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ABSTRACT

Pregnancy is a complex physiological process tightly controlled
by the interplay among hormones, morphogens, transcription
factors, and signaling pathways. Although recent studies using
genetically engineered mouse models have revealed that ligands
and receptors of transforming growth factor beta (TGFbeta) and
bone morphogenetic protein (BMP) signaling pathways are essential
for multiple reproductive events during pregnancy, the functional
role of SMAD transcription factors, which serve as the canonical
signaling platform for the TGFbeta/BMP pathways, in the oviduct
and uterus is undefined. Here, we used a mouse model containing
triple conditional deletion of the BMP receptor signaling Smads
(Smad1 and Smad5) and Smad4, the central mediator of both
TGFbeta and BMP signaling, to investigate the role of the SMADs in
reproductive tract structure and function in cells from the Amhr2
lineage. Unlike the respective single- or double-knockouts, female
Smad,flox/flox Smdd5ﬂOX/ﬂox Smad4flox/flox Amhr2cre/+conditi0nal
knockout (i.e., Smad1/5/4-Amhr2-cre KO) mice are sterile. We
discovered that Smad1/5/4-Amhr2-cre KO females have malformed
oviducts that subsequently develop oviductal diverticuli. These
oviducts showed dysregulation of multiple genes essential for
oviduct and smooth muscle development. In addition, uteri from
Smad1/5/4-Amhr2-cre KO females exhibit multiple defects in
stroma, epithelium, and smooth muscle layers and fail to assemble
a closed uterine lumen upon embryo implantation, with defective
uterine decidualization that led to pregnancy loss at early to mid-
gestation. Taken together, our study uncovers a new role for the
SMAD transcription factors in maintaining the structural and
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functional integrity of oviduct and uterus, required for establish-
ment and maintenance of pregnancy.

fertility, mouse models, ovary, oviduct, pregnancy, uterus

INTRODUCTION

Early pregnancy loss is a common occurrence in women and
often occurs due to defects during pre-, peri-, and post-
implantation periods [1, 2]. In natural conception, the chance of
a successful pregnancy occurring in a given menstrual cycle is
limited to approximately 30%, and only 50% to 60% of all
conceptions advance beyond 20 weeks of gestation [2]. Of
those pregnancies that are lost, 75% fail to implant and are not
clinically recognized [2]. Multiple factors contribute to
implantation failure, including poor embryo quality (e.g.,
chromosomal abnormalities) or endocrine disturbances result-
ing in abnormal embryo spacing, decidualization, placentation,
and intrauterine embryonic growth [3, 4]. However, in most
cases, the cause of implantation failure is unexplained. Defects
in fallopian tube structure as well as function can also result in
infertility [5]. Recent progress using genetically engineered
mouse models indicates that ovarian hormones together with
locally produced signaling molecules, including cytokines,
growth factors, homeobox transcription factors, lipid media-
tors, and morphogen genes function through autocrine,
paracrine, and juxtacrine interactions to specify the complex
processes of embryo implantation and establishment of the
uterus-embryo axis during postimplantation period [6, 7].
Because embryo implantation is a dynamic developmental
process that integrates multiple signaling molecules into a
precisely orchestrated program, it is important to understand
the hierarchical landscape of molecular signaling pathways that
govern the embryo-uterus interaction in order to generate new
strategies to correct and/or identify the causes of implantation
failure and improve pregnancy outcome, including pregnancies
conceived through assisted reproductive techniques.

Proteins of the transforming growth factor B (TGEFp)
superfamily are evolutionarily conserved and essential medi-
ators of cellular growth and differentiation. Members of this
family are secreted and bind to type 2 and type 1 cell surface
receptors that activate the SMAD transcription factors as the
canonical signaling pathway [8]. Based on sequence similar-
ities, the TGFp superfamily is grossly divided into two main
ligand subfamilies: the TGFp-activin-nodal subfamily and the
BMP subfamily [8]. TGFp, activin, and nodal signal through
SMAD?2 and SMAD3 (termed AR-SMADs), whereas the bone
morphogenetic proteins (BMPs) use SMAD1 and SMADS5
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TABLE 1. Summary of major female reproductive phenotypes in SMAD
conditional KO mouse models.”

Oviduct

diverticuli

Mouse model Pups/litter® Litters/month® phenotype Reference

Background Colony 83*03 1.0x00 No [18]
Smad1-Amhr2-cre 10.2 = 0.4 1.1 = 0.0 No [18]
Smad4-Amhr2-cre 1.3 £0.4* 05 =*0.1* No [27]
Smad5-Amhr2-cre 7.3 +0.3 1.0 = 0.1 No [18]
Smad1/5-Amhr2-cre 3.6 £ 0.8 0.6 £0.2* No [18]
Smad1/5/4-Amhr2-cre 0.0 = 0.0* 0.0 * 0.0* Yes [24]

? Fertility analyses of Smad conditional KOs generated with Amhr2-cre as
previously published. ® Pups per litter and litters per month are shown as
averages = SEM.

* Significantly different from controls, P < 0.05.

(termed BR-SMADs). Both of these pathways share SMAD4
(the ““common” SMAD) to form trimeric protein complexes to
initiate signal transduction [9]. Several studies have clearly
demonstrated that members of TGF superfamily regulate
diverse developmental and homeostatic processes and are
mutated in numerous human diseases including cancer and
infertility [9, 10]. Studies using genetically engineered mouse
models demonstrate that ligands and receptors of TGFf and
BMP signaling pathway display spatiotemporal expression
patterns in reproductive tissues and are critically involved in
multiple reproductive events including germ cell specification,
folliculogenesis, embryo implantation, uterine decidualization,
and placental development [11, 12]. For instance, progesterone
receptor (Pgr) promoter-driven Cre recombinase-mediated
conditional deletion of Bmp2 [13], the BMP receptor type I
(Bmpr2) [14] or the BMP type 1 receptor, activin-like kinase 2
(Alk2) [15] in the uterine epithelium results in infertility due to
abnormalities in uterine functions, including implantation,
decidualization, vascular development, and trophoblast inva-
sion during pregnancy. However, ablation of Alk2 in the
uterine stromal and myometrial compartment, using anti-
Miillerian hormone receptor type 2 (Amhr2) promoter-driven
Cre recombinase, does not affect fertility. In contrast,
conditional deletion of the TGFp type I receptor (Tgfbrl) by
using Amhr2-cre results in sterility primarily through develop-
mental defects in smooth muscle layers of the oviduct and
uterus [16]. Together, these results indicate the compartment-
specific (i.e., epithelial/stromal/myometrial) functional role of
these genes and highlight the importance of compartment-
specific deletion for better understanding the role of TGFf and
BMP signaling pathway during reproductive events.

Mouse models for studying the SMAD transcription factors
in pregnancy are limited due to early embryonic lethality of the
SMAD homozygous null mutations and are complicated by
genetic redundancy between the AR-SMADs or BR-SMADs
[17, 18]. Smad4-null embryos arrest during gastrulation at
approximately Embryonic Day (E) 7.5 [19], whereas Smadl
null or Smad5 null die at midgestation [17, 20]. Our laboratory
has been using tissue-specific conditional gene inactivation by
using Cre-loxP technology to expand the understanding of
reproductive functions of SMAD transcription factors (Table
1). Disruption of Smad4 using loxP-flanked alleles and Amhr2-
cre leads to premature luteinization of ovarian follicles; in
contrast, oocyte-specific deletion of Smad4 with the zona
pellucida 3 (Zp3)-cre gene or growth differentiation factor 9
(Gdf9)-icre driver lines causes minimal fertility defects in mice
but disrupts primordial follicle numbers [21]. Amhr2-cre-
mediated deletion of the AR-SMADs (SMAD2 and SMAD?3)
revealed redundant roles of Smad2 and Smad3 in multiple

ovarian processes, including follicular development, ovulation,
and cumulus cell expansion [22], but no reported uterine
defects. Furthermore, double conditional knockout (KO) of
Smadl and Smad5 using Amhr2-cre reduces litter sizes and
causes metastatic granulosa cell tumors [18, 23] (Table 1).

Recently, we generated a triple conditional SMAD KO
mouse model by genetically deleting Smad4 from Smadl
Smad5 double-KO mice in the female reproductive tract, using
Amhr2-cre [24]. We had generated this mouse model to
analyze the role of Smad4 in granulosa cell tumorigenesis.
During these studies, we found that surprisingly, Smadl/5/4-
Amhr2-cre KO mice were sterile, unlike the single or double
Smadl-Amhr2-cre KO, Smad5-Amhr2-cre KO, Smadl/5-
Amhr2-cre KO, or Smad4-Amhr2-cre KO mice [24] (Table
1). Our initial findings indicated that the sterility of Smadl/5/4-
Amhr2-cre KO females was not fully caused by defects in
ovarian function [24], so in this study, we further analyzed the
reproductive tract where Amhr2-cre is known to be expressed,
that is, in the developing Miillerian ducts as well as the smooth
muscle compartments of the oviduct, myometrium, and stroma
of uteri in adult mice [25, 26]. We found that Smadl/5/4-
Amhr2-cre KO mice have a striking oviductal and uterine
phenotype that has not been previously observed in any SMAD
mutant mouse models that used Amhr2-cre, thereby uncovering
a novel role of SMAD signaling in female reproductive tract
development and uterine function. Furthermore, to our
knowledge, this is the first study to use the imaging technique
of optical coherence tomography for a structural analysis of the
reproductive tract in a mouse mutant.

MATERIALS AND METHODS

Animals

Experimental animals were used in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and with institutionally
approved animal protocols at Baylor College of Medicine. Generation and initial
characterization of SmadF™ "% Smad5™"* Smadd" ™% Amhr2<"** (referred to
throughout as Smadl/5/4-Amhr2-cre KO or Smadl/5/4 tKO) was described
previously [24]. Experimental animals were maintained on a C57BL/6J/129S7/
SvEvBrd mixed hybrid background. Mice were genotyped using tail genomic
DNA and PCR as reported previously [18, 27]. Littermates that were wild type at
the Amhr2 locus served as controls (e.g., Smad "' Smad5 "' Smadd e
or their respective single or double lines as appropriate). To control for potential
background differences between colonies, we rederived the Smadl/5-Amhr2-cre
(double-KO) and Smad4-Amhir2-cre (single-KO) females directly from the Smadl/
5/4-Amhr2-cre KO colony.

Fertility Analysis

Fertility of mice was monitored as previously described [18, 27]. Fertility
was previously reported in the initial description of each knockout line as
shown in Table 1. At 6 wk of age, female control and KO mice were housed
individually with wild-type males of proven fertility. Mice were kept in mating
pairs for 6 mo with cage enrichment, and the number of pups per litter and
litters per month were recorded.

Superovulation

Three- to 4-wk-old control and Smadl/5/4-Amhr2-cre KO females were
given i.p. injections of 5 IU of pregnant mare serum gonadotropin (EMD
Millipore) for 44 to 46 h, followed by injection of 5 IU of human chorionic
gonadotropin (Novarel; Ferring Pharmaceuticals) for 18 h. To collect cumulus-
oocyte complexes (COC), the COC were released from the ampulla of the
oviduct into minimum essential medium containing bovine hyaluranidase to
separate cumulus cells from oocytes for counting. For optical coherence
tomography (OCT) imaging, reproductive tracts were dissected intact and
imaged (see Optical Coherence Tomography Imaging).
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Tissue Collection and Histological Analysis

Mice were anesthetized by isoflurane inhalation (Butler Schein) and
euthanized by cervical dislocation prior to tissue collection. For histological
studies, oviduct and uterus samples from mice were dissected and fixed in 10%
neutral buffered formalin overnight at room temperature. After fixation,
formalin-fixed samples were transferred to 70% ethanol for long-term storage at
room temperature or processed for embedding. Tissue processing and paraffin
embedding were performed by the Human Tissue Acquisition and Pathology
Core Services facility at Baylor College of Medicine. Histological sections
were cut at 5 pm and stained with hematoxylin and eosin or periodic acid—
Schiff (PAS) reaction, using standard procedures. For total RNA isolation,
tissue sections were collected and stored in RNAlater solution (Life
Technologies) overnight at 4°C to allow thorough penetration of the tissue
and then frozen to —80°C for long-term storage or until RNA extraction.

Artificial Induction of Decidualization

The artificial induction of decidualization of the uterus was performed as
previously described [28]. Briefly, 8-wk-old control and Smadi/5/4-Amhr2-cre
KO mice were ovariectomized via a dorsal incision under anesthesia, and mice
were allowed to recover for 2 wk to achieve complete withdrawal of endogenous
ovarian hormones. After 2 wk, mice were ‘“‘primed” with subcutaneous
injections of 100 ng of 17B-estradiol (E2) once a day for 3 days. After 2 days,
mice were treated daily for 3 days with subcutaneous injections of 1 mg of
progesterone (P4) and 6.7 ng of E2 per mouse. One uterine horn was then
stimulated to decidualize by traumatizing (‘‘scratching’’) the entire length of the
uterine endometrium with a large needle 6 h after the last hormone injection. The
contralateral horn was left untreated and served as a control. Each day after the
decidual stimulus, mice were given subcutaneous injections of 1 mg of P4 and
6.7 ng of E2 per mouse. On the second and fifth days after the decidual stimulus,
mice were euthanized 6 h after the last hormone injection. Uterine horns were
collected, and the wet weights of the stimulated and control horns were recorded,
and tissue was processed for histological and molecular analysis.

Alkaline Phosphatase Staining

Uteri that had undergone artificial decidualization were fixed in 4%
paraformaldehyde overnight and immersed in 10% to 30% sucrose solution
prior to embedding in optimal cutting temperature compound. Ten-micrometer
tissue sections were post-fixed in 0.2% glutaraldehyde and washed in
phosphate-buffered saline (PBS). The 5-bromo-4-chloro-3-indoyl phosphate/
nitroblue tetrazolium alkaline phosphotase (BCIP/NBT AP) substrate (Vector)
was prepared according to the manufacturer’s instructions. Tissues were
incubated with the substrate solution for 25 min and rinsed in tap water, nuclei
were counterstained with nuclear fast red, and slides were mounted
(VectaMount AQ mounting medium; Vector). A dark blue colorimetric
reaction indicated stromal cell differentiation.

Optical Coherence Tomography Imaging

For volumetric structural analysis of the reproductive tract, we used a
custom-built spectral-domain OCT system that has been described previously
[29]. Briefly: the system uses a low-coherence Ti:sapphire laser source (Micra-5;
Coherence, Inc.) with a central wavelength of ~808 nm, a bandwidth of ~110
nm, and a power output of ~400 nm. The setup uses a Michelson interferometer
to generate interference fringes from the backscattered light collected from the
sample and reference arms. The fringes are resolved using a custom-built
spectrometer and are converted into in-depth intensity profiles using fast-Fourier
transform. The system provides a lateral resolution of ~4 pm and an axial
resolution of ~5 um. The A-line (in-depth intensity profile) scan rate was set at
50 kHz. Due to light attenuation in tissue, the imaging depth in reproductive
organs is limited to ~1 to 1.5 mm. For the imaging, reproductive tracts were
dissected and placed in a dish with PBS. Freshly excised tissues were imaged
with OCT in PBS without any staining. After tissues were imaged, they were
collected for further analysis. Data rendering and three-dimensional (3D)
visualizations were performed using Imaris software (Bitplane, Switzerland).

Analysis of Implantation

Success of implantation was determined by counting implantation sites at
indicated times during early pregnancy (E4.5-E9.5). Eight-wk-old female
control and experimental mice were allowed to naturally mate with wild-type
males and were examined daily in the morning for the presence of seminal
plug; the morning of plug detection was considered E0.5. Implantation of
embryos was evaluated at E4.5, E5.5, E6.5, E7.5, and E9.5. For E4.5,

implantation sites were visualized by intravenous injection of Chicago Blue dye
and euthanized 2 minutes after dye injection [15].

RNA Extraction, Reverse Transcription and Quantitative
Real-Time PCR

Total RNA from the oviduct and uterus were extracted using RNeasy micro-
or mini-kit (Qiagen) according to the manufacturer’s instructions. RNA
concentrations were measured using a spectrophotometer (model ND 1000;
NanoDrop Technologies). Reverse transcription was carried out using 200 ng of
total RNA, using High-Capacity RNA-to-cDNA Master Mix (Life Technologies)
according to the manufacturer’s instructions. Real-time quantitative PCR (qPCR)
was performed using custom-designed primers and Fast SYBR Green Master
Mix (Life Technologies). Primer information used in this study is listed in
Supplemental Table S1 (Supplemental Data are available online at www.
biolreprod.org). All qPCR assays were performed in triplicate for each sample,
using a minimum of three mice per group. Melt curve analysis was performed to
verify a single amplification peak for determining the specificity of amplification.
Relative mRNA levels of transcript were calculated by the cycle threshold
(AACT) method as described previously [30] and were normalized to the
endogenous reference (Gapdh or Rpl19), as indicated in the text. The expression
data are presented as relative values * standard errors of the mean (SEM), using
the control mean as the calibrator (set to equal 1) as described previously [31].

Immunofluorescence and TUNEL Assay

Paraffin-embedded sections were deparaffinized in xylene and rehydrated in a
graded alcohol series. Antigen retrieval was performed by boiling the sections in a
10 mM sodium citrate antigen unmasking buffer with 0.05% Tween 20 (pH 6.0)
for 10 min. Tissue sections were washed for 5 min in PBS with 0.1% Tween-20
(PBS-T), blocked at room temperature for 1 h with 3% bovine serum albumin in
PBS-T, and then incubated with the primary antibody in a humidified chamber
overnight at 4°C. After tissues were washed with PBS, sections were incubated
with Alexa Fluor 546 and 488 conjugated secondary antibodies (Life
Technologies) for 1 h at room temperature. Sections were washed with PBS-T
and mounted with Prolong Gold Antifade mounting medium with DAPI
(Invitrogen). Fluorescent images were viewed and captured using fluorescence
microscopy, and all images were compiled using Photoshop CS4 or CS5 (Adobe
Systems Inc.). TUNEL assay was performed as previously described [24], using a
fluorescein in situ apoptosis kit (ApopTag; Millipore). TUNEL-positive cells were
imaged using fluorescence microscopy and defined as apoptotic cells. The
following antibodies were used in this study: goat anti-prostaglandin-endoperox-
ide synthase 2 (PTGS2; 1:200 dilution; Santa Cruz Biotechnology); rat anti-
cytokeratin 8 (KRTS; Troma I; 1:200 dilution; Developmental Studies Hybridoma
Bank); rabbit anti-alpha smooth muscle actin (a-SMA; 1:200 dilution; Abcam).

Statistical Analysis

Statistical analysis was performed using Prism 5 software (GraphPad) or
SPSS statistics 22 (IBM). Multiple comparisons were performed using one-way
ANOVA followed by Tukey honestly significant difference (HSD) post hoc test.
Single comparisons were carried out using two-tailed, unpaired Student #-tests
and a P value of <0.05 was considered statistically significant. Unless otherwise
stated, results were obtained from at least three independent biological replicates
and carried out in duplicate or triplicate technical replicates.

RESULTS

Triple Conditional Deletion of Smad1, Smad5, and Smad4
using Amhr2-cre Results in Sterility

We previously reported the fecundity of conditional deletions
for Smadl, Smad5, Smad4, Smadl/5, and Smadl/5/4 mouse
models that used Amhr2-cre to delete the respectively floxed
alleles [18, 27, 32]. A summary comparison of the fecundity of
these models is given in Table 1. Single conditional deletion of
Smadl or Smad5 has no effect on female fertility [18, 23]. In
contrast, conditional codeletion of Smad! and Smad5 by using
Amhr2-cre (Smadl/5-Amhr2-cre KO) causes reproductive
defects and granulosa tumor development in female mice with
full penetration. At younger ages (<4 mo old), female Smadl/5-
Amhr2-cre KO mice are subfertile but are unable to produce
litters after 4—6 mo of age concurrent with development of large
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FIG. 1. Ovarian histology and ovulation in Smad1/5/4-Amhr2-cre KO female mice. A) Reproductive tract of Smad17/1°% smad5ox/1ox gmadl4/iox/lox
control (left) and Smad 17/ Smad5™*/10% smad4™¥/1X Amhr2¢®* KO mice at 6 wk of age. No gross differences were detected. B) Pharmacologic
superovulation of control and Smad1/5/4-Amhr2-cre KO mice at 3 wk compared to control. No statistical differences (ns) were detected in the mean
number of oocytes collected in the oviducts of control; n = 3 each genotype. C) PAS stain of an ovary from a 12-wk-old Smad 1™/ smad5"o*/1x
Smad4"/"* control mouse shows normal follicular development with multiple corpora lutea (CL) and growing follicles (SF, secondary follicles; AF, antral
follicle). D) Inset shown in panel C shown at 100x magnification. E) PAS stain of an ovary from a 12-wk-old Smad 1710X/f10x gmad5M1oX/fox: Gmal4flox/flox
Amhr2°®’* KO female. All stages of follicles can be detected, including CLs. However, a large number of atretic follicles (arrowheads) are visible. F) Inset
from panel E shown at 100x magnification. Previous quantification of the increased atretic follicles in the Smad1/5/4-Amhr2-cre KO mouse model has
been published previously [24]. Bars =200 um (C and E) and 50 um (D and F). Oo, oocyte; Gr, granulosa cell.

ovarian granulosa cell tumors [18] (Table 1). Young adult
Smad4-Amhr2-cre KO mice are subfertile (Table 1), but by 4-6
mo of age, approximately half of the Smad4-Amhr2-cre KO
females are infertile [27]. In contrast to these mouse models, we
found that triple deletion of Smadl, Smad5, and Smad4 (Smadl/
5/4-Amhr2-cre KO) caused sterility (Table 1) [24]. Female
Smadl/5/4-Amhr2-cre KO mice did not produce any litters in a
6-mo breeding trial that began at sexual maturity (6 wk of age)
[32], but the cause of the infertility was unknown. Tumor
development initiates in a similar time frame in Smadl/5/4-
Ambhr2-cre KO mice, but the tumors grow more slowly, do not
metastasize, and have increased apoptosis [24]. Gross morpho-
logical examination of reproductive tracts from 6-wk-old female

control and Smadl/5/4-Amhr2-cre KO mice appeared normal
(Fig. 1A). In our initial characterization of the ovarian defects,
we found a significant increase in the proportion of TUNEL-
positive follicles in mutant ovaries [24]. However, even with the
increased TUNEL-positive follicles, Smadl/5/4-Amhr2-cre KO
ovaries contained follicles representing all follicular stages as
well as corpora lutea (Fig. 1, C-F). The presence of corpora
Iutea suggested that despite their inability to produce live pups,
Smadl/5/4-Amhr2-cre KO females were capable of ovulation
(Fig. 1E). To test this, we pharmacologically ovulated sexually
immature control (n = 3) and Smad1/5/4-Amhr2-cre KO females
(n = 3) and collected oocytes from the ampulla of oviduct. We
did not find statistical differences in the mean number of oocytes
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Ovary

Qviduct

Uterus

Control

FIG. 2.

.isthmus

Oviduct abnormalities in Smad1/5/4-Amhr2-cre KO mice. Gross morphology of reproductive tracts from 16-wk-old control mice (A) and 16-wk-

old Smad1/5/4-Amhr2-cre KO (tKO) mice (B). Smad1/5/4-Amhr2-cre KO mice display oviduct diverticula, indicated in B (arrowheads). An enlarged
image of the diverticuli is shown in Supplemental Figure S1. C and D) Histology of oviducts from 16-wk-old mice showing an increased oviduct thickness
and oviduct diverticula (arrows) in Smad1/5/4-Amhr2-cre KOs (D) compared to control (C). D) *Abnormal regions of thickness. E-J) Immunofluorescence
of smooth muscle actin (a-SMA) and cytokeratin 8 (KRT8) in the oviducts of 16-wk-old control (E-G) and Smad1/5/4-Amhr2-cre (H-]) mice. White
arrowheads indicate KRT8" oviduct diverticula in Smad1/5/4-Amhr2-cre KO mice (H-}) devoid of a-SMA immunoreactivity. Bars =500 um (A and B) and

200 pm (C-)).

ovulated between genotypes of immature mice (Fig. 1B). Thus,
the ovarian defects (i.e., increased follicular atresia) are not
likely to fully explain the sterility of young adult (6-wk-old)
Smadl/5/4-Amhr2-cre KO females. Therefore, we additionally
analyzed the reproductive tracts of these mice.

Ambhr2-cre-Mediated Deletion of Smad1/5/4 Results in
Oviduct Abnormalities

Apart from granulosa cells of growing follicles in the ovary,
Amhr2-cre is known to express Cre recombinase in mesen-
chyme-derived tissues in the reproductive tract [25]. Deletion

of genes such as Dicer, tuberous sclerosis 1 (Tscl), and the
TGFp type 1 receptor gene Tgfbrl using Amhr2-cre leads to
defects in oviduct development and uterine function [16, 33—
35]. To examine the structural integrity of the reproductive
tract and determine if any oviductal defect contributes to the
sterility in Smadl/5/4-Amhr2-cre KO mice, we performed a
morphological and histological analysis of adult Smadl/5/4-
Amhr2-cre KO reproductive tracts. In mice at 16 wk of age, we
found obvious development of clear fluid-filled bilateral
oviductal diverticula throughout the length of each Smadl/5/
4-Amhr2-cre KO oviduct in all of the mutant females examined
(Fig. 2). Oviductal diverticuli were more abundant near the
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uterotubal junction and often contained cellular debris and
round structures that appeared to be oocytes or embryos (Fig.
2B, Supplemental Fig. S1). Neither Smad4-Amhr2-cre KO nor
Smadl/5-Amhr2-cre KO females showed these diverticuli at
any age (3 wk—1 yr old) (Table 1) [18, 27].

Histological examination of oviducts from 16-wk-old
Smadl/5/4-Amhr2-cre KO mice revealed abnormalities in
tissue morphology compared with controls. The stromal and
muscle compartments were disorganized and had an abnor-
mally thickened appearance in all oviduct regions of the
Smadl/5/4-Amhr2-cre KO mice compared to those in control
(Fig. 2, C and D, Supplemental Fig. S2). Often, histology
specimens from random cycling female Smad1/5/4-Amhr2-cre
KO mice showed oocytes/embryos within the lumen, which
were only rarely seen in control samples (Supplemental Fig.
S2). The thickened areas of the oviduct of Smadl/5/4-Amhr2-
cre KO mice appeared to consist of mainly additional smooth
muscle tissue, and many areas did not have the normal, clearly
defined outer and inner smooth muscle layers (Fig. 2, D and H,
Supplemental Fig. S2). Immunostaining of smooth muscle cell
marker (o-smooth muscle actin [0-SMA]) demonstrated
regions of increased thickness in smooth muscle layers within
the oviductal ampulla (Fig. 2H). We also examined the
epithelial cell marker KRT8; KRT8 staining demonstrated that
oviductal diverticula in Smadl/5/4-Amhr2-cre KO oviducts
were characterized by a single layer of flattened epithelium
(Fig. 2, I and J, arrow), devoid of the smooth muscle layer.

For detailed volumetric structural analysis of the oviduct,
we acquired 3D visualizations using OCT. Figure 3 shows
representative cross-sections through the structural data sets of
the oviduct acquired from 6-wk-old mice, prior to the
development of large diverticuli. The mouse oviduct consists
of four segments: the infundibulum, ampulla, isthmus, and
uterotubal junction. The structure of the ampulla in Smad1/5/4-
Amhr2-cre KO oviducts appeared normal. Specifically, the
longitudinal epithelial folds in the Smadli/5/4-Amhr2-cre KO
ampulla lumen exhibited patterns and density similar to those
in controls (Fig. 3, A and B); the thickness of the ampulla wall
and of the epithelial folds also appeared normal (Fig. 3, C and
D). However, the isthmus of the Smadl/5/4-Amhr2-cre KO
oviducts displayed an abnormal phenotype. Figure 3, E and F,
shows surface views of the isthmus in controls and Smadi/5/4-
Amhr2-cre KO oviducts. In contrast to the smooth appearance
of the isthmus surface in control mice (Fig. 3E), the Smad1/5/4-
Amhr2-cre KO oviducts appeared rough and uneven (Fig. 3F).
Figure 3, G and H, shows corresponding semitransparent view
of the same reconstruction. Smadl/5/4-Amhr2-cre KO mice
displayed oviduct wall thickening, disorganized luminal folds,
and a lack of transverse folding (Fig. 3H) in comparison to
those of the control (Fig. 3G). However, the overall coiling
pattern of the Smadl/5/4-Amhr2-cre KO oviducts appeared
normal with some variation seen in both wild-type and Smad1/
5/4-Amhr2-cre KO samples (Fig. 3, E-H).

To examine oviduct morphology after ovulation, we
acquired OCT visualizations from pharmacologically ovulated
4-wk-old females 18 h after the ovulatory stimulus (injection of
human chorionic gonadotropin) (Fig. 4). We observed the same
defective appearance of the Smadl/5/4-Amhr2-cre KO oviduct
coils at this stage although to a lower extent than at 6 wk of
age, which is clearly visible in the surface rendering view of
the data (Fig. 4, A and B). Semitransparent renderings of the
OCT data sets show the smooth inner lumen of the oviduct in
control mice (Fig. 4C) and disorganized lumen in Smadl/5/4-
Amhr2-cre KO oviducts (Fig. 4D). Figure 4, E-H, shows
structural analysis of the ampulla region. Semitransparent view
(Fig. 4, E and F) shows similar epithelial folding patterns and

COC:s visible through the ampulla wall in control (Fig. 4E) and
Smadl/5/4-Amhr2-cre (Fig. 4F) KO mice. In cross-sectional
views of the same data sets, oocytes surrounded by cumulus
cells are clearly visible in the ampulla of both the control and
the Smadl/5/4-Amhr2-cre KO females; COCs appeared
morphologically similar and went on to cumulus expansion
in both genotypes (Fig. 4, G-J).

Loss of Smad1/5/4 Leads to Altered Expression of Genes
Essential for Oviduct Development and Differentiation

The molecular processes of oviduct development and
differentiation are poorly understood. Genetic deletion studies
in mice implicate multiple developmental signaling pathways,
such as the TGFp [16], WNT/B-catenin [36], and micro-RNA
biogenesis [33] pathways in oviduct formation. To examine
whether loss of Smadl/5/4 affected the gene expression pattern
in the oviduct, we compared mRNA levels of candidate genes
in 4- to 5-wk-old control oviducts with those in 4- to 5-wk-old
Smadl/5/4-Amhr2-cre KO mice (Table 2). Of these genes, we
observed significantly reduced mRNA levels of Dicer in
Smadl/5/4-Amhr2-cre KO oviducts compared to those in
controls. Similar to the molecular changes observed in Dicer
conditional knockout (cKO) oviduct, we also found significant
upregulation of wingless family member 5a (WntSa) and
homeobox transcription factor 9 (Hoxa9). Wnt5a and the
homeobox genes are known to play a pivotal role in patterning
of the posterior Miillerian-derived structures [37—39]. Howev-
er, mouse models with increased levels of Wnt5a, such as those
with Miillerian duct mesenchymal stabilization of B-catenin
(Ctnnbl) [40] or smoothened (Smo) [41] in the oviduct,
displayed uncoiled oviducts and altered radial patterning,
unlike the Smadl/5/4-Amhir2-cre KO line.

As Amhr2 is expressed in the mesenchyme of the Miillerian
duct, which gives rise to the smooth muscle of the oviduct and
uterus, we further examined whether loss of Smadl/5/4 affects
the expression of genes important for smooth muscle
development and differentiation (Table 2). Smadl/5/4-Amhr2-
cre KO oviducts showed significantly increased expression of
the smooth muscle markers desmin (Des) and transgelin
(Tagln), the actin-linked regulatory protein calponin 1 (Cnnl),
and the cytoskeleton protein smoothelin (Smtn). Caldesmon 1
(Caldl), a protein that interacts with actin, myosin, tropomy-
osin, and calmodulin, was also significantly upregulated in
Smadl/5/4-Amhr2-cre KO oviducts compared to that in
controls. Furthermore, the mRNA level of myocardin (Myocd),
a smooth muscle and cardiac muscle-specific transcriptional
coactivator and master regulator of smooth muscle contractile
gene expression [42, 43] was increased in the Smadl/5/4-
Amhr2-cre KO oviducts.

Loss of Smad1/5/4 Disrupts Epithelium and Smooth Muscle
Development in the Uterus

The mouse uterus is composed of two major compartments,
the endometrium and myometrium. The endometrial compart-
ment consists of luminal and glandular epithelial cells as well
as supporting stromal cells, whereas the myometrium consists
of smooth muscle layers. Because the Amhr2 promoter
specifically directs expression of Cre recombinase in the
stroma and myometrium but not in the epithelium, we next
investigated the effect of Smad1/5/4 loss in the uterus. We used
co-immunostaining for o-SMA to delineate the muscle layers
of the uterus [44] and KRTS for the epithelium (Fig. 5). The
control uteri showed two well-organized layers of longitudinal
(outside) and circular (inside) smooth muscles (Fig. 5SA, red).
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FIG. 3. Structural oviduct abnormalities in 6-wk-old Smad1/5/4-Amhr2-cre KO mice visualized with OCT. Three-dimensional reconstructions
visualizing the luminal surface of control (A) and Smad1/5/4-Amhr2-cre KO (B) female oviduct ampulla display similar levels of epithelial folding and
density. Cross-sectional views through the reconstructions show comparable ampulla wall thicknesses in control (C) and Smad1/5/4-Amhr2-cre KO (D)
female oviducts. Surface renderings of volumetric reconstructions of control (E) and Smad1/5/4-Amhr2-cre KO (F) female oviduct isthmus show an
abnormal, uneven surface in the mutant. Semitransparent renderings of the corresponding data sets reveal abnormal disorganized luminal folding
structures in the isthmus of the mutants (H) in contrast to those in controls (G).

In contrast, the Smad1/5/4-Amhr2-cre KO showed a disorga- epithelium of the control uterus (Fig. 5, A and C), the uteri
nized architecture with variable thickness and an indistinct of Smadl/5/4-Amhr2-cre KO female mice had a disrupted
boundary between the stromal and myometrial layers (Fig. 5B). luminal epithelium with an irregular pattern of cells and, at
In addition, in contrast to the simple columnar luminal  times, a hyperplastic phenotype (Fig. 5, D and F). Epithelial
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FIG. 4. Structural oviduct abnormalities in pharmacologically superovulated 4-wk-old Smad1/5/4-Amhr2-cre KO mice visualized with OCT. Surface
renderings of volumetric reconstructions in control (A) and Smad1/5/4-Amhr2-cre KO (B) 4-wk-old female oviduct isthmus show an uneven appearance to
a lower extent than at 6 wk of age. Semitransparent renderings demonstrate smooth luminal surfaces of the isthmus in control animals (C), which are
disorganized in the mutants (D). Semitransparent renderings of the ampulla in control (E) and Smad1/5/4-Amhr2-cre KO (F) females show normal overall
structure and longitudinal epithelial folding patterns. Cross-sectional views through the corresponding reconstructions reveal COCs in the ampulla of the
mutants (H), which appeared similar to those in controls (G). Higher magnifications of G and H are shown in I and J, respectively. Scale bars are indicated
in the left corner of each panel.
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TABLE 2.

Gene expression changes in Smad1/5/4-Amhr2-cre KO oviducts.*

Gene Description

Fold change’

Smooth muscle markers

Des Desmin +2.60°

Cnnl Calponin 1 +1.927

Smtn Smoothelin +1.91°

Tagln Transgelin +1.51°

Cald1 Caldesmon 1 +1.25°

Myocd Myocardin +1.65°

Acta2 Actin, alpha 2, smooth muscle, aorta NS

Myh11 Myosin, heavy polypeptide 11, smooth muscle NS
Wnt ligands ,

Wht5a Wingless-related MMTV integration site family member 5a* +1.57¢

Wnt7a Wingless-related MMTYV integration site family member 7a* NS
MicroRNA pathway

Dicer Dicer 1, ribonuclease type IlI —0.60?
Homeobox transcription factor

Hoxa9 Homeobox A9 +1.44°

* Summary of qPCR gene expression results from 12-wk-old control and Smad1/5/4-Amhr2-cre KO oviducts. RNA was normalized to Gapdh levels.
T Fold change values are relative to control (Smad 17" smad5"/10% §mad4™x1) NS, not significantly different from controls.

¥ MMTV, Mouse mammary tumor virus.
3P < 0.001; PP < 0.05 by Student t-test between genotypes.

cells also showed a high degree of apoptosis, as indicated by
histology and TUNEL assay (Fig. 5, F and H).

Loss of Smad1/5/4 Causes Defective Implantation and Loss
of Embryos During Pregnancy

Because the endometrial stromal component of the uterus is
derived from Amhr2-expressing Miillerian duct mesenchyme,
we next investigated whether loss of Smadl/5/4 in endometrial
stroma could lead to defective implantation. Successful
implantation requires a series of well-coordinated physical-
physiological interactions among the blastocyst and the
trophectoderm and various endometrial cell types, including
the luminal and glandular epithelium and stromal cells. In
mice, the process of implantation is initiated by blastocyst
attachment to the uterine luminal epithelium, which occurs on
Days 4-5 of pregnancy. To ascertain the stage-specific failure
of pregnancy, 8-wk-old control and Smadi/5/4-Amhr2-cre KO
females were mated with wild-type males, and natural
pregnancy was examined on different embryonic days. Fewer
implantation sites were found at E4.5, ES.5, and E7.5 (Fig. 6,
A, B, D, and E, Supplemental Figs. S3 and S4), which also
appeared smaller in size (Fig. 6, A, B, D, and E, Supplemental
Fig. S4). By E9.5, no implantations could be detected in any
Smadl/5/4-Amhr2-cre KO uterus (Fig. 6, C and F).

To further characterize the reason for pregnancy failure, we
collected uteri from pregnant females at ES.5 and E7.5 and
examined the histology of the implantation sites. Control mice
exhibited well-attached embryos and induction of a decidual
response at E5.5 (Supplemental Fig. S4, A and B). Unlike
control mice at E5.5, we observed that Smadl/5/4-Amhr2-cre
KO mice failed to assemble a closed uterine lumen, which is
essential for successful embryo attachment and critical for
establishing intimate contact of the blastocyst and the uterine
epithelium that is required for embryo survival (Supplemental
Fig. S4, A and B). In control mice by E7.5, the lumen was not
visible, and the luminal epithelium had undergone regression
(Fig. 6]). In the Smadl/5/4-Amhr2-cre KO, the lumen remained
open, and the luminal epithelium was still apparent as a single,
organized layer (Fig. 6, G-J). These results suggested that
Smadl/5/4-Amhr2-cre KO mice have defects in pregnancy that
may be caused, in part, by the failure of closure of the uterine
lumen.

Amhr2-cre-Mediated Deletion of Smad1/5/4 in Uterus
Compromises Decidualization and Ptgs2 Expression

In response to implantation, stromal cells surrounding the
implanting embryo undergo extensive proliferation and
subsequent differentiation into polyploid decidual cells in a
process termed decidualization [4]. Several studies provided
direct evidence that a fully developed decidua is mandatory for
providing nutrition to the developing embryo and acting as a
barrier that prevents uncontrolled trophoblast invasion and
protecting the embryo from maternal rejection prior to the
formation of functional placenta [4]. We examined decidual-
ization in timed-mated pregnancies by isolating maternal
decidua from E6.5 implantation sites in Smadl/5/4-Amhr2-
cre KO and control uteri. In Smad1/5/4-Amhir2-cre KO mice,
the stroma appeared to only partially decidualize around
implanted embryos in comparison to control embryos (Sup-
plemental Fig. S4, C and D). We therefore tested whether
Smadl/5/4-Amhr2-cre KO mice were able to undergo decidu-
alization in a well-characterized artificial decidualization assay
[28]. Ovariectomized control and Smadl/5/4-Amhr2-cre KO
mice were treated with E2 and P4 to induce receptivity and
synchronize the estrous cycle. Embryo implantation was
mimicked by physically traumatizing the entire length of
uterine endometrium of the left uterine horn. The right horn
was left unstimulated as a control. Consistent with the reduced
size of implantation sites during natural pregnancy, we
observed that Smadl/5/4-Amhr2-cre KO females failed to
respond to the decidual stimulus 2 days after the trauma
compared to control littermates (Fig. 7A). At 4 days, the
difference in size of the stimulated to unstimulated horn of
Smadl/5/4-Amhr2-cre KO mice to control mice was even
greater (Fig. 7B). A quantification of the decidual response by
measurement of uterine wet weight showed the stimulated horn
of the Smad1/5/4-Amhr2-cre KO mice failed to increase in size
in comparison to that in littermate controls (Fig. 7C).
Furthermore, we examined alkaline phosphatase activity to
assess stromal cell differentiation during decidualization [45].
Compared to controls, which had robust alkaline phosphatase
staining, the Smadl/5/4-Amhr2-cre KO showed no reaction
(Supplemental Fig. S5). These results confirm that, even when
injected with appropriate hormones and given an initiating
decidual cue, the uteri of Smadl/5/4-Amhr2-cre KO mice are
not able to appropriately decidualize.
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FIG.5. Loss of Smad1/5/4 disrupted smooth muscle development in uterus is shown and causes epithelial hyperplasia and apoptosis. Immunostaining of
control (A and C) and Smad1/5/4-Amhr2-cre KO (B and D) in 6-wk-old uterus with the myometrium marker a-SMA (red) and the epithelial marker KRT8
(green). Insets in A and B are shown at 160X magnification for the luminal epithelium in C (control) and D (Smad1/5/4-Amhr2-cre KO). Compared to
those in control, Smad1/5/4-Amhr2-cre KO uteri have disorganized myometrium (B*) and large vacuolated apoptotic cells in luminal epithelium (D and
F). Six-wk-old sections of uteri were stained with PAS to show the histology of the uterine epithelium in control (E) and Smad1/5/4-Amhr2-cre knockout (F)
mice. Vacuolated apoptotic cells in the luminal epithelium are indicated by arrowheads in F. G and H) TUNEL analysis for apoptotic cells (green) in uteri
of 6-wk-old control (G) and Smad1/5/4-Amhr2-cre (H) KO mice. Nuclei are counterstained with DAPI (blue). Arrows indicate TUNEL-positive cells
(green). GE, glandular epithelium; LE, luminal epithelium; M, myometrium; S, stroma; LU, lumen.

Because of defects in both the natural and artificial
decidualization experiments, we analyzed expression of a
number of key decidual markers in total RNA extracts prepared
from decidua collected at E6.5 from natural pregnancies (Table
3). We did not observe significant changes in expression of

cyclin E2 (Ccne2), FK506 binding protein 5 (FkbpS5), estrogen
receptor alpha (Esrl), or Pgr, genes known to change
expression during decidualization. In contrast, we found
significantly decreased expression of Bmp2 and Wnt4, two
well-known markers whose expression is greatly induced upon
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FIG. 6. Smad1/5/4-Amhr2-cre mutants have implantation failure and defective embryo attachment. A-F) Mice were euthanized at E5.5, E7.5, and E9.5,
and the numbers of implantation sites were counted in control and Smad1/5/4-Amhr2-cre KO mice. Arrowheads indicate implantation sites. Data are
represented as means * SEM; at least 3 mice were analyzed per genotype. Two-tailed unpaired Student ¢ test was used to compare the control and
Smad1/5/4-Amhr2-cre KO mice (*P < 0.05). G and H) H&E staining of control and Smad1/5/4-Amhr2-cre KO implantation sites at E7.5. G) Control
embryo (arrowhead) with well-closed lumen and differentiated surrounding stroma. Insets from G and H are shown in I and }, respectively. H) Smad1/5/4-
Amhr2-cre KO embryo (arrowhead) appeared to be degenerating, the uterus showed an *open lumen, and stromal cells have not fully differentiated. I and
J) 125x magnification of insets shown in G and H, respectively. The luminal epithelium in control uteri has fully closed, and cells show signs of apoptosis
(arrowheads). J). The luminal epithelium in knockout uteri remains visible (arrows). Bars =5 mm (A-C), 400 um (G and H), and 100 um (I and J).

decidualization. We also found a significant reduction in Ptgs2,
a marker of implantation and decidualization. Immunofluores-
cence analysis of PTGS2 demonstrated a reduction in
immunoreactivity in Smadl/5/4-Amhr2-cre KO decidual cells
at the mesometrial pole at ES.5 in KO mice compared to that in

11

the controls (Fig. 7, D-G). These data indicated that Smadl/5/
4-Amhr2-cre KO uteri were unable to undergo normal
decidualization at least in part due to decreased expression of
known regulators of decidualization including Bmp2, Wnt4,
and Prgs2.
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FIG. 7. Smad1/5/4-Amhr2-cre KO mice show defective decidualization and loss of PTGS2. A-C) Uterine decidualization was artificially induced in
hormone-stimulated ovariectomized females by traumatizing the antimesometrial luminal epithelium with a needle in control and Smad1/5/4-Amhr2-cre
KO uteri. Day 2 (A) and Day 5 (B) uteri collected after the trauma are shown. The stimulated horn is labeled S, and the unstimulated horn is labeled US. C)
Ratio of uterine wet weight of stimulated to unstimulated horns collected 2 days and 5 days after the trauma. Smad1/5/4-Amhr2-cre KO females (Day 2, n
=3; Day 5, n=4) did not show a response to the decidual stimulus compared to controls (Day 2, n=3; Day 5, n=3). *Statistical significance, P < 0.05.
D-G) Smad1/5/4-Amhr2-cre KO females demonstrate loss of PTGS2 production during decidualization in natural pregnancies. Immunoreactivity of
PTGS2 and KRT8 were determined by immunofluorescence analysis at E5.5. Smad1/5/4-Amhr2-cre mutants (E and G) display decreased PTGS2 (D and F)
in the decidual cells at the mesometrial pole compared to control mice (A and C). Bars =1 cm (A and B) and 100 um (D-G). AM, antimesometrium; M,

mesometrium.

DISCUSSION

The SMAD transcription factors play key developmental
and homeostatic roles in multiple tissues. We analyzed the
function of the receptor-regulated SMADs SMADI1 and
SMADS, which signal downstream of multiple TGFf super-
family type I receptors (Alkl, Alk2, Alk3, Alk6, Alk7) and their
trimerization partner SMAD4, using the well-characterized
Amhr2-cre mouse model [26]. The Amhr2-cre, a knock-in of
Cre recombinase into the Amhr2 locus, deletes the loxP-
flanked Smad genes in multiple tissues, including the ovary,
oviduct, and uterus, and has been a well-established model for
deletion in the granulosa cells of the ovary and mesenchymal

derivatives of the Miillerian duct that give rise to the cells of
the smooth muscle layers of the oviduct and uterus and the
uterine endometrial stroma [16, 18, 24, 26, 33, 46, 47]. A
number of studies have defined roles for the TGFp superfamily
receptors Bmpr2, Alk2, Alk3, Alk4, and AlkS during pregnancy
by generating cKOs in the uterine epithelium by using Pgr-cre
[14, 15, 48-50]. To our knowledge, this is the first cKO for any
Smad gene to show a phenotype in the uterus or the oviduct.
We previously used the triple Smadl/5/4-Amhr2-cre KO
mutant mouse model to compare the phenotypic differences
in the double Smadl/5-Amhr2-cre KO mutant mice on
granulosa cell tumor development and showed that loss of
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TABLE 3.  Gene expression changes in Smad1/5/4-Amhr2-cre KO decidua collected at E6.5.

Gene Description Fold change®
Bmp2 Bone morphogenetic protein 2 —2.14*
Ccne2 Cyclin E2 NS
Esr-1 Estrogen receptor 1 NS
Fkbp5 FK506 binding protein 5 NS
Gjal Gap junction protein, alpha 1 NS
Lefty Left right determination factor NS
Mcmb Mini chromosome maintenance complex component-5 —1.76*
Pri8a2 Prolactin family 8, subfamily a, member 2 NS
Pgr Progesterone receptor NS
Ptgs2 Prostaglandin-endoperoxide synthase 2 —1.91*
Whnt4 Wingless type MMTV integration site family member 4 —2.18*

* gPCR analysis compares gene expression between control (n=4) and Smad1/5/4-Amhr2-cre KO (n=3) decidua collected at E6.5. Rp/79 was used as a

housekeeping gene to normalize samples.

b Fold change values are relative to control littermates (Smad 170X/ §mad51ox/Mox. g adaflox/flory NS — not significant.

* P < 0.05 by Student t-test between genotypes.

Smad4 from Smadl/5-Amhr2-cre limits granulosa cell tumor
progression and metastasis by increasing granulosa cell and
tumor cell apoptosis [24]. In this study, we determined the
uncharacterized effects of Smadl/5/4 deletion on female
fertility and the female reproductive tract. Unlike the single
or double conditional KOs (Table 1), the triple cKO of Smadl/
5/4-Amhr2-cre demonstrated sterility and severe developmen-
tal defects in the oviduct and uterus. The oviduct defects
included disrupted organization and local expansion of the
smooth muscle layers of the oviduct, which could lead to
impaired oviduct muscular contractions and contribute to the
embryo retention phenotype seen in the diverticula, similar to
other mouse models [51]. There are also defects found in the
uterine smooth muscle development and luminal epithelium of
nonpregnant Smadl/5/4-Amhr2-cre KO females, including
epithelial hyperplasia. Because Amhr2-cre does not express
Cre recombinase in the uterine epithelium, the hyperplasia
likely resulted from abnormal paracrine signaling from the
uterine stroma, where Cre recombinase is expressed [25, 26].
This hyperplasia may additionally disrupt attachment of the
blastocyst during implantation, further contributing to the
sterility of the Smad1/5/4-Amhr2-cre KO females. Only a small
number of embryos were found in Smadl/5/4-Amhr2-cre KO
uteri at E4.5 and ES.5, but no implantations sites were found
past mid-gestation. This may be due to a variety of factors in
different tissues. First, the embryo quality may be poor perhaps
due to improper oocyte development within the Smadli/5/4-
Amhr2-cre KO follicles. Second, the environment of the
oviduct may disrupt the timing or quality of development.
Third, there is incomplete uterine closure and defective
decidualization through loss of key factors, including Bmp2,
Whnt4, and Ptgs2. Thus, there is probably not a primary defect
but compound defects in multiple tissues that lead to the
sterility in Smad1/5/4-Amhr2-cre KO females.

In this study, we pioneered the application of OCT for
structural phenotyping of the oviduct in mouse mutants. This
noninvasive 3D optical imaging technique is based on analysis
of interferometry and provides a resolution of approximately
2-10 pm (less than the size of a cell) at a depth of a few
millimeters. Because OCT relies on natural tissue contrast and
does not require application of contrast agents, it is compatible
with live imaging as performed in our study. Recently, we
developed methods for structural analysis of mouse reproduc-
tive organs in vitro and in vivo and demonstrated that this
method can be used for high-resolution volumetric visualiza-
tion of the reproductive tract, oviduct lumen, and preimplan-
tation embryos as well as for functional analysis of cilia
dynamics [52-54]. Using this technique, we were able to

clearly visualize the full extent of the defective development of
the Smad1/5/4-Amhr2-cre KO model that was not immediately
obvious by gross examination or by standard histology. The
coiled isthmus at 3 wk of age displayed a rough surface and a
disorganized epithelium but no large diverticuli. This pheno-
type was more severe at 6 wk of age, with a large number of
bulges and pockets throughout the isthmus and a highly
disorganized lumen. In contrast to luminal longitudinal folds
wrapped in a thin layer of smooth muscle as seen in the
ampulla, the folding pattern in the healthy isthmus transitions
to nodules of folded epithelium arranged in longitudinal rows
in the anterior isthmus, followed by ring-like transverse folds in
the posterior isthmus and is surrounded by a much thicker
smooth muscle layer. These folding patterns are disrupted in
the mutant isthmus. The phenotype is more pronounced in the
isthmus than the ampulla, possibly due to the known increased
smooth muscle content of the isthmus compared to the
ampulla. To the best of our knowledge, this is the first time
OCT imaging has been implemented for structural phenotyping
of the female reproductive tract in a novel mouse mutant. It
provides valuable volumetric structural information, which is
not accessible through histological analysis or other routinely
used imaging methods in reproductive research. OCT imaging
has the benefit of being a fast, noninvasive method that does
not require any contrast agents or vital reporters and is
compatible with live imaging. These features make this
imaging approach a unique phenotyping tool for structural
defects of reproductive organs with potential for longitudinal
studies. Thus OCT will be of added benefit to investigators
studying multiple aspects of the ovary and reproductive tract.

A previous mouse model that deleted the TGFf type I
receptor, Tgfbrl, using Amhr2-cre also has a sterility
phenotype with defects in the oviduct and uterus, as outlined
in Table 4. Surprisingly, neither the Smad4-Amhr2-cre KO nor
the Smad2/3-Amhr2-cre KO mouse model has been reported to
show these defects [22, 27]. Adult (16-wk-old) Smadl/5/4-
Amhr2-cre KO oviducts also developed diverticuli within the
oviduct, although unlike other models (Table 4), there was no
evidence of overtly large oviductal diverticuli at 3—6 wk of age
by histology or by OCT analysis. This would suggest that the
oviductal diverticuli are not the primary cause of the sterility in
younger Smadl/5/4-Amhr2-cre KO females. Despite the
occurrence of an oviductal diverticuli phenotype in these three
mouse models, there are distinct differences between them,
including in gene expression changes and effects on the smooth
muscle layers (Table 4). Loss of Smadl, Smad5, and Smad4
should limit all TGFP superfamily signaling that requires
SMAD4 as well as abrogate signaling that is dependent upon
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TABLE 4. Summary of phenotypes of Amhr2-cre mouse models that develop oviduct diverticuli.*

Parameter Dicer-Amhr2-cre Tgfbri-Amhr2-cre Smad1/5/4-Amhr2-cre
Ovary
Fertility Sterile Sterile Sterile
Follicle atresia Increased Normal Increased
Ovulation® Fewer eggs Fewer eggs No change
Oviduct
Gross size Reduced ND Thickened
Coiling Reduced Normal Normal
Smooth muscle Normal Decreased Increased
Inflammation Present ND ND
Diverticuli Yes, early (3—4 wk) Yes, early (3 wk) Yes, late (3—4 mo)
Uterus
Gross size Shorter No change No change
Glands Fewer ND ND
Myometrium Normal Disorganized Disorganized
Epithelium Normal ND Hyperplastic
Decidual response Normal Normal Reduced
Gene expression
Myocd ND Reduced Increased
Actal ND Reduced ND
Cnn1 Reduced Reduced Increased
Tagln Increased Reduced Increased
Smtn Increased Reduced Increased
Myh11 Increased Reduced Increased
Des Increased Reduced Increased

* Description is the change in the mutant relative to its control. ND, not determined. Original descriptions of the phenotypes are provided in Dicer-

Ambhr2-cre [33], Tgfbri-Amhr2-cre [16], and Smad1/5/4-Amhr2-cre [24].
" Ovulation was pharmacologically induced in sexually immature mice.

SMADI1 and SMADS, such as that for the BMPs. Because loss
of Smadl/5, loss of Smad2/3, or loss of Smad4 alone does not
have visible or obvious defects in oviductal or uterine smooth
muscle layers, it is possible that multiple SMAD pathways may
be redundant with respect to its development.

Embryo transit through the oviduct requires at least three
related mechanisms, including ciliary motion, muscle contrac-
tion, and tubal fluid. The most obvious histologic defect in the
Smadl/5/4-Amhr2-cre KO oviduct was disrupted development
of the muscle layer, the myosalpinx. Little is known about the
molecular mechanisms that control smooth muscle layer
development of the oviduct, but both the myosalpinx and the
myometrium appear to differentiate after birth [55-57]. In the
oviduct, the myosalpinx varies in thickness, thicker in the
oviduct isthmus than the ampulla [55]. In the Smadl/5/4-
Amhr2-cre KO oviduct, the smooth muscle layer appeared
thickened, particularly in the oviduct isthmus, and Smadl/5/4-
Amhr2-cre KO oviduct samples abnormally overexpressed a
number of smooth muscle markers, such as Des, Tagln, and
Myocd. Thus, loss of SMAD signaling may increase the
number of smooth muscle cells, as indicated by the increase in
Mpyocd expression and/or their disorganized growth. However,
Smadl/5/4-Amhr2-cre KO females did not develop uterine
tumors, even though some of the KOs were housed for well
over a year [24]. The changes to the smooth muscle layer prior
to overt diverticuli formation could alter the kinetics of oocyte/
embryo transit and contribute to the sterility phenotype of the
Smadl/5/4-Amhr2-cre KO mouse. In support of this, we often
found oocytes within most histologic specimens of the Smad1/
5/4-Amhr2-cre KO oviduct, in contrast to the control. Thus, the
Smadl/5/4-Amhr2-cre KO mutant mouse model would be an
excellent model for future functional experiments to determine
how structural alterations in the muscle layer of the oviduct can
specifically affect oocyte, embryo, or sperm transit through the
oviduct and potentially impact fertilization. In addition, it
would be interesting to determine if the changes in stromal

cells will alter epithelial cell function, for instance, possibly
affecting ciliary beating.

While the reduction in the number of implantation sites at
ES5.5 may be a result of improper transit through the oviducts
due to defective structure of the oviductal smooth muscle layer,
some embryos clearly transit the oviduct but fail to develop
normally as all implantation sites are fully lost by E9.5. Both
implantation and decidualization appear to be affected by the
loss of Smadl/5/4. During implantation, in a process called
apposition, the embryonic trophectoderm becomes closely
juxtaposed to the luminal epithelium, followed by closure of
the uterine lumen. In the Smadli/5/4-Amhr2-cre KO implanta-
tion sites, the lumen only partially closes. This may be due to
loss of Ptgs2 expression in decidualizing cells at the
mesometrial pole of implantation sites during early pregnancy
(ES.5). Furthermore, we found that gene expression of Bmp2
and Wnt4, key regulators of decidualization, were significantly
decreased in Smadl/5/4-Amhr2cre KO females (E6.5). Previ-
ous studies using an in vitro decidualization system imply that
BMP2-mediated SMAD1/5/8 signaling is important for the
differentiation of stromal cells into decidual cells during
pregnancy in mice and humans [58, 59]. Multiple KO mouse
models have also established that Bmp2 induces expression of
both Wnt4 and Ptgs2 during decidualization [13, 60]. Thus,
loss of Bmp2 appears to be one of the primary causes of the
uterine decidualization defect. Interestingly, although decidu-
alization is a largely progesterone (P4)-dependent process, the
decrease in expression of Bmp2 in Smadl/5/4-Amhr2-cre KO
females does not appear to be due to loss in expression of Pgr,
as Pgr and other PGR target genes, such as Fkbp5, are
normally expressed. Furthermore, decidualization cannot
proceed in the Smadl/5/4-Amhr2-cre KO uteri even during
artificial decidualization assays when P4 is exogenously
supplied. This may mean that SMAD1/5/4 signaling is required
for stromal upregulation of Bmp2, possibly as cofactors in
conjunction with PGR signaling for a subset of genes. Other
studies have demonstrated that loss of TGF- signaling using
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PGR-cre results in defective luminal closure as well as altered
PTGS2 expression during peri-implantation [50]. Our mouse
model provides further support that both BMP and TGF-
signaling pathways through the common transducer Smad4, are
key pathways in stromal cells for uterine decidualization and
pregnancy.

In summary, the present study provides the first genetic
evidence that Smadl/5/4-mediated signaling is indispensable
for structural and functional integrity of the oviduct and uterus.
Loss of Smadl/5/4 alters development of the oviduct smooth
muscle layer, which likely impedes embryo transit. Disruption
of SMAD-mediated signaling also alters development of the
myometrium and defects in the uterine stroma leading to early
pregnancy loss due to abnormal uterine structure, defective
decidualization, and dysregulation of genes of known impor-
tance in oviduct development and uterine biology. We
provided evidence to support the possibility that the SMAD
signaling pathways may control early molecular and cellular
changes in the uterus that are required for implantation and
decidualization. We also showed that oviduct integrity also
involves SMAD signaling in the myosalpinx. An in-depth
knowledge of the molecular mechanisms and signaling
networks involved in the regulation of early pregnancy events
such as these has potential implications in developing new
therapies for improving pregnancy rates and treating maternal
diseases such as intrauterine growth restriction and preeclamp-
sia. Furthermore, as the implantation process involves
numerous signaling pathways common to other systems, this
mouse model is a useful biological system for investigating a
wide range of biological process beyond reproduction. This
includes epithelium-mesenchyme interactions, cell prolifera-
tion, differentiation, migration, and invasion in both normal
and disease states. Finally, we have pioneered the use of OCT
imaging for structural phenotyping of reproductive tract in a
novel mutant mouse. Cellular level of resolution, high imaging
speed and natural tissue contrast of this approach makes it a
unique phenotyping tool. Potentially it can be implemented for
in vivo time-lapse analysis and longitudinal studies to
investigate functional effects of molecular/genetic manipula-
tions and pharmacological agents, opening a door for variety of
innovative studies in reproductive fields.
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