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Abnormalities in cell-cell communication and growth factor signaling pathways can lead to defects in mater-
nal-fetal interactions during pregnancy, including immunologic rejection of the fetal/placental unit. In this
study, we discovered that bone morphogenetic protein receptor type 2 (BMPR?2) is essential for postimplanta-
tion physiology and fertility. Despite normal implantation and early placental/fetal development, deletion of
Bmpr2 in the uterine deciduae of mice triggered midgestation abnormalities in decidualization that resulted in
abnormal vascular development, trophoblast defects, and a deficiency of uterine natural killer cells. Absence
of BMPR2 signaling in the uterine decidua consequently suppressed IL-15, VEGF, angiopoietin, and corin sig-
naling. Disruption of these pathways collectively lead to placental abruption, fetal demise, and female sterility,
thereby placing BMPR2 at a central point in the regulation of several physiologic signaling pathways and events
at the maternal-fetal interface. Since trophoblast invasion and uterine vascular modification are implicated in
normal placentation and fetal growth in humans, our findings suggest that abnormalities in uterine BMPR2-
mediated signaling pathways can have catastrophic consequences in women for the maintenance of pregnancy.

Introduction

In the first trimester of mammalian pregnancy, embryo implanta-
tion, decidualization, and vascular modification, including spiral
artery remodeling, are key events for the establishment of a suc-
cessful pregnancy. Implantation is the physiological and immuno-
logical acceptance between the conceptus and the maternal uterine
endometrium. During implantation, the endometrium undergoes
morphological and physiological changes to accommodate the
conceptus (1, 2), and the endometrial extracellular matrix under-
goes degradation to permit embryo invasion (3). Decidualization is
the process of uterine stromal cell proliferation and differentiation
in response to the implanting extraembryonic/embryonic unit and
is essential for supporting embryonic growth before establishment
of the placenta (4). Uterine spiral artery remodeling is a maternal
adaptation process and is critical for the establishment of a fully
functional placental unit. During spiral artery remodeling, fetal
trophoblast cells invade the decidua and its blood vessels, and uter-
ine spiral arteries transform from narrow to large canals to increase
maternal blood flow toward the implantation sites and to facilitate
the increasing demands of the fetus for nutrition and oxygen (5,
6). Failures in this process (e.g., shallow trophoblast invasion and
incomplete remodeling) cause reduced blood flow to the fetopla-
cental unit and are associated with common pregnancy complica-
tions, such as recurrent miscarriages, fetal growth retardation, and
preeclampsia (7, 8). However, the mechanisms underlying decidual
vascular formation and remodeling are yet to be elucidated.

Bone morphogenetic proteins (BMPs), the largest group of the
TGF-f superfamily, are pleiotropic growth factors that were orig-
inally isolated from the bone as proteins that induce bone and
cartilage formation (9, 10). BMPs regulate a wide variety of cellu-
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lar functions and play critical roles in mammalian development
and reproductive function (11-13). BMP ligands signal through a
heteromeric complex of type 1 and type 2 serine/threonine kinase
receptors (11). There are 3 BMP type 2 receptors (BMP receptor
type 2 [BMPR2]), activin receptor type 2A (ACVR2A), and activin
receptor type 2B (ACVR2B) and 3 type 1 receptors (activin recep-
tor-like kinase 2, 3, and 6). Ligand binding to the BMP type 2 and
type 1 receptors leads to phosphorylation of SMAD1, SMADS, and
SMADS, which then complex with SMAD4 to regulate target gene
transcription in the nucleus (11).

The potential importance of BMPR2 in BMP signaling during
vasculogenesis is highlighted by the findings that mutations
in the BMPR2 gene in humans lead to haploinsufficiency and
cause primary pulmonary hypertension (14). In mice, Bmpr2
homozygous null mutants die during gastrulation without
forming mesoderm (15), while mice homozygous for a Bmpr2
hypomorphic allele, which lacks the ligand-binding domain, die
at midgestation and exhibit skeletal and cardiovascular abnor-
malities (16). The early embryonic lethality associated with loss
of BMPR2 function precludes functional analysis of its roles in
the female reproductive system. To overcome this difficulty and
define the in vivo roles of BMPR2 in the female reproductive
system, we generated Bmpr2 conditional knockout (cKO) mice
using mice with a knockin of the cre recombinase gene into the
progesterone receptor (Pgr) locus and examined critical events
during the course of pregnancy. Whereas mice with a condi-
tional deletion of BMP2, one of the ligands for BMPR2, demon-
strate a defect in uterine decidualization at the beginning of
pregnancy (17), Bmpr2 cKO female mice initially demonstrate
normal implantation and placental and fetal growth. However,
as the pregnant Bmpr2 cKO female mice approach midgestation,
there is severe hemorrhage at the implantation sites and fetal
growth retardation, leading to placental abruption, fetal demise,
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Figure 1

Decidual growth restriction, fetal growth retardation, and hemorrhagic implantation sites in pregnant Bmpr2 cKO female mice. (A) Hemorrhagic
implantation sites in pregnant Bmpr2 cKO female mice. Scale bar: 1 cm. (B) Fetal growth retardation in Bmpr2 cKO female mice is grossly obvious
at E10 and E11. Scale bar: 1 mm. (C) Uterine hemorrhage and discharge of fetus and placenta in Bmpr2 cKO female mice at E12. Scale bar: 1 cm
(top); 5 mm (bottom). (D) Hemorrhagic implantation sites and fetal growth retardation were detected in Bmpr2 cKO female mice beginning at E9.
All sections were stained with H&E. Higher-magnification images of the boxed regions are shown at right. Scale bar: 1 mm (lower magnification);

300 um (higher magnification).

and sterility. These findings implicate BMPR2-mediated signal-
ing as a major pathway that regulates the maternal-fetal inter-
face during pregnancy in women.

Results

Generation of Bmpr2 cKO mice and localization of BMPR2 to uter-
ine decidua. Because of embryonic lethality in Bmpr2-null mice
(15, 16), we generated a Bmpr2 cKO mouse model using Pgr-cre
and a Bmpr2 floxed allele (Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI65710DS1) to define the physiological roles of BMPR2 in
female reproduction. Pgr-cre is expressed postnatally at high
levels in the anterior lobe of the pituitary and epithelial and
stromal compartments of the uterus and granulosa cells of the
preovulatory follicles in the ovary (18, 19). To achieve maximal
deficiency of Bmpr2, the Bmpr2-null allele was also used in the
breeding scheme (ref. 15 and Supplemental Figure 1B). Two-
month-old control (Bmpr2/-) and Bmpr2 cKO (Bmpr2/V-Pgre/)
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female mice were confirmed to have efficient deletion of uterine
Bmpr2 (Supplemental Figure 1, C and D), and the Bmpr2 mRNA
and protein levels were statistically lower in Bmpr2 cKO uteri
(Supplemental Figure 1, E and F). Imnmunofluorescence analysis
of E8 implantation sites localized BMPR2 expression to the cell
membranes of mesometrial decidual cells and uterine smooth
muscle cells in control female mice (Supplemental Figure 1G).
Consistent with sites of high cre expression in the Pgr-cre-pos-
itive female mice, the Bmpr2 cKO mice demonstrated loss of
BMPR2 in the deciduae but not uterine smooth muscle (Sup-
plemental Figure 1G). Significant BMPR2 expression was not
observed in developing vasculature (data not shown).

Bmpr2 cKO female mice are sterile but display normal ovarian func-
tions, embryo development, and implantation. To evaluate the fertil-
ity of Bmpr2 cKO female mice, we conducted a breeding study
in which sexually mature control and Bmpr2 cKO female mice
(n = 10 for each genotype) at 6 weeks were mated with known
fertile WT male mice for 6 months. Whereas control female mice
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Figure 2

Increased trophoblast giant cells, regressed formation of ectoplacental cone, and failure of fetal blood vessel formation in implantation sites
of Bmpr2 cKO female mice. (A) Deletion of uterine Bmpr2 induces an increase of PRL3D1-positive trophoblast giant cells and disruption
of the normal structure of the layers. CP, chorionic plate; EPC, ectoplacental cone; GC, trophoblast giant cells; DEC, decidua. Scale bar:
500 um (left); 200 um (right). (B) Deletion of uterine Bmpr2 increases Pri3d1 and Mmp9 mRNA levels in E9 trophoblast cells (**P < 0.01).
Data are mean + SEM. (C and D) Regression of the ectoplacental cone and failure to compress the uterine lumen (LUM) in E9 implan-
tation sites of Bmpr2 cKO uteri. KRT8, cytokeratin 8. Scale bar: 500 um (C); 200 um (D). (E) Deletion of uterine Bmpr2 decreases Cnr1
and Faah mRNA levels in E9 trophoblast cells (*P < 0.05; **P < 0.01). Data are mean + SEM. (F) Increased apoptosis was detected in
E9 invasive trophoblast cells from Bmpr2 cKO uteri by TUNEL assay. Scale bar: 500 um. (G) Impaired trophoblast invasion was detected
in E9 implantation sites of Bmpr2 cKO uteri by immunostaining for PTGS2 and real-time quantitative PCR for Ptgs2 mRNA (**P < 0.01).
Scale bar: 500 um. Data are mean + SEM. (H) Impaired formation of fetal blood vessels was detected in E10 implantation sites of Bmpr2
cKO uteri. Arrowheads indicate fetal blood vessels. AL, allantois; SP, spongiotrophoblast cells; FV, fetal blood vessel; MV, maternal blood
vessel. Scale bar: 500 um (left and middle); 200 um (right). (A and H) Higher-magpnification images of the boxed regions are shown at right.
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Figure 3

Differentiation, proliferation, and vascularization defects in artificially decidualized Bmpr2 cKO female mice. (A) Representation of the artificial
decidualization procedure. (B and C) Gross morphology of uterine horns with or without decidual stimulation. Decidual responses were reduced
in stimulated Bmpr2 cKO uterine horns, including decreased weights (**P < 0.01). uh, unstimulated horn; dh, decidualized horn; D6, day 6 after
artificial decidual stimulation. Scale bar: 5 mm. Data are mean + SEM. (D) Stimulated Bmpr2 cKO uterine horns showed suppressed transforma-
tion from fibroblasts to epithelioid cells. The insets show unstimulated uterine horn morphology. Scale bar: 1 mm (left); 100 um (right). (E) Alkaline
phosphatase (ALP) activity, a marker for stromal cell differentiation in response to decidualization, was reduced in stimulated Bmpr2 cKO uterine
horns. The dark blue deposits indicate ALP-positive activity, and the nuclei were counterstained with nuclear fast red. The insets show lower ALP
activity in unstimulated uterine horns. Scale bar: 200 um. (F) Decreased decidual cell proliferation was detected in stimulated Bmpr2 cKO uterine
horns by immunostaining for MKI67. MYO, myometrium. Scale bar: 400 um (left); 100 um (right). (G) Lack of decidual blood vessels in stimulated
Bmpr2 cKO uterine horns was revealed by immunostaining against PECAM1 for detection of vascular endothelial cells. Scale bar: 1 mm (left);
500 um (middle); 200 um (right). (D—-G) Higher-magnification images of the boxed regions are shown at right.

demonstrated normal fertility and fecundity (8.8 + 0.4 pups per
litter and 1.1 + 0.0 litter per month) compared with that of WT
mice (8.1 = 0.3 pups per litcter and 1.2 + 0.1 litter per month)
and Pgre¢/* female mice (7.8 £ 0.1 pups per licter and 1.1 + 0.4 lit-
ter per month), Bmpr2 cKO female mice never delivered any live
pups, revealing that BMPR2 is essential for female fertility. Vagi-
nal plugs were found in Bmpr2 cKO female mice, indicating that
the infertility was not due to disrupted mating behavior. Bmpr2
cKO female mice also demonstrated normal hormone levels
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(Supplemental Table 1), ovarian and uterine histology, follicle
growth, ovulation, fertilization, and preimplantation embryo
development (Supplemental Figure 2). Our findings indicate
that the infertility phenotype in Bmpr2 cKO female mice is not
caused by defects in ovarian functions and embryo development
but is likely caused by uterine defects.

We next investigated the effects of uterine Bmpr2 deletion on
the implantation process. Spatiotemporal and reciprocal inter-
actions between the blastocyst and the receptive endometrium
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Figure 4

Decidual cell proliferation defects in uteri of pregnant Bmpr2 cKO mice. (A) Deletion of uterine Bmpr2 decreases Prl3c1 and Prl8a2 mRNA
levels in E9 decidual cells (*P < 0.05). Data are mean + SEM. (B and C) Restricted decidual cell proliferation was detected in both MD and AMD
compartments within E9 implantation sites of Bmpr2 cKO uteri by counting MKI67-positive cells without counterstaining (***P < 0.001). Scale bar:
1 mm (left); 300 um (middle and right); 100 um (insets). Data are mean + SEM. (D) Representative histograms of flow cytometric analyses and
calculated populations of S/G; phase cells in isolated decidual cells from E9 implantation sites. Increased G phase and decreased S/G; phase
population in E9 implantation sites of Bmpr2 cKO uteri (**P < 0.01). Data are mean + SEM. (E) Deletion of uterine Bmpr2 decreases Ccnd3
mRNA levels in E9 trophoblast cells (**P < 0.01). Data are mean + SEM. (F) Reduced CCND3-positive cells were detected in E9 implantation
sites of Bmpr2 cKO uteri without counterstaining. Scale bar: 500 um (left); 300 um (right); 100 um (inset). (G) Western blot analysis of isolated E9
decidual cells from Bmpr2 cKO uteri shows decreased expression of CCND3 but not pAKT and tAKT. ACTB expression was used as an internal
control. (B and F) Higher-magnification images of the boxed regions are shown at right, and within these images, higher-magnification images
of the boxed regions are shown as insets.
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Figure 5

Impaired uterine decidual vascularization and decreased VEGF, ANGPT, and CORIN expression in the deciduae of pregnant cKO female
mice. (A) Decreased vessels in the deciduae of pregnant Bmpr2 cKO mice at E8 and E9, as revealed by immunofluorescence with an anti-
body against ACTA2. Scale bar: 200 um. (B) The narrow lumen of decidual blood vessels in E9 implantation sites of Bmpr2 cKO uteri was
revealed by immunostaining against PECAM1 for detection of vascular endothelial cells. Higher-magnification images of the boxed regions are
shown at right. Scale bar: 500 um. (C—E) Deletion of uterine Bmpr2 decreases (C) Vegfa, (D) Angpt1, and (E) Corin mRNA levels (*P < 0.05;

**P < 0.01; ***P < 0.001). Data are mean + SEM.

are required for normal implantation (20). The attachment
reaction coincides with increased stromal vascular permeability
at the site of the blastocyst and can be analyzed with Chicago
blue injection (21). Using this method, the number, weight, and
histology of E5 implantation sites and molecular analyses of
key uterine implantation genes were found to be comparable
between control and Bmpr2 cKO female mice (Supplemental Fig-
ure 3). Thus, in contrast to that in Bmp2 cKO mice (17), uterine
BMPR2 is not essential for implantation.

Decidual growth restriction, fetal growth retardation, and hemorrhagic
implantation sites in pregnant Bmpr2 cKO female mice. The decidual
structure is essential for provision of nutrition to the developing
embryo and acts as a barrier against uncontrolled trophoblast pro-
liferation, allowing normal placentation by controlling hypoxia
signaling pathways (22, 23). Until E8, uterine morphology, embryo
development, and extraembryonic structures appeared grossly and
histologically comparable between control and Bmpr2 cKO female
mice, and mRNA and protein levels of PRL3D1 and MMP9, mark-
ers for trophoblast giant cells, were normal (Supplemental Figure
4). However, beginning at E9, we found hemorrhage in the implan-
tation sites of Bmpr2 cKO uteri (Figure 1, A and D). Although there
were similar numbers of implantation sites (control, 8.1 + 1.3 per
uterus [n = 7]; Bmpr2 cKO, 7.4 « 1.0 per uterus [n = 7]), the weights
of the implantation sites trended lower at E6 to E8 and were sig-
nificantly lower in Bmpr2 cKO female mice at E9 to E11 (Supple-
2544
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mental Figure SA), suggestive of alterations in decidual cell growth
and/or fetal growth retardation. Uterine Bmpr2 mRNA levels also
trended higher between E5 and E8 and were statistically elevated
at E9 to E11 (Supplemental Figure 5B). Paralleling these findings,
E10 and E11 fetuses from Bmpr2 cKO female mice have obvious
growth retardation (Figure 1, B and D), and some pregnant Binpr2
cKO female mice discharged the hemorrhagic implantation tissue
at E12 (Figure 1C). The hemorrhage was limited to part of the tro-
phoblast and decidual tissues at E9 but then became more exten-
sive and severe at E10 and E11, concomitant with disappearance
of the normal structure of the trophoblast and decidual cell lay-
ers (Figure 1D). These data demonstrate that signaling through
BMPR2 is required at the maternal-fetal interface.

Normal steroid hormone levels during pregnancy. Because ovarian
hormones control pregnancy progression, including decidual
growth, parturition, and pregnancy outcome, we measured
serum 17f-estradiol (E;) and progesterone (Py) levels in preg-
nant control and Bmpr2 cKO female mice as well as their recep-
tor mRNAs in decidual tissue. Serum hormone levels were com-
parable between pregnant control and Bmpr2 cKO female mice
(Supplemental Figure 6, A and B), and mRNAs of Esrl and Pgr
(receptors for E; and P4) were similar in pregnant control and
Bmpr2 cKO uteri (Supplemental Figure 6, C and D). Protein lev-
els of 38-HSD, which catalyzes the synthesis of P4 from pregn-
enolone, were also similar in control and Bmpr2 cKO ovaries at
Volume 123
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E11 (Supplemental Figure 6, E and F). Thus, the placentation
defects in Bmpr2 cKO female mice are not attributable to abnor-
malities in hormone production.

Increased trophoblast giant cells and impaired trophoblast invasion in the
implantation sites of Bmpr2 cKO female mice. Initial trophoblast inva-
sion to establish vascular connections between the fetal ectopla-
cental cone and maternal decidual tissue occurs around E9 (24).
To examine trophoblast formation and function in Bmpr2 cKO
female mice at E9, we performed immunostaining for PRL3D1. We
found increased PRL3D1-positive cells in uteri of pregnant Bmpr2
cKO mice compared with those in control uteri, concomitant with
disappearance of the normal structure of the trophoblast giant cell
layer (Figure 2A). We isolated trophoblast cells (Supplemental Fig-
ure 7A) and found that Prl3d1 and Mmp9 mRNAs were increased in
isolated trophoblast cells from Bmpr2 cKO female mice at E9 (Fig-
ure 2B). In contrast, many implantation sites of pregnant Bmpr2
cKO female mice continued to have remnants of the uterine lumen
(Figure 2C), suggesting a defect in the proliferation of decidual
cells and/or other cells in the implantation site. While ectoplacen-
tal cone cells, positive for the trophoblast marker cytokeratin 8,
were evident at E9 (Figure 2, C and D), there was a suppression
of ectoplacental cone markers Cnrl and Faab (ref. 25 and Figure
2E). There were also significant increases in TUNEL-positive cells
and caspase-3 (Casp3) mRNA levels (1.9-fold elevated) in the tro-
phoblast cells within the ectoplacental cone and invasive tropho-
blast cells (Figure 2F and Supplemental Figure 7C) in the Bmpr2
cKO female mice. In contrast to the similar PTGS2 expression
and expansion of E5 trophoblast giant cells (Supplemental Figure
3E), Bmpr2 cKO implantation sites at E9 showed a suppression of
PTGS2-positive invasive trophoblast cells that are normally pres-
ent at the initiation of placentation (ref. 25 and Figure 2G). There
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Figure 6

Deletion of uterine Bmpr2 induces deficiency
of uNK cells. (A and B) E9 implantation sites
from control and Bmpr2 cKO mice were
stained with PAS or hematoxylin-PAS (H&PAS)
and examined for the presence of PAS-posi-
tive granulated uNK cells. Scale bar: 1 mm (x4
panels); 200 um (x20 panels); 100 um (x40
panel); 50 um (x80 panel). (C) Using DBA,
uNK cells were abundant in the deciduae of
control E8 implantation sites but were rare in
E8 deciduae of Bmpr2 cKO implantation sites.
Scale bar: 200 um (x10 panels); 50 um (x40
panels). (D) Immunofluorescence analysis
using an anti-CD45 antibody detects 6.6-fold
more leukocytes in deciduae of E8 implanta-
tion sites of control mice compared with those
in Bmpr2 cKO female mice. Scale bar: 200 um

D4
CDA5/E8/40X (x10 panels); 50 um (x40 panels).

was also a failure of fetal blood vessels, which are positive for the
basement membrane marker laminin, to grow from the allantois
in Bmpr2 cKO female mice at E10 (Figure 2H). Thus, the transition
from ectoplacental cone cells to invasive trophoblast cells appears
to be defective in uteri of pregnant Bmpr2 cKO mice, which might
be an indirect effect (see below) caused by the deletion of BMPR2
in the uterine decidual cells.

Decidualization, proliferation, and vascularization defects in artificially
decidualized uterine horns of Bmpr2 cKO female mice. To investigate
the mechanisms of decidual growth restriction in Bmpr2 cKO
female mice and to eliminate possible effects from the fetus and
trophoblast cells, we induced an artificial decidual reaction (Fig-
ure 3A). One uterine horn was given a decidualization stimulus,
while the contralateral horn served as an unstimulated control.
We examined uteri on day 6 after artificial decidual stimulation,
since mesometrial decidualization (MD) and antimesometrial
decidualization (AMD) are maximal after day 7 of pregnancy or
pseudopregnancy in female mice (26). Decidual responses were
reduced in stimulated Bmpr2 cKO uterine horns, including a >50%
reduction in weights (Figure 3, B and C); suppressed differentia-
tion of endometrial stroma cells to epithelioid cells (Figure 3D);
lower levels of alkaline phosphatase, a marker for stromal cell
differentiation (Figure 3E); and a decreased number of decidual-
izing stromal cells positive for MKI67, a marker of proliferation
(Figure 3F). Immunostaining for PECAM1 (CD31), a marker for
endothelial cells and vascularization, demonstrated the presence
of large vessels in the decidualized control uterine horn and a lack
of major vessel formation in the decidualized Bmpr2 cKO uterine
horns (Figure 3G). However, no obvious differences in apoptosis
were detected in the stimulated uterine horns by TUNEL assay
(data not shown) and real-time quantitative PCR analysis of Casp3
Volume 123 Number 6
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Figure 7

Altered expression of uNK cell and hypoxia genes in the Bmpr2 cKO uteri. (A) Deletion of uterine Bmpr2 decreases mRNA levels of uNK cell—
related genes in E9 trophoblast cells (***P < 0.001). Data are mean + SEM. (B) Stimulated hypoxia signaling was detected in E9 trophoblast giant
cells within Bmpr2 cKO uteri. The dashed lines represent the border between decidua and ectoplacental cone. Scale bar: 200 um. (C) Deletion
of uterine Bmpr2 increases transcription levels of hypoxia-responsive genes in E9 trophoblast cells (*P < 0.05; **P < 0.01; ***P < 0.001). Data

are mean = SEM.

(Supplemental Figure 7C). Thus, deletion of uterine Bmpr2 causes
differentiation, proliferation, and vascularization defects in the
decidual-stimulated uterine stromal cells.

Proliferation and differentiation defects in the decidual zones of pregnant
Bmpr2 cKO female mice. Since the uterine lumen remains in the
decidual zone of E9 implantation sites and artificial decidualiza-
tion suggests a defect in decidual cell proliferation, we examined
decidual cell proliferation and cell cycle regulation in pregnant
Bmpr2 cKO female mice. We first analyzed mRNA for Prl3cI and
Pri8a2, markers for decidual cell differentiation (27, 28), in iso-
lated decidual tissues from E9 control and Bmpr2 cKO uteri (Sup-
plemental Figure 7B) and found attenuation of these transcripts
in uteri of pregnant Bmpr2 cKO mice (Figure 4A). MKI67-pos-
itive cells in both MD and AMD compartments at E9 were also
decreased by >50% (Figure 4, B and C). Flow cytometric analyses
revealed a decreased number of Bmpr2 cKO cells in S and G, phases
of the cell cycle at E9 (control, 15.9% + 2.3%; Bmpr2 cKO, 4.7% =+
1.1%; Figure 4D) but not at E8 (control, 10.4% + 2.5%; Bmpr2 cKO,
14.1% = 3.0%). In addition, the mRNA and protein levels of the G,
phase cell cycle regulator, cyclin D3 (CCND3), were statistically
lower in decidual tissues within uteri of pregnant Bmpr2 cKO mice
from E9 (Figure 4, E-G, and Supplemental Figure 8, A and B),
whereas the mRNA levels of other cell cycle genes were unaffected
(Supplemental Figure 8B). CCND3 is implicated in G, phase arrest
in decidualizing stromal cells during formation of polyploidy (4),
and AKT regulates CCND3 stability and polyploidy in decidual-
izing stromal cells (29). However, phosphorylated and total AKT
(pAKT and tAKT) levels were unaffected in E9 Bmpr2 cKO uteri
(Figure 4G), indicating AKT-independent suppression of CCND3.

Defects in vascular development in uteri of pregnant Bmpr2 cKO mice.
Since vascular defects were observed in the artificially decidualized
tissue from Bmpr2 cKO female mice, we analyzed the vasculature
of pregnant Bmpr2 cKO female mice. Using an antibody against
a-smooth muscle actin (actin A2 [ACTA2]), which marks vessels
that have smooth muscle cells, we detected expression of the pro-
tein in uterine smooth muscle cells and vasculature in the region
of the developing spiral arteries within E8 and E9 implantation
sites from control female mice (Figure SA). However, E8 and E9
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implantation sites of cKO female mice showed expression of
ACTAZ2 in the uterine smooth muscle, and vasculature reminis-
cent of spiral arteries was lacking (Figure SA and Supplemental
Figure 9A). Immunostaining for PECAM1 at E9 also confirmed a
paucity of decidual blood vessels in other regions of the decidual
zone in the uteri of Bmpr2 cKO pregnant mice (Figure 5B). Thus,
there is a major defect in formation of vasculature and subsequent
development of the spiral arteries.

Since VEGFs are potent paracrine stimulators of endothelial cell
proliferation and crucial angiogenic factors during decidualiza-
tion (30, 31), we examined Vegf mRNAs in isolated decidual tissue
and found reduced levels of Vegfa, Vegfb, and Vegfc mRNA in uteri
of pregnant Bmpr2 cKO mice beginning at E8 (Figure 5C and Sup-
plemental Figure 9B). Angiopoietins (ANGPTs) and their recep-
tors, TIE1 and TEK, are a second vascular tissue-specific receptor
tyrosine kinase system to participate in the formation of blood
vessels (32). ANGPT1 is a vessel-stabilizing factor, ANGPT2 is a
partial antagonist of ANGPT1 and a vessel-branching and perme-
ability factor, and ANGPT4 is a vessel migration factor (33-35).
Angpt] knockout mice die embryonically due to bleeding, concom-
itant with collapsed atrial endothelial lining (35), and ANGPT2 is
readily detectable only in the ovary, placenta, and uterus, the three
predominant sites of vascular remodeling in adults (36). We found
no obvious defects in Tiel and Tek mRNA levels (data not shown).
Similar to Vegfa mRNA, the three Angpt mRNAs increased from E7
to E9 in the control uteri (Figure SD and Supplemental Figure 9B).
However, Angpt1, Angpt2, and Angpt4 mRNA and protein levels were
dramatically reduced in uteri of pregnant Bmpr2 cKO mice at E8 to
E10 (Figure 5D and Supplemental Figure 9, B-D). These findings
suggest that BMPR2 either directly or indirectly controls uterine
vascular development and subsequent spiral artery remodeling,
possibly through suppression of VEGF and ANGPT expression.

Many abnormalities in pregnant Bmpr2 cKO female mice, such
as fetal growth retardation, hemorrhagic implantation sites, and
discharge of fetus and placenta, are remarkably similar to human
placental abruption. Preeclampsia is a major risk factor for pla-
cental abruption (37) and is associated with widespread tropho-
blast cell apoptosis (38), findings found in pregnant Bmpr2 cKO
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female mice. CORIN, also known as atrial natriuretic peptide-con-
verting enzyme, is detected in pregnant mouse and human uteri
(39). Impaired CORIN expression or function in pregnant uteri
is associated with preeclampsia, and pregnant Corin knockout
female mice with preeclampsia have defects in trophoblast inva-
sion and spiral artery remodeling, similar to our pregnant Bmpr2
cKO female mice (39). Therefore, we examined CORIN expression
between control and Bmpr2 cKO uteri at E9 and discovered that
Corin mRNA and protein levels were dramatically decreased in
isolated decidual tissues from Bmpr2 cKO uteri (Figure SE and
Supplemental Figure 9C). These results indicate that signaling
through BMPR2 directly or indirectly regulates CORIN expression
for the control of trophoblast invasion and therefore could protect
against preeclampsia and placental abruption.

Deletion of uterine Bmpr2 prevents differentiation of uterine natural
killer cells. To further interrogate the defects in uteri of pregnant
Bmpr2 cKO mice, we investigated the status of uterine natural
killer (uNK) cells, potential sources of VEGFs and putative reg-
ulators of uterine spiral artery remodeling (22, 40). In pregnant
mouse implantation sites, uNK cells are the major leukocyte
population at E6 to E8 (41) and localize to the mesometrial tis-
sue in the vicinity of the spiral arteries as they differentiate.
Immunohistochemical analysis of the E9 implantation sites of the
control mice detected a large number of PAS-positive uNK cells
with prominent granules (Figure 6, A and B). In contrast, simi-
lar PAS-positive uNK cells were absent in the decidual tissue of
implantation sites from E9 Bmpr2 cKO female mice (Figure 6A). To
confirm this finding, we performed analysis with Dolichos biflores
agglutinin (DBA). Precursor NK cells are known to differentiate
into granulated uNK cells that are marked by DBA (42). Whereas
DBA-positive uNK cells are present in the MD compartment of
E8 and E9 control uteri, differentiated uNK cells were essentially
absent in pregnant Bmpr2 cKO deciduae (Figure 6C and Supple-
mental Figure 10A) and artificially stimulated Bmpr2 cKO uter-
ine horns (Supplemental Figure 10B). To further understand this
deficiency of uNK cells, we used an antibody for the pan-leuko-
cyte antigen, CD45 (PTPRC), which likely stains predominantly
uNK cells and precursors within the E8-E9 decidua basalis. We
determined that E8 control implantation sites have 6.6-fold more
CD45-positive cells in the MD decidual zone compared with the
E8 Bmpr2 cKO implantation sites (control, 832 + 247 cells/mm?
[n = 3]; Bmpr2, 126 = 16 cells/mm? [n = 3]; Figure 6D). Consistent
with these data, mRNAs encoding Prfl, Klrgl, and various gran-
zyme markers for mature and differentiated uNK cells (43, 44)
were nearly absent in uteri of pregnant Bmpr2 cKO mice (Figure
7A and Supplemental Figure 10C). mRNA encoding IL-15 (I/15),
a regulator of uNK cell differentiation (45-47), and its receptor
Il157a were also severely reduced in uteri of pregnant Bmpr2 cKO
mice (Figure 7A). Our data mechanistically suggest that BMPR2-
mediated signaling regulates the expression of IL-15 and its recep-
tor or other signaling proteins, which could also alter vasculogen-
esis, homing of the precursor NK cells into the uterus (27), exit of
the NK cells from the vasculature, and/or uNK cell differentiation.

uNK cell depletion not only attenuates uterine spiral artery
development but also maternal hypoxia signaling pathways
through reduction in the expression of VEGFs (22). Pimonidazole
hydrochloride (PIM) forms adducts with proteins under low oxy-
gen tension (<10 mmHg), and these adducts can be detected by
immunohistochemical analyses (48). Intensive accumulation of
PIM-protein adduct formation was detected in trophoblast giant
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cells of the ectoplacental cone within uteri of pregnant Bmpr2
cKO mice, indicating low oxygen tension (Figure 7B), and mRNAs
encoding the hypoxia-responsive genes Ankrd37 and Egln1 (49, 50)
and hypoxia signaling pathway control genes Hifla and Hif2a (50)
were increased in isolated trophoblast cells from uteri of pregnant
Bmpr2 cKO mice (Figure 7C). Thus, deletion of uterine Bmpr2 acti-
vates the hypoxia signaling pathways in trophoblast cells, likely
through defective vasculogenesis and depletion of uNK cells.

Discussion

BMPs are multifunctional proteins that regulate cell proliferation,
differentiation, and apoptosis (11). Over the last decade, produc-
tion and analysis of mice with targeted deletions of BMP signaling
components have uncovered critical roles of BMPs in female repro-
duction, including follicular development, germ cell-somatic cell
interactions, uterine physiology, and cancer (11, 51). In further sup-
port of the importance of BMP signaling pathways in female repro-
duction, this study has discovered that uterine BMPR2-mediated
signaling controls the formation and function of uterine decidua,
which is critical either directly or indirectly for regulating the func-
tions of several downstream pathways essential for postimplanta-
tion embryo development and maintenance of pregnancy.

BMP2 has been shown to be a crucial regulator for uterine
function. Bmp2 cKO female mice are infertile due to absence of
a decidualization response (17). To further dissect the functional
requirements of the downstream signaling receptor of BMP2 in
the uterus, we generated a cKO of Bmpr2, which encodes a type 2
receptor for BMPs. We found that Bmpr2 cKO female mice were
infertile and did not deliver any live pups during a 6-month fertil-
ity test period despite normal implantation. Since BMPR2 is not
required for implantation, it cannot be the sole receptor for BMP2,
thereby implicating the other type 2 receptors (i.e., ACVR2A and
ACVR2B) either alone or redundantly with BMPR2 in this process.
The physiological ligands of BMPR2 during pregnancy await fur-
ther investigation.

Decidualization, a feature of the pregnant uterus, is the process
of endometrial cell transformation into secretory cells rich in gly-
cogen and lipid. In response to implantation, uterine stromal cells
initiate extensive proliferation and differentiate into decidual cells,
which form an avascular primary decidual zone, followed by a
well-vascularized secondary decidual zone (4). Using both artificial
decidualization and natural pregnancy, we discovered that Bmpr2
cKO female mice exhibited decidual growth restriction, a defect
that is potentially linked to dysregulation of CCND3, a key medi-
ator of G, phase arrest in decidualizing stromal cells (4). Other
investigators have shown that AKT regulates CCND3 stability and
polyploidy in decidual cells, thereby controlling decidualization
(29). However, mRNA levels of Cdk4, Cdk6, and Cdknla and pro-
tein expression levels of tAKT and pAKT were comparable between
isolated decidual cells from uteri of pregnant controls and uteri
from Bmpr2 cKO mice (Figure 4G and Supplemental Figure 8B).
Therefore, the involvement of CDK4, CDK6, CDKN1A, and AKT
in the regulation of decidual cell proliferation/development in
our Bmpr2 cKO female mouse model is not favored. Nevertheless,
our results indicate that BMPR2 is essential for postimplantation
decidualization and proliferation of uterine stromal cells, likely
through regulation of CCND3.

VEGFs are key angiogenic factors involved in decidualization
(30, 31), and the reduced uterine expression of Vegf transcripts in
our Bmpr2 cKO model stimulated efforts to identify the proper-
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ties of uNK cells, potential sources of VEGFs (22, 40). We demon-
strated that uterine BMPR2-mediated signaling is necessary for
the presence of uNK cells and development of uterine decidual
blood vessels. In our study, vascularization defects and accompa-
nying depletion of uNK cells were detected not only in pregnant
uteri but also in decidual stimulated uteri (lacking trophoblast
cells) from Bmpr2 cKO female mice. Although previous reports
have revealed that uNK cell-depleted female mice made by genetic
or pharmacologic methods have narrow lumens of uterine arter-
ies in decidual tissues and reduced VEGF expression (22, 26, 27,
47,52-54), these other models do not show severely hemorrhagic
implantation sites. These findings suggested that Bmpr2 cKO
female mice have other vascularization anomalies.

Furthermore, uNK cells are also recognized as regulators for the
hypoxia-trophoblast cell differentiation/invasion pathway (22).
Maternal hypoxia during the labile period of placental morpho-
genesis activates trophoblast giant cells and invasive trophoblast
cells, resulting in uterine vascular modification and placental for-
mation (23). Depletion of uNK cells induces trophoblast differen-
tiation and invasion through stimulation of the hypoxia signaling
pathways (22). In Bmpr2 cKO female mice, there are defects in the
growth of the ectoplacental cone and trophoblast differentiation
and invasion and increased apoptosis in the trophoblast cells;
since BMPR2 is deleted from the uterine decidua, these extraem-
bryonic defects are likely secondary to the decidual defects that are
unfavorable for trophoblast cell invasion (e.g., loss of migration
signals for trophoblast cells) and/or the vascular anomalies. More-
over, expression of CORIN, a protein associated with preeclamp-
sia and trophoblast invasion and spiral artery remodeling (39), is
dramatically impaired in Bmpr2 cKO female mice. Thus, absence
of uterine BMPR?2 indirectly affects both uNK cell presence and
trophoblast cell invasion, the latter of which is potentially associ-
ated with dysregulation of CORIN expression.

ANGPTs are essential for vascular remodeling and sprouting
new blood vessels due to their roles in stabilization, branching,
permeabilization, and migration of the blood vessels (33-35).
ANGPTs are known to be expressed from hematopoietic stem
cells, endothelial cells, or periendothelial cells, such as pericytes
and smooth muscle cells (36, 55, 56). In addition, ANGPT1
appears to play an angiogenic role at later time points than
VEGFs and distinct from that of VEGFs (55), and ANGPT2 reg-
ulates vascular remodeling with ANGPT1 (33). Since BMPR2 is
expressed primarily in decidual cells, our results indicate that sig-
naling through BMPR2 secondarily regulates ANGPT expression
in endothelial cells.

In summary, we discovered that uterine BMPR2-mediated sig-
naling primarily controls the formation and function of uterine
decidua and secondarily controls the development of postim-
plantation embryos through regulating key pathways (e.g., uNK
cell migration and/or differentiation and VEGF, ANGPT, and
CORIN signaling) that are essential for uterine vascular develop-
ment. The distinct phenotypes between female mice with uterine
deletion of Bmp2 and Bmpr2 indicate that BMP2 signals through
redundant BMP type 2 receptors (i.e., BMPR2, ACVR2A, and/
or ACVR2B) in the implantation period but that BMPs signal
nonredundantly through BMPR2 for postimplantation events.
Our Bmpr2 cKO model has defects in uterine decidualization,
placentation, and maintenance of pregnancy and mimics intra-
uterine growth retardation and placental abruption. The Bmpr2
cKO mice may also be exploited for their potential relevance as a
2548
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model for preeclampsia. Thus, this study has potential implica-
tions in developing new BMP-mediated therapies to treat these
maternal diseases by targeting the specific genes and pathways
involved in these clinical conditions.

Methods
Generation of Bmpr2 cKO female mice. Mice carrying the Bmpr2-null allele
(Bmpr2*/~ mice) have been described previously (15). Mice carrying the
Bmpr2 conditional allele (Bmpr2/ mice) were created by flanking Bmpr2
exons 4 and 5, which encode the transmembrane domain and a por-
tion of the kinase domain, with 2 loxP sites (57). The Bmpr2*”~ mice were
bred to mice carrying Pgr-cre knockin (Pgree* mice) (19) alleles to gener-
ate Bmpr2”/ Pgre/* mice. These mice were then bred to Bmpr2//l mice to
generate Bmpr2//"Pgre¥/* female mice, which were designated Bmpr2 cKO.
Bmpr2f/~ female mice were controls. Mice were genotyped by PCR analyses
of genomic tail DNA using specific primers, as shown in Supplemental
Table 2. Analyses of DNA recombination in the uterus were performed
using isolated uterine DNA. All mouse lines were maintained on a hybrid
C57BL/6] and 129S5/SvEvBrd genetic background.

Fertility analysis. To examine fertility of female mice, WT, Pgr#/*, control,
and Bmpr2 cKO female mice were mated independently with WT fertile
male mice for a 6-month period (n = 10 per genotype). Cages were moni-
tored daily, and the numbers of litters and pups were recorded.

Histological analysis. Ovaries and uteri were dissected and fixed in 10%
neutral buffered formalin for histology. Tissue processing and embedding
were performed in the Baylor College of Medicine Department of Pathol-
ogy Core Laboratory. Paraffin sections (5 wm) were stained with PAS,
hematoxylin-PAS, or H&E.

Tissue collection and RNA extraction. Tissues were collected and stored
immediately at 4°C using RNAlater (Life Technologies) until RNA extrac-
tion. Methods for trophoblast and decidual tissue collection were as
reported previously (58, 59).

Real-time quantitative PCR. Real-time quantitative PCR was performed
as described previously (60). Either the SYBR Green detection system or
the TagMan Assays-On-Demand PCR primer and probe sets (Life Tech-
nologies) were used for individual gene analysis. Primer information and
TaqMan assay ID are listed in Supplemental Table 2. Each sample was ana-
lyzed in duplicate, and relative mRNA levels were calculated by the 2744¢
method as described previously (61), normalized to the endogenous refer-
ence (Gapdh), and plotted as mean + SEM.

Immunobistochemistry. Immunohistochemistry was performed as
described previously (60). Antibody information is listed in Supplemental
Table 3. Tissue sections were briefly counterstained with or without May-
er’s hematoxylin. Oxygen tensions at placentation sites were estimated by
pimonidazole-protein adduct formation (48) using the Hypoxyprobe Plus
Kit (HPI Inc.). To compare intensity of immunostaining between control
and Bmpr2 cKO female mice, tissue sections from both genotypes were
developed for the same amount of time. A section without primary anti-
body was used as negative control.

Immunofluorescence. Paraffin sections were deparaffinized, hydrated,
and boiled for antigen retrieval by the same methods as those used for
immunostaining. After blocking with 5% normal serum/PBS for 1 hour at
room temperature, tissue sections were incubated overnight at 4°C with
the primary antibodies. Antibody information is listed in Supplemental
Table 3. After washing with PBS, tissue sections were incubated with Alexa
Fluor 546- and 488-conjugated secondary antibodies (Life Technologies)
for 1 hour at room temperature and mounted in VECTASHIELD HardSet
Mounting Medium with DAPI (Vector Laboratories) to visualize chromatin.

TUNEL labeling assay of apoptotic cells. TUNEL assay was performed to
analyze DNA fragmentation associated with apoptosis using the ApopTag
Number 6
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Plus Fluorescein In Situ Apoptosis Detection Kit (Millipore), and slides
were mounted in VECTASHIELD HardSet Mounting Medium with DAPIL.
Immunostaining for ACTB was conducted for identification of structural
changes and positional relationship for each tissue compartment.

Western blot analysis. Protein extraction and Western blot analysis were
performed as described previously (60). Antibody information is listed in
Supplemental Table 3.

Follicle development and cumulus expansion assay. To study follicle develop-
ment, immature (4-week-old) control and Bmpr2 cKO female mice (n = 3
for each genotype) were given intraperitoneal injections of S international
units pregnant mare serum gonadotropin (Sigma-Aldrich), and ovaries
were collected after 46 hours. In vivo and in vitro cumulus expansion
analyses were performed as described previously (60). For these analyses,
immature (4-week-old) control and Bmpr2 cKO female mice (n = 3 for each
genotype) were used.

Analysis of superovulation. Superovulation analysis was performed as described
previously (60) using 3-week-old control and Bmpr2 cKO female mice.

Analysis of fertilization, preimplantation embryo development, and implantation.
Control and Bmpr2 cKO female mice were mated with WT fertile male mice
to induce pregnancy. The day of vaginal plug detection was considered day
1 of pregnancy (E1). To examine fertilization, female mice were sacrificed at
E2, dissected oviducts were flushed with M2 medium (Sigma-Aldrich), and
2-cell embryos were recovered and assessed. To examine preimplantation
embryo development, female mice were sacrificed at E4. After removal and
flushing of uteri with M2 medium, blastocysts were recovered and counted.
To examine the attachment and implantation reaction, female mice were
sacrificed at ES. Implantation sites were visualized using Chicago blue dye.

Hormone assays. Blood was collected from 4-month-old adult female mice
by cardiac puncture as described previously (60). Serum follicle-stimulat-
ing hormone (FSH), luteinizing hormone (LH), E,, and P, were measured
by the University of Virginia Center for Research in Reproduction Ligand
Assay and Analysis Core (http://www.medicine.virginia.edu/research/insti-
tutes-and-programs/crr/ligand-page).

Artificial induction of decidualization and alkaline phosphatase staining. Artifi-
cial decidualization of the uterus and alkaline phosphatase staining were
performed as described previously (60).
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Cell cycle analysis by using flow cytometry. After centrifugation, isolated
decidual cells were mixed with 1 x RBC lysis buffer (eBioscience) to remove
erythrocytes, fixed with 70% ethanol overnight at 4°C, and stained with
propidium iodide for 30 minutes at 37°C for the analyses.

Statistics. All experiments were repeated at least 3 times independently.
Differences among groups were assessed by using 2-tailed paired Student’s
t test or 1-way ANOVA, and the mean between individual groups was fur-
ther compared using Tukey’s honestly significant difference test or Dun-
nett’s test. Pvalues of less than 0.05 were considered statistically significant.

Study approval. Animal handling and surgeries were performed according
to the NIH Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee of Baylor
College of Medicine.
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