highly expressed (Fig. 1H).

In mutant mouse uteri, we observed dysplastic lesions in
myometria with 100% penetrance that appeared to increase in
size and number with age and parity (Fig. 2, A and B, and
Table 2). The mutant murine tumors were composed of plump
spindle cells surrounded by an extracellular matrix that formed
fascicles (Fig. 2C) that are remarkably similar to those typically
found in human uterine leiomyomas [2] (Fig. 2D). The largest
tumors were often necrotic with hemorrhagia and fibrosis (data
not shown). The murine smooth muscle tumors are ACTA2-
positive (Fig. 2, E-G), which is also characteristic of human
uterine leiomyomas (Fig. 2H). Typically, human uterine
leiomyomas are very slow-dividing tumors and are usually
present with a low proliferative index (0-2 mitoses per 10 high
power field) [21]. We analyzed proliferation in the uterine
smooth muscle tumors observed in mutant mice by performing
pH3 expression analysis and found few pH3-positive cells (5-6
per high-powered filed or 2.4 = 0.2/1000 cells) in these
tumors, whereas pH3 expression was high in luminal
epithelium (LE; Fig. 2, I and J). Proliferating cell nuclear
antigen (PCNA) expression was also analyzed with similar
results (data not shown). These data suggest that, similar to
human uterine leiomyomas and unlike most other more
aggressive tumors, these mouse uterine smooth muscle tumors
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also have a low mitotic activity. Another characteristic of many
human uterine leiomyomas is that leiomyomas express higher
levels of TGFB, particularly TGFB3, than the surrounding
myometrium [22-26]. Analysis of TGFB3 in the uteri of
mutant mice showed much higher levels of expression by
immunohistochemistry in the epithelium and endometrial
stroma, as well as in the central areas of the leiomyoma-like
lesions, than in surrounding areas and the remaining myome-
trium and at levels consistent with those observed in human
leiomyoma (Fig. 2, K and L). Together with the appearance of
polyps shown above, these results suggest that constitutively

A

ES

LE — -

FIG. 1. Constitutive activation of B-catenin in uterine mesenchyme. A)
Gross uterus from Amhr2tm3 (@B, Cippp 1t IMmt 4 nylliparous mouse
showing abnormal growth (black and red arrowheads) on the anti-
mesometrial side of the uterus. Nodules were also observed on the surface
of the uterus (black arrowheads). B) Gross uterus from multiparous adult
Amhr2tm3(€re)Bhn Cranp 1t IMMY + mouse showing tumorous growth (black
arrowhead) and multiple hemorrhagic sites (black arrows). C) Normal
uterus from a control Amhr2t™3 (€A mouse. H&E-stained section of 4-
wk-old mutant uterus (D) showing polyp-like growth protruding from the
myometrium on the anti-mesometrial surface of the uterus (red
arrowhead) and ESS-like lesions in the endometrial stroma (black
arrowhead) and control uterus (E). ACTA2-immunostained longitudinal
section of a nulliparous mutant uterus (F) with positively stained polyps
(white arrowhead) and control (G). H) In situ hybridization in the E13.5
urogenital ridge shows that the Amhr2 mRNA is expressed in the coelomic
epithelium and subjacent mesenchyme of the Miillerian duct (outlined in
red with the Wolffian duct). CE, coelomic epithelium; MD, Mdllerian
duct; WD, Wolffian duct; O, ovary; LE, luminal epithelium; ES,
endometrial stroma; M, myometrium. Bars =2 mm (A-C), 50 um (D-H).
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Amhrztma(cre)ﬂhr ;Ctnnb.,tme’mr B — |

s

Human Leiomyoma

FIG. 2. Amhr2!m3©eBhr Cinpp 1™ Mmt/ 1 mutant mice develop smooth muscle tumors of uterine myometrium. H&E-stained cross (A) and longitudinal
(B) sections of mutant uteri showing the smooth muscle tumor (outlined with white line) in the myometrium. H&E-stained section of mutant uterus (C) at
higher magnification showing tumorous growth (outlined in white in B) and human leiomyoma (D). Serial sections of mutant uteri in A and B are shown
stained with ACTA2 antibody in E and F. G) Higher magnification image of neoplastic area from F showing that most of the tumorous cells are positive for
ACTA2. H) Representative section of a human uterine smooth muscle tumor showing the typical staining pattern with the ACTA2 antibody.
Phosphohistone staining of tumor area in a mutant uterus is shown in I and at higher magnification with white arrows in J. K and L) TGFB3
immunostaining in the central area of a mutant smooth muscle tumor and a human leiomyoma, respectively. Nuclei are stained with DAPI or
hematoxylin. LE, luminal epithelium; ES, endometrial stroma; M, myometrium. Bar =50 pm.

activated B-catenin induces smooth muscle hyperplasia, which
can then lead to smooth muscle tumor development.

The oncogenic serine/threonine kinase, mammalian Target
of Rapamycin (FRAP1), which lies downstream of the PI3K
signaling pathway and is a master regulator of cell proliferation
[27], is up-regulated in the Eker rat leiomyoma model because

FIG. 3. FRAPT expression in Amhr2™3 B Ceinpph 1™ ™Mm yteri, A)
FRAP1 expression was detected by immunohistochemistry at high levels
in the central areas of a leiomyoma (outlined in white) in a mutant uterus,
the epithelial cells, the ES as well as in the circular myometrial layer (MC)
and longitudinal myometrial layer (ML). B) A higher magnification view of
FRAP1 expression in the MC and ML of a mutant mouse. C) In control
uteri, strong FRAPT expression is found in the EG, LE, and ES. D)
Expression in the control myometrium appears limited to the endothelial
cells. LE, luminal epithelium; ES, endometrial stroma; M, myometrium;
EG, endometrial glands. Bars =50 pm (A and C), 100 um (B and D).
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of a mutation in tuberous sclerosis 2 (Tsc2) [28]. We assayed
whether FRAP1 is also induced in these tumors by constitu-
tively activated B-catenin using immunohistochemistry (Fig.
3). In the mutant with CA B-catenin, FRAP1 appears highly
expressed in the central portion of the leiomyoma-like lesion,
with little expression observed in the surrounding hypocellular
areas (Fig. 3A). Relatively strong FRAP1 expression was also
observed in both the circular and longitudinal myometrial
layers (Fig. 3B). In the normal myometrium of control mice,
FRAP1 expression appears to be limited to the endothelial cells
or pericytes (Fig. 3, C and D).

ESS-Like Lesions

In addition to uterine smooth muscle tumors,
Amhr2"™3 OB 4 Copnb 1™ ™™+ mutants also developed
ESS-like neoplastic lesions that were restricted to the
endometrial stroma (ES; Fig. 4A). These lesions were
ACTA2-negative (Fig. 4B), which we used as a marker to
distinguish between ESS and ACTAZ2-positive leiomyomas.
These tumors expressed high levels of nuclear B-catenin,
indicating their origin from Amhr2-Cre-expressing mesenchy-
mal cells (Fig. 4C). As expected, only membranous [B-catenin
is detected in LE and endometrial glands (EG) of both mutant
(Fig. 4C) and control uterus (Fig. 4D), since Amhr2 is not
expressed in these cells [15]. Some cells at the junction of the
longitudinal and circular smooth muscle layers also expressed
nuclear B-catenin (Fig. 4D). The ESS-like tumors expressed
vimentin, a mesenchymal marker, suggesting the mesenchymal
origin of these tumors (Fig. 4E). Consistent with a previous
study [29], vimentin is also expressed in ES and blood vessels
of both the mutant and control uteri (Fig. 4F).

Further analysis of the ESS-like neoplastic lesions with
various markers used in the diagnosis of human tumors was
performed to determine how well the murine tumors compare.
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FIG. 4. Constitutive activation of B-catenin causes development of ESS-
like tumors in mouse uteri. A) H&E-stained section of mutant uterus.
Neoplastic lesions are seen in endometrial stroma (outlined in white). B)
ESS-like neoplastic growths are ACTA2-negative. The dotted lines indicate
the location of ESS lesions detected on a serial section by H&E. C) Both
cytoplasmic and nuclear staining for B-catenin were observed in tumorous
lesions (outlined by white dotted line) and normal-looking myometrium of
mutant uterus. Membranous staining for B-catenin is present in the LE and
EG of mutant uteri and in control mice (D). E) The ESS-like tumors were
vimentin-positive but in a pattern that was different from that observed
normally in stromal areas of mutants and in control stroma (F). Nuclei are
stained with DAPI. LE, luminal epithelium; ES, endometrial stroma; M,
myometrium. Bar = 50 pm.

The ESS-like neoplastic growths observed in mutant uterus are
strongly estrogen receptor alpha (ESR1) positive (Fig. 5A),
suggesting that these tumors can be responsive to changes in
the levels of estrogen. KIT (CD117) is the tyrosine kinase
receptor for the stem cell factor that has been shown to be
expressed at relatively high levels in uterine sarcomas and
mesenchyme-derived tumors of the uterus [30, 31]. We also
find high levels of KIT expression in the ESS-like tumors (Fig.
5B). Co-staining with ITGAM (CD11B), a monocyte/macro-
phage cell marker, was performed to ensure that the KIT™ cells
were not hematopoietic cells that had infiltrated the lesion. In
the rest of the endometrial stroma, KIT is only expressed in a
few cells, probably of hematopoietic origin. In addition, these
tumorous lesions do not express PECAMI, an endothelial cell
marker, except for the endothelial cells of blood vessels present
inside the tumorous area (Fig. 5C). HMGA?2 is a member of the
high mobility group (HMG) of proteins. The disruption and
misexpression of HMGAZ2 has been reported in various benign
mesenchymal tumors such as lipomas, uterine leiomyomas,
endometrial polyps, and salivary gland adenomas [32, 33]. In
mutant uteri, we detected very high expression of HMGA?2 in
ESS-like tumor lesions compared with the normal adjacent
tissue (Fig. 5D). Although E-cadherin, an epithelial cell
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CDH1jPDGFRB

FIG. 5. Sections of the mutant uteri with ESS-like tumors, outlined in a
white dashed line in all the panels, were analyzed by immunofluores-
cence for various markers. The tumors were ESR1-positive (A), KIT-positive
(B), and were negative for the pan-hematopoietic marker ITGAM (CD11B)
and the endothelial marker PECAM1 (C). The ESS-like lesions were also
positive for HMGA2 (D), and negative for E-cadherin (CDH1) (E) and
PDGFRB (CD140B) (F). Nuclei are shown stained with DAPI. LE, Luminal
epithelium; ES, Endometrial stroma; M, Myometrium. Bars = 50 pm.

marker, and PDGFRB (CD140B), a fibroblast marker, were
expressed in normal LE and a few scattered cells of ES and
myometrium, respectively, they were not expressed in ESS-like
tumors of mutant uteri (Fig. 5, E and F). These results suggest
that the ESS-like tumors in Amhr2/3(cre)Bhr |+ Cpphp ]I Mmi 4
mice strongly resemble ESS tumors found in human uteri both
by histology and by marker profile.

Adenomyosis

The mutations in phosphorylation sites on exon 3 of the -
catenin gene have been shown to occur in various tumors [34,
35]. In humans, 38% of cases of endometrial carcinoma show
nuclear and/or cytoplasmic accumulation of B-catenin, sug-
gesting that P-catenin plays an important role in the
development of this disease [36]. In the present study, we
observed hyperplasia and pseudostratification of epithelia of
EGs in 14% of the mutant uteri (Table 2). We also observed
aberrant EGs in the myometrium of the mutant uteri (Fig. 6A).
The colocalization of ACTA?2 and E-cadherin further confirms
the presence of EGs in the myometrial layer of the mutant uteri
(Fig. 6B). These phenotypic changes observed in EGs were
surprising because Amhr2-Cre is only expressed in the stromal
and myometrial compartments of the uterus [15], and the
activation of B-catenin only occurred in these two compart-
ments (Fig. 2). However, correctly functioning uterine stroma
is required for normal adenogenesis [10], and our previous
study has shown that conditional deletion of B-catenin from ES
and the myometrium leads to fewer EGs [15]. Collectively, our
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FIG. 6. A) H&E-stained section of mutant uterus showing hyperplasia
and pseudostratification of epithelium of EGs. B) The longitudinal section
of mutant uterus depicting the presence of EG in the myometrium stained
with CDHT1 (green) and ACTA2 (red) antibody, and counterstained with
DAPI (blue). The arrowheads indicate ectopic endometrial tissue within
the myometrium. LE, luminal epithelium; ES, endometrial stroma; EG,
endometrial gland; M, myometrium. Bar = 50 pm.

findings suggest that tight regulation of the B-catenin signaling
in ES and possibly myometrium is essential for the
maintenance of normal EGs.

DISCUSSION

WNT signaling plays an important role in the development
of the female reproductive tract [8—10, 20]. Wnt4 mutant
females have a defect in the development of Miillerian duct and
show gonadal characteristics of males [20]. Similarly, deletion
of Wnt5a leads to posteriorization of the female reproductive
tract and causes a decrease in the thickness of myometrium
[10]. The Wnt7a mutant males showed a defect in the
regression of Miillerian duct, whereas females were infertile
due to abnormal development of oviduct and uterus [8]. Wnt7a
mutant uteri showed a lack of EGs and a decrease in the
thickness of the myometrial layer of uterus as well [8].
Misregulated WNT signaling has been associated with the
development of uterine tumors [7, 36]. The decrease in
expression of secreted frizzled related proteins 4, an antagonist
of WNT signaling, and concomitant increase in nuclear [-
catenin is observed in the human ESS [7].

Consistent with a previous report [19], we observed that
constitutive activation of B-catenin driven by the Amhr2-Cre
induced ovarian anomalies in mice by 6 wk that were described
as solid nests of disorganized cells. However, they showed that
these mutant mice still had normal follicular and luteal
structures and that a subset of older mutant mice developed
ovarian tumors, which we also observed. Here we show that
dysregulated WNT signaling in murine uterine mesenchymal
cells via constitutively activated B-catenin leads to pleiotropic
effects on uterine tumorigenesis as well. The unknown etiology
of uterine mesenchymal tumors could be a primary reason for
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the limited progress toward development of therapeutics to
prevent or manage leiomyomas. Currently, there are no mouse
models that display uterine-specific mesenchymal tumors
available for in-depth mechanistic analyses. In this study, we
have shown that sustained activation of the WNT signaling
pathway in ES and myometrium leads to the development of
mesenchymal tumors in 100% of the mutant animals. In future
studies we will use this mutant mouse model system to explore
the molecular mechanisms and signaling pathways involved in
leiomyoma and ESS tumorigenesis, with the goal of develop-
ing better treatment options.

For example, we have shown evidence that FRAPI is
affected by activated B-catenin in mutant mouse uteri. Uterine
leiomyomas have also been observed in patients suffering from
tuberous sclerosis and lymphangioleiomyomatosis, and there is
evidence that half of human uterine leiomyomas show loss of
tuberin, a protein product of tuberous sclerosis complex (TSC) 2
[37]. TSC 1/2 is the upstream regulator of FRAPI, and
mutations in TSC1/2 lead to activation of FRAPI1 signaling,
which can lead to lymphangioleiomyomatosis and tuberous
sclerosis in human patients [38]. A germline mutation in the
TSC2 gene in rats leads to the development of uterine
leiomyomas and leiomyosarcoma-like tumors in up to 65% of
animals [28]. Additionally, activation and deletion of B-catenin
in gastrointestinal stromal tumors both in vivo and in vitro have
been shown to activate and down-regulate, respectively, the
FRAPI signaling pathway [39]. In other mouse model systems,
mutations in Pten, a downstream inhibitor of the PI3 kinase
pathway, have also been shown to correlate with more
aggressive ovarian tumorigenesis when coupled with activated
WNT signaling [34, 36, 40]. These findings suggest that WNT
signaling and PI3 kinase signaling interactions could play an
important role in the development of uterine tumors.

Alternatively, changes in uterine morphology during preg-
nancy and after parturition induce injury and repair mechanisms
that stimulate tumorigenesis from stem/progenitor cells, which
normally do not express constitutively activated B-catenin. This
hypothesis is supported by the observation that the leiomyomas
appeared near areas with prominent hemorrhaging and
inflammation in multiparous mutant mice. The concept that
uterine leiomyomas might be the end result of dysregulated
fibrotic response and hypertrophic scarring has also been
proposed by others [41]. These investigators suspected that
uterine fibroids retained myofibroblasts, which are different
from myometrial smooth muscle cells and which are also the
extracellular matrix-depositing cells active in wound healing
[23, 42—45]. Using their own published studies and those of
others comparing leiomyoma and normal myometrium by
microarray hybridizations [23, 42-45], they found, perhaps
unsurprisingly, that the genes most consistently differentially
regulated were those involved in extracellular matrix formation.
The most consistently up-regulated gene was TGFB3, a member
of the well-known TGFB cytokine family and a potent promoter
of fibrosis [46]. They also showed electron microscopic
evidence that the leiomyoma cells were indeed myofibroblasts
and speculated that uterine fibroids were similar to keloids, in
which repair of the injury extends beyond its original border.
Furthermore, they made the interesting correlation that, as with
keloids, leiomyomata uteri are disproportionally observed in
African-American women, suggesting a genetic link between
hypertrophic scarring and ethnicity.

We also observed ESS-like tumors in the Amhr2™3(cre)Bhr /.
Ctnnb1™™™|+ mice with 100% penetrance. These ESS-like
tumor lesions were positive for ESR1, vimentin, KIT, and
HMGA2 and negative for E-cadherin (CDH1), ACTA2,
PDGFRB (CD140B), and PECAMI1. A similar immunohisto-
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chemical expression pattern is also observed in human cases of
ESS [47]. Additionally, genetic alternations in exon 3 of the
B-catenin gene and subsequent stabilization of B-catenin in
nucleus and/or cytoplasm are a common feature of various
human tumors, including ovarian and uterine tumors [34, 36,
40]. Other human stromal tumors that express high levels of or
have activating mutations in KIT are being relatively success-
fully treated with receptor tyrosine kinase inhibitors [48]. We
suspect that human ESS might be amenable to similar therapies.

Recently, Jeong et al. [49] have shown that conditional
activation of B-catenin with progesterone receptor (PGR)-
driven Cre leads to the development of endometrial glandular
hyperplasia. As PGR-Cre is expressed in all three compartments
of the uterus (LE, ES, and myometrium), their study was unable
to show whether the development of endometrial glandular
hyperplasia is a direct result of activation of [-catenin in the
epithelial cells or an indirect effect of activation in adjacent
stromal cells. In the present study, we occasionally found both
abnormal localization and hyperplasia of endometrial glands in
the mutant uteri without constitutive activation of B-catenin in
the epithelial cells, suggesting that dysregulated [B-catenin
signaling in stroma can also induce development of endometrial
glandular hyperplasia. In summary, we have developed a mouse
model to analyze the origin and progression of leiomyomas,
ESSs, and adenomyosis and to devise novel treatment
paradigms based on the molecular pathways we identify as
targets for intervention.
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