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ABSTRACT: In the uterus, epithelial cell proliferation changes during the estrous cycle and pregnancy. Uncontrolled epithelial cell proliferation
results in implantation failure and/or cancer development. Transforming growth factor-@ (TGF-[3) signaling is a fundamental regulator of diverse
biological processes and is indispensable for multiple reproductive functions. However, the in vivo role of TGF-f signalingin uterine epithelial cells
remains poorly defined. We have shown that in the uterus, conditional deletion of the Type | receptor for TGF-$ (Tgfbr!) using anti-Mdllerian
hormone receptor type 2 (Amhr2) Cre leads to myometrial defects. Here, we describe enhanced epithelial cell proliferation by immunostaining of
Ki67 in the uteri of these mice. The aberration culminated in endometrial hyperplasia in aged females. To exclude the potential influence of ovarian
steroid hormones, the proliferative status of uterine epithelial cells was assessed following ovariectomy. Increased uterine epithelial cell prolifer-
ation was also revealed in ovariectomized Tgfbr| Amhr2-Cre conditional knockout mice. We further demonstrated that transcript levels for fibro-
blast growth factor |10 (Fgf! 0) were markedly up-regulated in Tgfbr/ Amhr2-Cre conditional knockout uteri. Consistently, treatment of primary
uterine stromal cells with TGF-B | significantly reduced Fgfl 0 mRNA expression. Thus, our findings suggest a potential involvement of TGFBR -
mediated signaling in the regulation of uterine epithelial cell proliferation, and provide genetic evidence supporting the role of uterine epithelial cell

proliferation in the pathogenesis of endometrial hyperplasia.
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Introduction

Endometrial hyperplasia is a pathological condition where endometrial
cells undergo excessive proliferation (Mills and Longacre, 2010). As a
premalignant lesion of endometrial carcinoma (Montgomery et al.,
2004), endometrial hyperplasia causes multiple symptoms including
abnormal uterine bleeding, fertility disorders and, in severe cases, mor-
bidity and mortality. Therefore, understanding the pathophysiology and
mechanisms of endometrial hyperplasia is of critical importance. In the
uterus, epithelial cell proliferation changes during the estrous cycle and
pregnancy (Wood et al., 2007; Li et al., 201 Ib). As a prerequisite for
embryo implantation, luminal epithelial cells cease proliferation during
early pregnancy (Dey et al., 2004). Uncontrolled epithelial cell prolifer-
ation results in implantation failure and/or cancer development.

The transforming growth factor- (TGF-[3) superfamily signaling plays
an instrumental role in cell proliferation, differentiation and migration
(Massague, 1990, 1998, 2000; Chang et al., 2002). The canonical
TGF-B signaling is initiated by ligand-induced heteroligomerization of
cell surface receptors. Transduction of TGF-@3 signaling is mediated by
intracellular SMAD proteins, which comprise receptor-regulated
SMADs (SMAD2/3 and SMADI/5/8) and a common SMAD (i.e.

SMAD#4). Activation of SMAD2/3 and SMAD | /5/8 is generally believed
to mediate the respective TGF-3/activin signaling and bone morpho-
genetic protein (BMP) signaling in a contextually dependent manner
(Attisano and Wrana, 2002; Shi and Massague, 2003; Massague,
2012). TGF- superfamily ligands also signal through noncanonical path-
ways, which include MAP kinase, phosphatidylinositol-3-kinase/AKT
and microRNA pathways (Davis et al., 2008, 2010).

Accumulating evidence, including our own work, demonstrates an ob-
ligatory role for TGFB superfamily signaling in female reproduction
(Dong et al., 1996; Galloway et al., 2000; Tomic et al., 2004; Hashimoto
etal., 2005; Juengel and McNatty, 2005; Diaz et al., 2007; Dragovic et al.,
2007; Leeetal.,2007; Lietal.,2008,201 | a; Pangas etal., 2008; Gong and
McGee, 2009; Edson et al., 2010; Nagashima et al., 2013). TGF-£ ligands
(TGF-Bs 1-3) signal through their Type 2 (TGFBR2) and Type | (TGFBRI
or ALK5) receptors. Circumstantial evidence suggests the involvement
of TGF-B isoforms in uterine function. As such evidence, TGF-Bs are
produced and regulated by hormones in the uterus (Takahashi et al.,
1994). However, the spatial and temporal expression of TGFBRI in
the mouse uterus has not been well described, despite the demonstra-
tion of its predominant localization to the myometrial compartment in
the post-natal uterus (Li et al., 201 la; Gao et al., 2014). The in vivo
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function of TGFp signaling in female reproductive tract was elusive until
the development of Tgfbr| anti-Miillerian hormone receptor type 2
(Amhr2)-Cre conditional knockout (cKO) mice, in which sterility and
prominent smooth muscle defects occur in the oviduct and uterus (Li
et al., 201 Ia). Despite the above knowledge, little is known about the
in vivo role of TGF-@ signaling in uterine epithelial cells.

Inthis study, using the Amhr2-Cre conditional knockout mouse model of
Tgfbrl, we provide evidence supporting the association of enhanced
uterine epithelial cell proliferation and the development of endometrial
hyperplasia. These results will help to understand the potential function
of TGF signaling in this disease and in other conditions that involve
altered uterine epithelial cell properties, such as endometrial cancer.

Materials and Methods

Animals

Experimental procedures using the laboratory mouse were approved by the
Institutional Animal Care and Use Committee at Texas A&M University. Mice
were maintained on a mixed C57BL/6/129 genetic background. The
Amhr2<" allele (Jamin et al., 2002), Tgfbr! ™ allele (Larsson et al., 2001)
and Tgfbr! null allele (i.e. Tgfbr| “*% The Jackson Laboratory) were utilized
to generate the conditional deletion of Tgfbr| in the mensenchyme-derived
tissues of the uterus as described (Li et al., 201 a).

Immunofluorescence microscopy and
immunohistochemistry

Immunofluorescence was conducted as described (Li et al., 201 | a). Briefly,
serial paraffin sections (5 um) were cut from paraffin-embedded tissues.
Antigen retrieval was performed by boiling the sections in citrate buffer
(10 mM; pH 6.0) for 20 min. After blocking with bovine serum albumin
(BSA), sections were incubated with primary antibodies at 4°C overnight.
Appropriate Alexa Fluor 488 or 594 conjugated secondary antibodies (Invi-
trogen) were then utilized to detect the expression/localization of antigens
that were bound to the antibodies. The sections were mounted using
ProLong Gold SlowFade media containing DAPI (4',6-diamidino-2-phenylin-
dole, Invitrogen) and examined under a fluorescence microscope.

The immunohistochemistry procedure has been detailed elsewhere (Li
et al, 201 1a). The signals were developed using a Diaminobenzidine
(DAB) kit (Vector Labs) and sections were counterstained with hematoxylin.
To monitor the background levels of the staining, controls using normal IgGs
were included for both types of the aforementioned analyses. Primary anti-
bodies used in this study included rabbit anti-Ki6é7 (Abcam; | : 200), mouse
anti-smooth muscle actin o (ACTA2; Abcam; | : 2000), rabbit anti-forkhead
box A2 (FOXA2; Abcam;| : 250), rabbit anti-vimentin (VIM; Cell signaling;
| :200) and rat anti-cytokeratin 8 (KRT8; Developmental Studies Hybri-
doma Bank; | : 100). All antibodies were validated and optimal dilutions
were determined in a pilot experiment. Quantification of Ki6é7-positive
cells in the uterus of ovariectomized mice was performed using high power
images (40x) of Ki67 and KRT8 immunostained sections. Inclusion of
KRT8 staining facilitates epithelial cell counting. A total of six independent
samples (n =3 per group) were used in this study. The mean value of
Ki67-positive cells in the controls was set to | 00% and results of experimental
group are presented as the percentage of the controls.

X-gal staining

X-gal staining was performed using uterine samples from mice harboring a
Tgfbr ' allele (Li et al., 201 Ia). Briefly, uterine samples were collected
and fixed in fixation buffer (2% paraformaldehyde, 0.2% glutaraldehyde,
and 0.1 M phosphate; pH 7.4). The samples were washed and then stained

with a buffer containing | mg/ml X-gal, 5 mM potassium ferricyanide and
5 mM potassium ferrocyanide. After staining, the samples were embedded,
sectioned, and counterstained with fast red to visualize the nucleus (Vector
Lab). All samples for histological studies were processed by the Histology Lab
of Veterinary Integrative Biosciences at Texas A&M University.

Ovariectomy

Ovaries were removed from adult virgin control mice and Tgfbr! Amhr2-Cre
cKO mice under Avertin anesthesia. Two weeks after surgery, uterine
samples were collected from control and Tgfbrl Amhr2-Cre cKO mice
(n =5 per group). The samples were then processed for RNA isolation or
immunofluorescence microscopy.

Mouse uterine stromal cell isolation, culture
and treatment

Mouse uterine stromal cell isolation was performed based on previous
reports with slight modifications (Daikoku et al., 2005; Chen et al., 2009).
In brief, uterine horns of adult virgin mice were collected, cut into 3—5 mm
pieces, and washed with calcium and magnesium free Hank’s buffered salt so-
lution (HBSS; Lonza) containing 100 U/ml penicillin and streptomycin
(Gibco). The tissues were digested with 0.5% trypsin (AMRESCO; 100 U/
ml) in HBSS for | h at 4°C, | h at room temperature, and |0 min at 37°C.
After being washed with HBSS, the tissues were further digested with
0.05% collagenase (Sigma) for 45 min at 37°C and vortexed. The digestion
mixture was then passed through a 70-pm cell strainer (Becton, Dickinson,
and Company). Cells were collected by centrifugation and resuspended in

Table | Primers for quantitative real-time PCR.

Name Sequence (5'-3') Reference
Fof!

Forward CAGCTCAGTGCGGAAAGTG PrimerBank ID
Reverse TGTCTGCGAGCCGTATAAAAG — 6753850al
Fgf2

Forward TTGTGTCTATCAAGGGAGTGTGT Takase et dl.,
Reverse TGCCACATACCAACTGGAGTATT (2013)

Fgf7

Forward TTTGGAAAGAGCGACGACTT Takase et al.,
Reverse GGCAGGATCCGTGTCAGTAT (2013)

Fgf9

Forward ATGGCTCCCTTAGGTGAAGTT  PrimerBank ID
Reverse TCATTTAGCAACACCGGACTG — 7305057al
Fefl0

Forward GTTGCTCTTTTTGGTGTCTTCGT  N/A
Reverse GGCCTCCTGTGACACCATGT

Fgfl2

Forward ACAGCTCAGATGTTTTTACCCC  PrimerBank ID
Reverse CTGGCGATACAGGGTTGAGG 118129945¢2
Fofl8

Forward CCTGCACTTGCCTGTGTTTAC — PrimerBank ID
Reverse TGCTTCCGACTCACATCATCT 6679781al
Rpl19

Forward ATGAGTATGCTCAGGCTACAGA  PrimerBank ID
Reverse GCATTGGCGATTTCATTGGTC 6677773al
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Dulbecco’s modified eagle medium-FI2 growth media supplemented with
10% fetal bovine serum (FBS). The cells were incubated at 37°C with 5%
CO, for 90 min, washed with HBSS and then cultured in growth media.
For TGF-B | treatment, uterine stromal cells were serum-starved overnight
and then treated with TGF-B1 (0.1, I, 2.5, 5 and 10 ng/ml). Cells were col-
lected after 20 h incubation and total RNA was isolated as described below.

Isolation of mouse uterine smooth muscle
cells

Isolation of mouse uterine smooth muscle cells was based on previously
described protocols with modifications (Shynlova et al, 2002; Renthal
etal., 2010). Briefly, uteri from 2- to 3-month-old adult virgin mice were col-
lected. The tissue was dissected to remove endometrium and kept in HBSS
(pH7.4) supplemented with penicillin—streptomycin (Gibco; 100 U/ml) and
amphotericin B (Sigma; 2.5 pg/ml). Uterine tissues were then washed, cut
into 2—3 mm pieces and digested at 37°Cin a buffer containing | mg/ml col-
lagenase Type Il (Sigma), 0.15 mg/ml DNase | (Roche), | mg/ml BSA
(Sigma), 0.1 mg/ml soybean trypsin inhibitor (Sigma) and 10% FBS
(Gibco). After 30 min digestion, the mixture was triturated for 3 min
before being passed through a cell strainer. The first digestion mixture was
discarded. The tissues were digested five more times, and the cell suspension
from each digestion was pooled and centrifuged to collect the cells.

RNA isolation

Total RNA from mouse uteri/stromal cells/smooth muscle cells was isolated
using RNeasy Mini Kit (Qiagen) with on-column DNase digestion following
the manufacturer’s instructions. RNA was quantified using a NanoDrop

Spectrophotometer ND 1000 (NanoDrop Technologies) and stored at
—80°C until use.

Conventional RT-PCR

Fibroblast growth factor 10 (Fgf/0) mRNA level was analyzed using stromal/
smooth muscle cell cDNA by reverse transcription polymerase chain reaction
(RT—PCR) using JumpStart Taq polymerase (Sigma) and gene-specific primers
(forward: 5'-GGATACTGACACATTGTGCCTCAG-3'; reverse: 5'-TGTT
TTTTGTCCTCTCCTGGGAG-3') (Mailleux et al.,, 2005). PCR was per-
formed using the following condition: 95°C for 5 min, 40 cycles of 95°C
for 30's, 60°C for 30s and 72°C for | min, and an additional extension
of 10 min at 72°C. Hypoxanthine guanine phosphoribosy! transferase (Hprt)
was used as an internal control. The resultant amplicon was separated and
visualized on |% agarose gel containing ethidium bromide. The image of the
gel was digitally captured under UV light and then reversed for presentation.

Quantitative real-time polymerase chain
reaction

Samples of 200 ng total RNA with superscript Ill reverse transcriptase (Invi-
trogen) were used to generate cDNAs. The qPCR was performed on
CFX384/CFX Connect Real-time PCR Detection System (Bio-Rad) using
iTag Universal SYBR Green Supermix (Bio-Rad) and primers for various
Fgfs (Table I). The reaction was carried out at 95°C for 30's, 40 cycles of
95°Cfor5 sand 60°C for 30 s. Ribosomal protein L19 (Rpl/ 9) was included
as an internal control. Relative abundance of gene expression was calculated
as previously described (Livak and Schmittgen, 2001).

Figure I TGFBRI localization in mouse uterus during estrous cycle. (A) Diestrus; (B) pro-estrus; (C) estrus and (D) metestrus. The uteri from 2- to

3-month-old mice containing a Tgfbr |2

allele were processed for X-gal staining. The sections were counterstained with fast red to visualize the nuclei.

Note the predominant X-gal staining in the smooth muscle layers and variable staining in the stromal compartment. SM, smooth muscle; LE, luminal

epithelium; GE, glandular epithelium; St, stroma. Scale bar = 50 pm.
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Statistical analysis

The statistical analysis was performed using Statistical Package for the Social
Sciences (SPSS; Version 21). A one-way analysis of variance (ANOVA) fol-
lowed by a post hoc Dunnett test was performed to determine the effect of
TGFBI treatment on Fgfl0 mRNA expression. Comparisons of two
means were made using Student’s t-test. Data are presented as mean +
standard error of the mean (SEM). Statistical significance was defined at
P < 0.05.

Results

Enhanced uterine epithelial cell proliferation
in Tgfbrl conditionally ablated mice

In an early study, we generated Tgfbr| conditional knockout mice using
Amhr2-Cre (Li et al., 201 | a). These mice are sterile due to the develop-
ment of oviductal diverticula. The primary defect of the uterus is the dis-
ruption of myometrium. However, uterine glandular defects and
increased uterine size were observed in aged Tgfbrl cKO mice (Li
et al, 2011a). These results raised the question of how loss of
TGFBRI promoted uterine glandular pathology. Our initial analysis

Ki67 Ki67+ACTA2

Citrl

cKO

using random cycling mice showed that TGFBRI| was predominantly
localized to uterine smooth muscle layers (Li et al., 201 1a). Further
X-gal staining using uterine tissues from different estrous cycle stages
confirmed the predominant expression of TGFBR in the myometrium.
X-gal staining in the endometrium seemed to be variable during estrous
stages (Fig. 1). Notably, the staining was negligible in the uterine epithe-
lium across all stages (Fig. |). These results suggest that the glandular
pathology in Tgfbr! Amhr2-Cre cKO mice is likely attributed to loss of
TGFBRI in the endometrium.

Next, to determine the proliferation status of uterine epithelial cells,
we peformed immunofluorescence microscopy using Ki6é7. Because
uterine epithelial cell proliferation in adult mice is affected by estrous
stages and hormones (Wood et al., 2007), we first compared the Ki67
expression in Tgfbrl Amhr2-Cre cKO and control mice at diestrous
stage when the proliferative activity of uterine glandular epithelium is
low (Wood et al., 2007). While low levels of Ki67 staining were found
in the controls (Fig. 2A—C), extensive immunofluorescence signals for
Ki67 were observed in the uterine epithelia of Tgfbr/ Amhr2-Cre cKO
mice (Fig. 2D-1).

To exclude the potential effect of steroid hormones, uterine epithelial
cell proliferation was further assessed using mice in which ovaries were

Kie7+ACTA2+DAPI

Figure 2 Uterine epithelial cell proliferation in control and Tgfbr| Amhr2-Cre cKO uteri. Immunofluorescence of Ki67 (A; red) and Ki67 and ACTA2
(green) (B and C) using uterine sections from wild-type control (Ctrl) mice. Immunostaining of Ki67 (D and G; red) and Ki67 and ACTA2 (green) (E,
F, H and I) using uterine sections from Tgfbr| Amhr2-Cre cKO mice. Uterine samples were collected from adult mice (~3 months of age) at the diestrous
stage. Note the extensive Ki67 immunostaining in epithelial cells of Tgfbr| Amhr2-Cre cKO mice compared with the controls. LE, luminal epithelium; GE,
glandular epithelium; St, stroma; SM, smooth muscle. Scale bar (50 wm) is representatively shown in (A).
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removed 2 weeks before the experiment. To better visualize the epithe-
lial compartment, double immunofluorescence using Ki67 and KRT8, an
epithelial marker, was conducted. We found enhanced proliferation of
cells from both glandular and luminal epithelia of the ovariectomized
Tgfbrl Amhr2-Cre cKO mice compared with the respective controls
(Fig. 3A—F and I). Negative controls where Ki67 antibody was replaced
by normal IgGs generated background staining (Fig. 3G and H).

Cystic dilation of uterine glands in aged Tgfbrl
Amhr2-Cre cKO females

Consistent with the enhanced proliferation of uterine epithelial cells
observed in Tgfbrl Amhr2-Cre cKO mice, cystic dilation of uterine
glands was prominent in 8-month-old Tgfbr/ Amhr2-Cre cKO females
(Fig. 4). In contrast to controls (Fig. 4A), Tgfbr| Amhr2-Cre cKO uteri
comprised abundant cystic and irregular glands (Fig. 4B), which consisted
of single layers of flattened epithelial cells. Compared with uterine glands

Ki67

Ctrl

cKO

Rabbit IgG

Neg Ctrl

KRT8

DAPI

within control uteri (Fig. 4C and D), loss of intervening stroma among
glands was occasionally detected in the uteri of Tgfbr/ Amhr2-Cre cKO
mice (Fig. 4E and F). In severe cases, the proliferation of epithelial cells
was accompanied by loss of normal cell morphology, nuclear polarity
and basement membrane boundary (Fig. 5A and B). Within some
uterine glands, Ki67-positive cells could be identified, the identity of
which is unknown (Fig. 5B and D). Another interesting finding is that
vimentin was localized to some epithelial cells within a subset of endo-
metrial glands (Fig. 5/-N), which was not observed in the control
uterus (Fig. 5O—T). Double immunofluorescence studies using KRT8
and vimentin revealed the nuclear localization of vimentin within some
epithelial cells (Fig. 5I-N), but the implication of which is unknown.
Additionally, we found that expression of FOXA2, a key regulator of
uterine gland development and female fertility (Bazer, 2010; Jeong
et al., 2010), was absent in a subset of endometrial glands (Fig. 5G and
H and Fig. 6), especially cystic dilated glands in the uteri of aged mice
(8—10.5 month old; Fig. 6D—1), compared with controls (Fig. 6A—C).

Ki67+KRT8

| ~ 600 -
500 -
400
300
200
100

m Ctrl *

Ki67-positive cells (%

GE LE

Figure 3 Increased epithelial cell proliferation in ovariectomized Tgfbr| Amhr2-Cre cKO uteri. (A—F) Immunofluorescence of Ki67 (red) using uterine
sections from ovariectomized control and Tgfbr | Amhr2-Cre cKO mice. Uterine epithelia were labeled with anti-KRT8 antibody (green). Ovariectomy was
performed on adult female mice from controland Tgfbr | Amhr2-Cre cKO groups (~3 month of age). Three independent samples were examined from each
group and representative images were depicted. LE, luminal epithelium; GE, glandular epithelium; St, stroma. (G and H) Negative controls where primary
antibodies were replaced with rabbit IgG. Scale bar (50 wm) is representatively shownin (A). (I) Quantification of Kié7-positive cells in glandular and luminal
epithelia of control and Tgfbr| Amhr2-Cre cKO uteri. Results are presented as the percentage of controls which is set to 100% (n = 3 per group). Data are

mean + SEM. *P < 0.05 versus corresponding controls.
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Figure 4 Glandular defects observed in aged Tgfbr| Amhr2-Cre cKO mice. (A and B) Tgfbr/ Amhr2-Cre cKO mice develop cystic glands (B; red arrows)
compared with age-matched controls (A). (C—F) Loss of intervening stroma among uterine glands (red asterisks) in Tgfbr | Amhr2-Cre cKO mice (Eand F) in
contrast to controls (C and D). Uterine samples were from 8-month- old random cycling control and Tgfbr! Amhr2-Cre cKO mice (n = 3 per group).
Anti-KRT8 (A and B) and anti-VIM antibodies (C—F) were used to label uterine epithelial cells and mesenchymal cells, respectively. (D) and (F) are
higher power images for (C) and (E), respectively. LE, luminal epithelium; GE, glandular epithelium; St, stroma; Myo, myometrium. Scale bar = 20 um

(D and F) and 200 wm (A, B, C and E).

Potential involvement of TGFBRI|-mediated
paracrine signaling in uterine epithelial cell
proliferation

Because X-gal staining was observed in the endometrium and Amhr2-Cre
is also expressed in uterine stroma (Petit et al., 2007), the enhanced
uterine epithelial cell proliferation in Tgfbrl Amhr2-Cre cKO mice is
likely caused by altered epithelial-mesenchymal interactions resulting
from loss of TGFBRI in the uterine mesenchymal compartment. In
support of this hypothesis, we found that the expression of Fgf! 0 was sig-
nificantly increased in the Tgfbr! Amhr2-Cre cKO uteri (Fig. 7). FGFs are
known mitogens for uterine epithelial cells (Li et al., 201 Ib). RT—PCR
showed that the FgflO transcript was expressed in uterine stromal

cells, with negligible expression in smooth muscle cells (Fig. 7A). Nega-
tive controls without reverse transcriptase failed to amplify Fgfl0
target band (Fig. 7A). Further analysis performed using ovariectomized
mice confirmed that Fgfl0 mRNA levels were higher in Tgfbr/
Amhr2-Cre cKO mice compared with controls (Fig. 7B). Significant
changes of transcript levels for a number of other Fgfs including Fgf!,
Fgf2, Fgf7, Fgf9, Fgfl 2, and Fgfl 8 were not found (Fig. 7B). To substanti-
ate this finding, we treated primary uterine stromal cells with TGF-B 1 (0.1,
[,2.5,5,and 10 ng/ml) and determined its effect on Fgf/ 0 mRNA expres-
sion. gPCR demonstrated that FgflO mRNA levels were significantly
reduced following the treatment with TGF-B | (Fig. 7C). These results col-
lectively suggest a potential involvement of TGFBR | -mediated signaling in
the regulation of uterine epithelial cell function.
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Figure 5 Epithelial cell lesions in Tgfbr| Amhr2-Cre cKO mice. (A—D) Immunofluorescence staining of uterine sections using antibodies directed against
KRT8 (green) and Ki67 (red) in aged control and Tgfbr!/ Amhr2-Cre cKO mice. (E and F) Representative control uteri stained with KRT8 and Ki67. Scale
bar =25 pm (A—F). (G—T) Immunofluorescence of KRT8 (green) and FOXAZ2 (red; G and H) or vimentin (red; |-T) in the uterus of aged Tgfbr/
Ambhr2-Cre cKO mice. Six 9- to 10.5-month-old Tgfbr| Amhr2-Cre cKO mice were analyzed usingimmunofluorescence orimmunohistochemistry. Epithelial

cell defects were observed in all mice, and localization of vimentin in epithelial cells was observed in three mice. Representative images from a 10.5-month
Tgfbr| Amhr2-Cre cKO uterus are presented. (L—N) and (R—T) are higher power images for selected regions of (I-K) and (O—Q), respectively. Arrows
(L—N) indicate localization of vimentin to KRT8-positive epithelial cells. UG, uterine gland; St, stroma; CG, cystic endometrial gland; GE, glandular epithe-
lium. Scale bar is representatively shown in (G) and equals 10 wm (G and H, L—N and R—T) and 20 um (I-Kand O-Q).

Discussion

Endometrial hyperplasia, a premalignant lesion of endometrial cancer, is a
casual cause of reproductive disorders. The pathogenesis of endometrial
hyperplasia has not been fully understood. In the uterus, uncontrolled epi-
thelial cell proliferation affects uterine function and pregnancy, leading to
pathological conditions such as endometrial hyperplasia that adversely
impact reproductive potential. TGF superfamily signaling regulates funda-
mental cellular functions (Massague, 1990, 1998, 2000; Changetal., 2002)
and is indispensable for female reproduction (Dong et al., 1996; Galloway
et al, 2000; Tomic et al., 2004; Hashimoto et al., 2005; Juengel and
McNatty, 2005; Diaz et al., 2007; Dragovic et al., 2007; Li et al., 2008,
201 la; Pangas et al., 2008; Gong and McGee, 2009; Edson et al., 2010;
Gaoetal., 2013; Nagashima et al., 2013). Dysregulation of TGFf signaling
results in impaired reproductive function and may cause cancer develop-
ment (Matzuk et al., 1992; Pangas et al., 2008; Middlebrook et al., 2009;
Edsonetal., 2010). Using an established mouse model, this study provides
new evidence supporting a potential involvement of TGFBRI in the regu-
lation of uterine epithelial cell function. These results will aid in understand-
ing the complex tissue-/cell-specific functions of TGFf3 signaling in one of
the most important female reproductive organs, the uterus.

Since the initiation of uterine gland development (i.e. adenogenesis)
appears to occur normally in Tgfbr! Amhr2-Cre cKO mice during early
post-natal uterine development (Gao et al., 2014), the manifestation
of epithelial abnormality in Tgfbr!/ Amhr2-Cre cKO females is likely a sec-
ondary effect, which is not due to a direct disruption of TGFf signaling
machinery in the epithelial compartment. This postulation was based
on the following evidence: (i) X-gal staining showed minimal TGFBR | ex-
pression in uterine epithelia during estrous cycles, and (ii) Amhr2-Cre is
not expected to be expressed in the uterine epithelial compartment
based on findings using Amhr2-lacZ mice (Arango et al., 2008). It is
thus conceivable that conditional deletion of Tgfbr! might increase pro-
duction of stromal cell-derived factors that promote uterine epithelial
cell proliferation or impair the expression of factors inhibitory to cell pro-
liferation. In support of the former possibility, we found that Fgf/ 0 mRNA
abundance was significantly up-regulated in Tgfbr| Amhr2-Cre cKO uteri.
FGF 10 regulates cell migration (Tao etal., 2005; Nomuraetal., 2008) and
proliferation, and is expressed in the ovine endometrium (Satterfield
et al., 2008). Expression of Fgfl 0 transcripts in mouse uterine stromal
cells was verified in the current study. Of note, since the primary pheno-
type observed in Tgfbrl Amhr2-Cre cKO mice is disrupted smooth
muscle formation, the potential contribution of the myometrial defect,
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Ctrl

cKO

KRT8+FOXA2

Figure 6 Alteration of FOXA2 expression in endometrial glands of Tgfbr| Amhr2-Cre cKO mice. (A—I) Immunofluorescence staining of KRT8 (green)
and FOXAZ2 (red) in control (A—C; 8-month-old) and Tgfbr| Amhr2-Cre cKO mice at the age of 8 (D—F) and 10.5 (G—I) months. Yellow arrows indicate
glandular epithelium. Dotted lines in (D—I) outline cystic dilated glands. Note the absence of FOXA2 in the cystic glands (D—I) and endometrial glands
marked with asterisks (F and I). GE, glandular epithelium; LE, luminal epithelium; St, stroma; CG, cystic endometrial gland. Scale bar (50 wm) is represen-

tatively shown in (A).

hormone signaling, as well as other growth factors to the development of
this uterine pathology needs further investigation.

Tgfbrl Amhr2-Cre cKO mice develop oviductal diverticula which
prevent the embryo from being transported to the uterus for implant-
ation, leading to female sterility (Li et al., 201 Ia). However, it was not
clear whether the uterus of Tgfbr | Amhr2-Cre cKO mice could support
pregnancy. The endometrium plays a key role in accepting and fostering
embryos and is of paramount importance for female fertility. Normal
function of luminal epithelium is critical for embryo attachment and im-
plantation (Li et al., 201 Ib). Secretions from the uterine epithelium
such as leukemia inhibitory factor (Stewart et al., 1992) and mucin |
(Thathiah and Carson, 2002) play essential roles during pregnancy.
Meanwhile, endometrial glands provide an important source of nutri-
ents and growth factors for establishing a successful pregnancy
(Spenceretal.,2012). Indeed, uterine epithelia are sites for the produc-
tion of TGF-s that could potentially act on the embryo and endomet-
rium during pregnancy (Shooner et al., 2005; Jones et al., 2006). As
further evidence of altered endometrial gland development/function
in aged Tgfbrl Amhr2-Cre cKO mice, we found that FOXA2 was
absent in a subset of uterine glands including cystic endometrial
glands. It has been well established that FOXA2 is an essential regulator
of endometrial gland development and loss of FOXA2 during uterine

development dramatically reduces endometrial gland formation, ren-
dering female mice infertile (Bazer, 2010; Jeong et al., 2010; Filant
et al., 2012). It seems counterintuitive that FOXA2 was absent in
some endometrial glands of the aged Tgfbrl Amhr2-Cre cKO mice
since the expression of FOXA2 was positively associated with endo-
metrial hyperplasiain a recentstudy (Villacorte etal., 2013). One plaus-
ible explanation is that some of the dilated glands were composed of
luminal epithelia. Alternatively, absence of FOXAZ2 in some glandular
epithelium might be an irreversible consequence of the development
of certain cystic/hyperplastic glands. However, further studies are war-
ranted to address these possibilities.

Based on the altered properties of uterine epithelial cells, we pre-
dicted that conditional deletion of Tgfbr/ in uterine mesenchymal com-
partment would be detrimental to pregnancy, potentially by affecting
embryo implantation and/or development. Our preliminary embryo
transfer experiment showed that Tgfbr!/ Amhr2-Cre cKO mice were in-
capable of establishing a pregnancy with a successful outcome when wild-
type embryos were transferred into the uteri of these mice (Gao and Li,
unpublished observation). This finding suggests that although the infertil-
ity in Tgfbr! Amhr2-Cre cKO mice is predisposed by the development of
oviductal diverticula, uterine defects may also lead to reproductive failure
even when the oviductal deficiency is bypassed.
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Figure 7 Elevated FgflO mRNA levels in the uterus of Tgfbrl
Amhr2-Cre cKO mice. (A) RT—PCR amplification of Fgfl0 in uterine
stromal cells and smooth muscle cells. Note that Fgf! 0 was readily de-
tectable in uterine stromal cells. No target band was detected in the
negative controls. Hprt was included as an internal control. SC,
stromal cells; SMC, smooth muscle cells; Neg, negative control
without reverse transcriptase. (B) Fgfl0 mRNA expression was
increased in ovariectomized Tgfbrl Amhr2-Cre cKO uteri among the
examined Fgfs compared with corresponding controls. n=>5 per
group. OVX, ovariectomy. (C) Fgfl 0 mRNA abundance was reduced
in uterine stromal cells treated with TGF-B1 (0.1 —10 ng/ml) for 20 h
versus controls. Three independent cell culture experiments were per-
formed. Data are mean + SEM. *P < 0.05.

Clinically, endometrial hyperplasia is a cause of abnormal uterine
bleeding and fertility disorders (Kurman et al., 1985; Shutter and
Wright, 2005; Lacey and Chia, 2009; Hahn et al., 2010). Genetic altera-
tions, including mutations of phosphatase and tensin homolog (Pten)
tumor suppressor, have been shown to be associated with endometrial
hyperplasia (Stambolic et al., 2000; Milam et al., 2008). Endometrial
hyperplasia is a premalignant lesion of endometrial carcinoma (Mont-
gomery et al., 2004), a common malignancy that affected >49 000

women and caused over 8000 deaths in 2013 (Siegel et al., 2013). The
etiology of endometrial carcinoma is not well defined. Elegant studies
have demonstrated that TGFf3 signaling is inactivated in endometrial
cancers (Parekh et al., 2002; Lecanda et al., 2007). Although the putative
role for TGFp signaling in the pathogenesis of endometrial cancer was
proposed more than a decade ago (Gold and Parekh, 1999), the function
of TGFf signaling in endometrial cancer has remained vague in many
aspects; robust genetic evidence supporting TGFf3 signaling in the eti-
ology of endometrial cancer is lacking. In this study, we observed a
uterine pathology resembling endometrial hyperplasia in aged Tgfbr/
Amhr2-Cre cKO mice.These results suggest that TGFBR is a potential
component of the pathogenic network of endometrial hyperplasia, a
risk factor of endometrial carcinoma. Thus, this model might be
further exploited to understand the mechanisms of a broad spectrum
of uterine conditions that bear the similar cellular and molecular altera-
tions in epithelial cells revealed by the current study.

Conclusion

TGFBR I-mediated signaling is potentially involved in the regulation of
uterine epithelial cell proliferation. This study provides genetic evidence
supporting the role of uterine epithelial cell proliferation in the pathogen-
esis of endometrial hyperplasia.
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