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Follistatin is critical for mouse uterine receptivity
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Embryo implantation remains a significant challenge for assisted
reproductive technology, with implantation failure occurring in
~50% of in vitro fertilization attempts. Understanding the molecular
mechanisms underlying uterine receptivity will enable the develop-
ment of new interventions and biomarkers. TGFp family signaling in
the uterus is critical for establishing and maintaining pregnancy. Fol-
listatin (FST) regulates TGFp family signaling by selectively binding
TGFp family ligands and sequestering them. In humans, FST is up-
regulated in the decidua during early pregnancy, and women with
recurrent miscarriage have lower endometrial expression of FST dur-
ing the luteal phase. Because global knockout of Fst is perinatal lethal
in mice, we generated a conditional knockout (cKO) of Fst in the
uterus using progesterone receptor-cre to study the roles of uterine
Fst during pregnancy. Uterine Fst-cKO mice demonstrate severe fertil-
ity defects and deliver only 2% of the number of pups delivered by
control females. In Fst-cKO mice, the uterine luminal epithelium does
not respond properly to estrogen and progesterone signals and re-
mains unreceptive to embryo attachment by continuing to proliferate
and failing to differentiate. The uterine stroma of Fst-cKO mice also
responds poorly to artificial decidualization, with lower levels of pro-
liferation and differentiation. In the absence of uterine FST, activin B
expression and signaling are up-regulated, and bone morphogenetic
protein (BMP) signals are impaired. Our findings support a model in
which repression of activin signaling by FST enables uterine receptivity
by preserving critical BMP signaling.

female infertility | implantation failure | TGFp signaling |
activin antagonism

ouse models are powerful tools for improving our un-
derstanding of uterine receptivity because mice can be
easily manipulated with well-established genetic tools and experi-
mental approaches (1). Studies using mice have shown that TGFp
family growth factors play critical roles in establishing uterine re-
ceptivity. The TGFp family operates through a shared mechanism.
The signaling cascade is initiated by binding of homodimeric or
heterodimeric ligands to a cell-surface receptor complex composed
of a type 2 receptor kinase and its partner type 1 receptor kinase.
Once the ligand binds, the type 2 receptor phosphorylates and ac-
tivates the type 1 receptor. The activated type 1 receptor kinase
phosphorylates receptor SMADs, enabling them to form a complex
with the co-SMAD, SMAD4. The resulting heterotrimeric SMAD
complex concentrates in the nucleus where it regulates gene ex-
pression in conjunction with of a multitude of cofactors. Uterine
conditional knockout (cKO) of TGFp superfamily growth factors
bone morphogenetic protein 2 (BMP2), type 1 receptors ALK2 and
ALKS3, and type 2 receptor bone morphogenetic protein receptor 2
(BMPR?2) in mice have shown that local uterine TGFp family sig-
naling plays key roles in regulating embryo attachment and invasion
as well as endometrial stromal cell decidualization (2-5).
Follistatin (FST) is a regulator of TGFp family signaling and acts
by selectively binding to TGFp family ligands and preventing ligand
binding to the receptor complex (6-8). There are two major isoforms
of FST, FST288, which is anchored to the cell surface by interactions
with heparin sulfate proteoglycans (9), and FST315, which is the
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predominant form found in circulation. In humans, aberrant ex-
pression of FST and activins are implicated in infertility; dysregu-
lation of FST, activins, and inhibins was reported in women with
impending abortion (10), recurrent miscarriage (11, 12), hyperten-
sive disorders during pregnancy (13), and repeated implantation
failure after in vitro fertilization (14). However, the role that FST
plays in normal pregnancy remains uncertain.

FST knockout is perinatal lethal in mice (15), precluding study of
its role in reproduction with a global inactivation. Several studies have
sought to overcome limitations of the global knockout and define the
roles of FST in female reproduction. Systemic FST overexpression
causes female infertility resulting from blockages in ovarian folli-
culogenesis and abnormal uterine development, resulting in thin uteri
(16). The role of FST in the ovary was further characterized by
conditional ablation of Fst in the granulosa cells of the ovary using
anti-Miillerian hormone receptor type 2-cre (17). These ovarian cKO
mice were subfertile because of ovarian developmental defects that
progressed into premature ovarian failure and sterility later in life
(17). Three recent studies have taken yet another approach, gener-
ating mice that express only one of the two major isoforms,
FST288 or FST315, driven by either native human or murine pro-
moter sequences (18-20). All three studies reported female infertility,
primarily resulting from the critical role that FST has been shown to
play in ovarian function (17); however, the roles that FST plays in the
uterus are unclear from these studies. To address the roles of uterine
FST during pregnancy, we generated a conditional knockout of Fit
in the uterus of adult female mice using progesterone receptor-cre
(Pgr-cre). Uterine deletion of Fst precluded uterine receptivity to
embryo attachment and compromised decidualization.

Significance

An estimated 50% of in vitro fertilization attempts fail to achieve
implantation, making implantation one of the most significant
challenges in the assisted reproductive technologies (ART) clinic.
Unfortunately, no effective treatments or biomarkers are available
for the receptivity of the uterus to embryo implantation. Un-
derstanding the molecular mechanisms underlying implantation
will enable future advances in ART to improve success rates and
reduce the emotional, physical, and financial toll that ART failure
takes on patients. We generated conditional knockout of follistatin
in the uterus and demonstrated that follistatin plays a critical role
in establishing uterine receptivity. Our results contribute to the
understanding of the molecular mechanisms underlying uterine
receptivity and offer a useful animal model for studying implan-
tation and decidualization failure.
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Fig. 1.

Generating a conditional knockout of Fst in the uterus. (A and B) Relative Fst288 and Fst315 mRNA levels in whole uterus in wild-type females (n =

3 per time point) mated to vasectomized males. Gene-expression data are normalized to levels of 36B4 mRNA with the average value of the 0.5-dpc time
point set to one. Data are presented as + SEM. (C) lllustration of the Fst conditional allele with /oxP sites placed in intron 1 and at the 3’ end of exon 6. (D-F)
Relative Fst288 and Fst315 mRNA levels in uterine stroma and epithelium at 3.5 dpc (control, n = 3; cKO, n = 6) (D and E) and in adult ovary (control, n = 4;
cKO, n = 4) (F). Relative gene-expression data are normalized to levels of 36B4 mRNA with the average value of the control set to one and are compared

across genotype. Data are presented as mean + SEM; *P < 0.05, ***P < 0.005.

Results

Generation of Fst-cKO Mice. Previous studies have shown that FST
is significantly up-regulated in the mouse uterus during early
pregnancy, rising from negligible levels in nonpregnant females to
higher levels of expression at the time of blastocyst implantation at
3.5 d post coitum (dpc) (Fig. 1 A and B) (21, 22). To study the
roles of FST in the uterus during pregnancy, we generated mice
with conditional deletion of Fst in the uterus. To do so, we started
with mice carrying homozygous alleles of Fst with loxP sites placed
in intron 1 and at the 3’ end of exon 6 (17). Fs/™1°* mice were
mated to mice carrying a Pgr-cre allele, in which Cre is knocked in
to the Pgr locus allowing Cre protein expression to be driven by the
native Pgr promoter (23). We produced Pgr™™* Fst™®/1* (cKO)
mice, in which exons 2 through 6 are excised (Fig. 1C), eliminating
the expression of FST in tissues expressing the progesterone re-
ceptor (PR), ie., the anterior lobe of pituitary glands, granulosa
cells of the postovulatory follicles, oviducts, and epithelium,
stroma, and myometrium of the uterus (23). We verified by
quantitative RT-PCR (RT-qPCR) that expression of both isoforms
of the Fist gene are ablated in the uterus of 3.5-dpc pregnant mice
(Fig. 1 D and E). We did not observe any change in Fist expression
in the ovaries of randomly cycling adult Fs-cKO mice (Fig. 1F).

Fst-cKO Mice Are Severely Subfertile but Display Normal Ovarian
Function. Female fertility was assessed by mating Fst-cKO and
control females with wild-type males continuously for 4 mo and
tracking the number of litters and pups produced by each female.
Fst-cKO females were severely subfertile, producing significantly
fewer pups per female (2% of the control; P < 0.001), fewer litters
per female (P < 0.001), and fewer pups per litter (P < 0.001) than
the control females (Table 1). Notably, five of nine Fst-cKO fe-
males were sterile and did not produce any pups during the 4-mo
mating trial. The pups that were born to Fst-cKO mothers were
unremarkable and developed normally from birth to weaning. We
observed vaginal plugs in Fst-cKO mice indicating that mating
behavior was normal in these females. We did not observe gross
developmental defects in the uteri of our Fst-cKO mice.
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Because Pgr-cre is expressed in the granulosa cells of pre-
ovulatory follicles (23) and FST has been shown to play an im-
portant role in the ovary (17), we examined ovarian function in
our Fst-cKO mice. Histological examination of ovaries from
adult females showed no overt differences between Fst-cKO and
control mice, with corpus luteum observed in both (Fig. S1.4 and
B), and superovulation of 3-wk-old mice showed no significant
difference in the number of oocytes released (Fig. S1C). Oocyte
quality is not compromised in Fst-cKO females because equiva-
lent numbers of blastocysts were recovered after flushing the
uterine horns of 3.5-dpc pregnant control and Fst-cKO mice
(Fig. S1D). Finally, we measured ovarian production of estradiol
(E2) and progesterone (P4) during pregnancy by examining se-
rum hormone levels at 3.5 dpc and found no change in Fst-cKO
mice (Fig. S1 E and F). Because Fst-cKO mice are sterile or
severely subfertile but show normal mating behavior, ovarian
function, oocyte quality, and hormone levels during pregnancy,
we next examined the effects of Fst ablation on uterine function
during early pregnancy.

Fst-cKO Mice Show Impaired Blastocyst Implantation. Implantation
of the embryo into the uterus is an essential step for the estab-
lishment of pregnancy. In the mouse, embryo implantation occurs
in a stepwise process. Between 3.5 and 4.5 dpc, the blastocyst at-
taches to the uterine luminal epithelial layer, triggering decidual-
ization—the proliferation and differentiation of stromal cells to
prepare for embryo implantation—in the stromal layer (24) and
closure of the uterine lumen (25). The number and location of
implanted embryos in the uterus can be visualized by intraocular
injecting Chicago Blue dye, which intercalates into the vascu-
larized decidual tissue surrounding the implanted embryo and

Table 1. Four-month breeding trial with wild-type males
Genotype Females Pups Pups per female Litters Pups per litter
Control 7 184 26.3 + 1.52 28 6.57 + 0.71
cKO 9 5 0.56 + 0.24 4 1.25+0.25
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turns the implantation site a vibrant blue color. We assessed
implantation in Fst-cKO and control mice at 4.5 dpc using this
method; control mice had an average of 8.75 + 0.48 implantation
sites per pregnant female, but Fst-cKO mice had no implantation
sites (Fig. 2 A-C). Histology of 4.5-dpc uteri from control and
Fst-cKO mice shows that embryos attach properly to the luminal
epithelium and trigger luminal closure in the control mice, but in
the Fst-cKO mice the embryo does not attach to the luminal
epithelium and instead floats in the uncontracted lumen (Fig. 2
D-G). We were able to observe blastocysts after we flushed the
uteri of several Fst-cKO mice (n = 3) at 4.5 dpc, indicating that
the blastocysts had failed to attach to the Fst-cKO uterus and
that the uterine lumen had not contracted around the embryo.
We found a significant decrease in the expression of deciduali-
zation genes Hand2, Wnt4, and Bmp2, but not their upstream
regulator Nr2f2 (Fig. 2H), supporting our observation that em-
bryos fail to attach to the luminal epithelium of Fst-cKO mice
and thus do not stimulate a decidual response.

Fst-cKO Mice Fail to Achieve Uterine Receptivity. For the embryo to
attach to and implant into the uterus, the uterus must change
from a nonreceptive to a receptive state. These changes are
regulated by the hormones E2 and P4 and by an intricate series of
downstream interactions between the stromal, luminal epithe-
lium, and glandular epithelial layers of the uterus (26). In the
uterine luminal epithelium, E2 signals support proliferation of
the luminal epithelium, whereas P4 signals oppose proliferation
and drive differentiation (27). For the embryo to attach, the lu-
minal epithelium must switch from a nonreceptive proliferative to
a receptive differentiated state. Because we observed a failure of
attachment and implantation in our Fs-cKO mice, we examined
proliferation and two key markers of uterine receptivity, mucin
1 (MUC1) and E-cadherin, in the uterine luminal epithelium at
3.5 dpc. MUC is down-regulated during epithelial differentiation
and must be lost for the mouse uterus to be receptive to embryo
attachment (28). Down-regulation of E-cadherin in the luminal

epithelial layer is part of the loss of apical-basal polarity, a change
necessary to allow embryo attachment (29). In our control mice, the
uterus appears receptive without epithelial proliferation, indicated
by the lack of Ki67 immunostaining (Fig. 3 4 and C), and with low
expression of MUC1 and E-cadherin seen by immunofluorescence
(Fig. 3 E and G). However, histology and immunofluorescence
show a nonreceptive phenotype in Fst-cKO mice with continued
proliferation in the luminal epithelial layer, indicated by positive
Ki67 staining (Fig. 3 A-D) and retention of luminal epithelial
expression of MUCI1 and E-cadherin (Fig. 3 E-H).

Because both epithelial proliferation and Mucl expression are
driven by E2 and are constrained by P4 signaling, we examined
gene-expression markers for both E2 and P4 signaling by
RT- qPCR. E2 signaling is significantly enhanced in Fst-cKO mice
at 3.5 dpc with E2 target genes Lif, Ltf, and Mucl up-regulated
(Fig. 3I). P4 signaling appears to be unaltered with PR-regulated
genes Hand2, Nr2f2, Ihh, and Smo showing no change in expres-
sion (Fig. 3/). We did not observe any difference between serum
E2 and P4 levels (Fig. S1 E and F) or between estrogen receptor o
(Esrl) and PR gene expression levels at 3.5 dpc in control and Fist-
cKO mice (Fig. 3K). This finding suggests that a cofactor may
drive an increased response to E2 signaling in the absence of FST
and may interfere with the transition of the luminal epithelium
from a proliferative to a differentiated state.

To assess the effects of Fst knockout on the uterine response to
E2 and P4, we performed a Pollard experiment (27), which simu-
lates the hormonal changes that accompany pregnancy leading up
to uterine receptivity and allows the study of a specific time point
after the E2+P4 surge that initiates the receptive phase (Fig. 44).
At 16 h after E2+P4 treatment, we observed changes in gene ex-
pression similar to those seen at 3.5 dpc with up-regulation of
E2 target genes (Fig. S24) and no change in P4-regulated genes
(Fig. S2B). We also observed aberrant proliferation in the luminal
epithelium of Fst-cKO mice in line with the data from 3.5-dpc
pregnant females as measured by Ki67 immunoreactivity (Fig. S2 C
and D). A possible mechanism for the aberrant luminal epithelial
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Embryo implantation at 4.5 dpc is absent in Fst-cKO mice. (A and B) Implantation sites were visualized at 4.5 dpc by intraocular injection of females
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with Chicago Blue dye. Black arrows indicate implantation sites. (C) The number of implantation sites visible as blue bands by Chicago Blue dye in control (n =
4) and Fst-cKO females (n = 11) was counted and is reported as mean + SEM. (D and E) H&E staining of implantation sites and uterus from control and Fst-cKO
mice. (F and G) Higher magnification of boxed areas of D and E. Asterisks indicate embryos. (H) Gene-expression data comparing relative mRNA levels in
implantation sites or uterus at 4.5 dpc (control, n = 3; cKO, n = 3). Gene-expression data are normalized to levels of 36B4 mRNA with the average value of the
control set to one and are compared across genotype. Data are presented as mean + SEM; *P < 0.05, ***P < 0.005. (Scale bars: A and B, 1 cm; D and F, 200 pm;

E and G, 50 pm.) NS, not significant.
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Fig. 3. Fst-cKO mice fail to achieve uterine receptivity at 3.5 dpc. (A-D) Immunohistochemistry for the proliferation marker Ki67 with paraffin sections from
pregnant control and Fst-cKO females at 3.5 dpc. Sections are counterstained with hematoxylin. Brown staining denotes Ki67* proliferating cells. (C and D)
Higher magnification of the boxed sections in A and B. (Scale bars: A and B, 100 um; C and D, 20 um.) (E and F) Immunofluorescence for the uterine receptivity
marker MUC1 (green) and nuclear marker DAPI (blue). Expression of MUC1 in the epithelium at 3.5 dpc indicates a nonreceptive uterus. (G and H) Immu-
nofluorescence for the uterine receptivity marker E-cadherin (green) and nuclear marker DAPI (blue). Expression of E-cadherin in the epithelium at 3.5 dpc
indicates intact apical-basal polarity and a nonreceptive uterus. (Magnification: 20x.) (/-K) Relative expression of mRNA for E2- (/) and P4- (J) regulated genes
and hormone receptors (K) in control (n = 3) and Fst-cKO (n = 6) females at 3.5 dpc. Uterine luminal epithelium and stroma were separated and purified after
trypsin digestion. Lif, Ltf, Muc1, and lhh are epithelial-expressed genes; Hand2, Nr2f2, Smo, Esr1, and PR are stromal-expressed genes. Gene-expression data
are normalized to levels of 36B4 mRNA with the average value of the control set to one and are compared across genotype. Data are presented as mean +

SEM; *P < 0.05, ***P < 0.005.

proliferation seen in Fst-cKO mice was detectable in the Pollard
experiment. The proproliferation genes Mcm2, Mcm7, and Kif4
were up-regulated, whereas the negative regulator KIf15 was
down-regulated (Fig. 4B). BMP signaling through ALK3 supports
P4 signaling in the luminal epithelium through binding of SMAD4
and PR at KIfl5 to up-regulate its expression, leading to down-
regulation of Mcm2 and Mcm?7 by KLF15 and reducing prolifer-
ation in the luminal epithelium (4).

Fst-cKO Mice Have Impaired Decidualization. Although we were
unable to observe any implantation sites in Fst-cKO mice, the up-
regulation of FST at 5.5 dpc in normal pregnancy (22) suggests that
it might play an important role in decidualization. To address this
hypothesis, we studied the role of FST in decidualization using an
artificial decidualization experiment (Fig. 5A4). In artificial decidu-
alization, the hormonal profile of pregnancy is simulated in ovari-
ectomized mice, and decidualization is triggered by injection of
sesame seed oil into the uterine lumen of one of the two uterine
horns. Injecting oil disrupts the epithelial layer in a manner similar
to embryo attachment and triggers decidualization. The decidual
response is promoted by additional hormone treatments, and after

Fullerton et al.

5 d the untreated and oil-injected uterine horns of each mouse are
examined. Although ablation of Fst did not entirely preclude
decidualization in our assay, it did severely compromise it.
Fst-cKO mice had a significantly diminished response to the de-
cidual stimuli (Fig. 5 B-D) characterized by dramatically reduced
proliferation (Fig. 5 E and F). Stromal differentiation was also
poor in Fst-cKO mice, with smaller, less-differentiated stromal
cells detected by alkaline-phosphatase staining (Fig. 5 G and H).

Loss of Uterine FST Leads to Aberrant Activin Signaling During Early
Pregnancy. Given that FST regulates activin and BMP signaling, we
assessed the impact of uterine Fst knockout on activin and BMP
expression and activity. We observed a striking up-regulation of
inhibin pB transcript levels in Fst-cKO mice at 3.5 dpc, 4.5 dpc,
and 16 h after treatment with E2+P4 (Fig. 64), but not of inhibin
BA or inhibin « transcripts (Fig. S2E). In line with the changes that
we observed in gene expression, inhibin pB protein expression is
up-regulated in the uteri of pregnant Fst-cKO females at 3.5 dpc
(Fig. 6 B and C). Homodimers of inhibin B form activin B, which
binds to a complex of ACVR2A/B and ALK4/7 and drives
changes in gene expression through phosphorylation of SMAD2/3.

PNAS | Published online May 30, 2017 | E4775
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Fig. 4. Fst-cKO mice do not respond properly to E2+P4 treatment. (A) Experimental plan outline. (B) Uterine luminal epithelium and stroma were separated and
purified after trypsin digestion. Analysis of the epithelial fraction (control, n = 3; cKO, n = 5) is presented in B. Gene-expression data are normalized to levels of
36B4 mRNA with the average value of the control set to one and are compared across genotype. Data are presented as mean + SEM; *P < 0.05, ***P < 0.005.

We observed an increase in phosphorylated SMAD2/3 protein by
Western blot in the uteri of Fst-cKO mice at 3.5 dpc (Fig. 6 D and F).

The other major targets of FST expressed in the uterus at this
time point are the BMPs. To determine whether BMP levels were
altered in the absence of FST, we examined gene expression of
Bmp2, Bmp5, and Bmp7 at 3.5 dpc but found no change (Fig. S2F).
To check for any global effect on BMP signaling, we immunoblotted
for phosphorylated SMAD1/5, the effector of BMP signaling, and
found a decrease in the uteri of Fst-cKO mice at 3.5 dpc (Fig. 6 E

and G). To assess the effect of reduced phosphorylated SMAD1/5 on
SMAD binding to BMP signaling targets, we performed ChIP for
SMAD#4 and PR at their shared binding site in KIf15 (4). We ob-
served no change in PR occupancy; however, we observed a signifi-
cant reduction in SMAD4 binding to KIf15 in Fst-cKO mice (Fig. 7).

Together, our data on activin and BMP signaling support the
hypothesis that FST suppresses activin B activity and Inhbb expres-
sion during early pregnancy, allowing BMP signaling to predominate
(Fig. 84). In the absence of FST, activin B is up-regulated, and
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Fig. 5.

Fst-cKO mice have defective decidualization. (A) Experimental plan outline. (B and C) Representative pictures showing the gross morphology of oil-

treated uterine horns (C) and untreated horns (B) from control and Fst-cKO mice collected 5 d after oil injection. (D) The ratio between the wet weight of the oil-
treated horn to the wet weight of the untreated horn was calculated for each control (n = 6) and each Fst-cKO (n = 3) mouse; then ratios were averaged and
compared across genotype. Data are presented as mean + SEM; **P < 0.01. (E and F) Immunohistochemistry for the proliferation marker Ki67 with paraffin

sections from the oil-treated horns of control and Fst-cKO females. Sections were

counterstained with hematoxylin. Brown staining denotes Ki67* proliferating

cells. (G and H) Immunohistochemistry for the stromal differentiation marker alkaline phosphatase with cryo-sections from the oil-treated horns of control and
Fst-cKO females. Dark staining indicates alkaline phosphatase expression. (Scale bars: E-H, 50 um.) ALP, alkaline phosphatase.
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Fig. 6. Activin expression and signaling are up-regulated in early pregnancy of Fst-cKO mice. (A) Expression of Inhbb mRNA levels at 3.5 dpc in the stromal
fraction (control n = 3, cKO n = 6), at 4.5 dpc in whole uterus (control n =3, cKO n = 3), and 16 h after E2+P4 treatment in the stromal fraction (control n = 4,
cKO n = 4). Gene-expression data are normalized to levels of 36B4 mRNA with the average value of the control set to one and are compared across genotype.
(B) Western blot analysis for inhibin B of whole uteri from pregnant control (n = 3) and Fst-cKO females (n = 3) at 3.5 dpc. (C) Quantification of the Western
blot shown in B, normalized to actin. (D) Western blot analysis for pPSMAD2/3 and pSMAD1/5 of whole uteri from pregnant control (n = 4) and Fst-cKO females
(n = 4) at 3.5 dpc. (E and F) Quantification of the Western blots shown in D normalized to actin. Data are presented as mean + SEM; *P < 0.05, ***P < 0.005.

competition for shared signaling pathway components between
activin and BMP signaling likely reduces the BMP signals critical for
uterine receptivity (Fig. 8B).

Discussion

In this study, we generated a mouse model with conditional
ablation of Fst in the uterus. Uterine Fst-cKO mice are sterile or
severely subfertile because they fail to achieve uterine receptivity
to allow embryo implantation and cannot properly decidualize to
support an implanted embryo. FST has been shown to be critical

KIf15

Fold
Enrichment

O P NN W B U O

SMAD4

IgG PR

for ovarian function by conditional ablation in the ovary (17) and
to be implicated in uterine development through studies of mice
with systemic expression of only one of the two isoforms of FST
(18-20); our study examines the role of FST in the uterus during
pregnancy. In agreement with previous studies (21, 22), we found
that Fst is strongly up-regulated during early pregnancy. In the
absence of Fst, we discovered that the uterine luminal epithelium
does not respond properly to E2 and P4 signals, remaining un-
receptive to embryo attachment by continuing to proliferate and
failing to differentiate.
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Fig. 7. SMAD4 binding to K/f15 is down-regulated in Fst-cKO mice at 3.5 dpc. ChIP-qPCR was used to analyze the binding of PR and SMAD4 to their binding
sites at KIf15 (Left) and at chr11:120222708-120222891 (Right), a negative control region. Data were normalized to input and are expressed as mean fold

enrichment over input relative to an I1gG control, + SEM; **P < 0.01.
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Fig. 8. FST promotes uterine receptivity by regulating activin and BMP

signals. (A) Normally, FST suppresses the action and expression of activin
B during early pregnancy. This suppression allows BMP signaling to be the
primary partner for the shared type 2 receptors, ACVR2A/B, and the shared
cofactor, SMAD4. BMP signaling cooperates with P4 signaling through in-
teractions with PR to promote a receptive uterine epithelium. (B) When FST
is conditionally ablated in the uterus, the process depicted in A is disrupted.
Uninhibited and up-regulated activin B competes with BMP signaling for the
shared ACVR2A/B and SMADA4, driving activin signaling at the expense of the
BMP signaling necessary for uterine receptivity.

We hypothesize that the failure of uterine receptivity is caused
by increased expression and activity of inhibin B in the absence of
FST during early pregnancy. Inhibin fB dimerizes to form activin
B, a TGFp family ligand that signals through ACVR2A/B and
ALK4/7 to drive phosphorylation of SMAD?2/3, which regulate
transcription. The aberrant activin expression that we observed in
the absence of FST is likely responsible for reduced BMP signaling
at 3.5 dpc. Antagonism between signaling by the TGFf/activin and
BMP families of ligands has been reported in numerous de-
velopmental processes (30-32) and tissues (33-38). Dysregulation
of this antagonism can have dramatic consequences for tissue
homeostasis, as seen in juvenile granulosa cell tumors, in which
mouse models have shown that tumorigenesis is promoted by
TGFp/activin signaling through SMAD2/3 and is opposed by BMP
signaling through SMAD1/5 (39-47). Direct competition between
the pathways can occur for availability of the shared type 2 receptors
ACVR2A/B (48-50) or the availability of the common cofactor
SMADA4 (51). In the context of uterine receptivity, our findings
suggest that FST likely promotes BMP signaling critical for re-
ceptivity (4) by preventing or reducing activin competition (Fig.
8); although FST has been shown to bind BMPs, it has a much
higher affinity for activins (52).
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Another TGF ligand expressed during the peri-implantation
period in the uterus is nodal, which signals through ACVR2A/B
with the assistance of its coreceptor cripto. Nodal is expressed in
the uterine glandular epithelium at 3.5 dpc and may play a role in
regulating implantation site spacing (53). Pgr-cre Nodal-cKO
mice have midgestation pregnancy defects and a reduced rate of
pregnancy; however, the early pregnancy defect has not been
characterized (54). Although nodal is not regulated by FST, the
cripto coreceptor can reduce the strength of activin signals
through ACVR2A/B (55). However, because cripto cannot
compensate for the absence of FST, the two regulators appear to
have nonoverlapping or nonredundant roles during early preg-
nancy. Future studies are needed to characterize the roles of
specific ACVR2A/B ligands, including nodal, more thoroughly
during early pregnancy.

We observed increased expression of E2-regulated genes in Fit-
cKO mice during early pregnancy. This increase may be caused by
aberrant activin signaling, because SMAD3 can interact directly
with estrogen receptor a to amplify E2 signals (56). Additionally, in
mouse uterine tissues treated with estrogen, estrogen receptor o
binds to the Inhbb promoter regions 2,720 bp upstream of the
transcription start site (57). These data suggest that the elevated
E2 signaling observed in the absence of uterine FST may contribute
directly to maintaining elevated uterine activin B through a positive
feedback loop. Therefore, it seems plausible that the absence of
uterine FST precludes uterine receptivity because aberrant activin
signaling from the stroma to the luminal epithelium dysregulates
the uterine response to E2 and P4 by boosting the E2 signal through
interactions of phosphorylated SMAD3 with estrogen receptor o.
Therefore, we propose that FST repression of activin signaling
during early pregnancy has a twofold role: preserving BMP signal-
ing and preventing dysregulation of E2 signaling. Additional studies
will be necessary to determine whether aberrant activin expression
and activity during early pregnancy in the absence of FST alters
E2 signaling directly through SMAD-ERa protein—protein inter-
actions or indirectly by regulating overlapping sets of genes.

We also found that uterine Fst-cKO mice have defective
decidualization with reduced stromal proliferation and differ-
entiation. Our study provides experimental in vivo evidence that
FST plays a critical role in regulating decidualization.

Activin signaling has been implicated as a regulator of decidu-
alization in women; components of activin signaling are expressed
in the human endometrium (58), and activins and FST are up-
regulated in decidualized stromal cells (59), Activin A is up-
regulated during the secretory phase of the menstrual cycle (60),
and treatment of artificially decidualized cultured human endo-
metrial stromal cells with exogenous activin A promotes prolac-
tin expression (61), whereas treatment with FST reduces IGFBP-1
secretion (62). Studies of activin expression patterns during
decidualization in mice and rats have further suggested that activin
expression may regulate decidual regression during placentation
(22, 63, 64), and activin signaling is thought to regulate interac-
tions between the fetal placenta and maternal decidua in humans
(65, 66); however, the roles of activin signaling in the decidua have
not been well studied experimentally in vivo.

Our data showing that FST expression is necessary for a proper
decidual reaction suggest that activin is not simply a prodecidu-
alization factor. This notion is further supported by the absence of
any gross defects in decidualization in mice deficient for either of
the activin type 1 receptors, Alk7 (67) or Alk4 (68). Although the
absence of such defects could result from redundancy between the
two receptors, uterine conditional knockout of either 4/k2 (3) or
Alk3 (4), the type 1 receptors for the critical decidualization factor
BMP2 (2), severely compromises decidualization. We cannot
comment on the roles of maternal FST in regulating placentation
because uterine receptivity defects preclude any study of placen-
tation in our Fst-cKO mice. New in vivo models, particularly with
uterine conditional knockout or overexpression of inhibin PA/B,
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are needed to study the roles of activin signaling in the decidua
and to determine whether FST and activins can serve as bio-
markers for uterine receptivity.

Aberrant levels of uterine FST, activins, and inhibins are
reported in women with recurrent miscarriage (11, 12), repeated
implantation failure after in vitro fertilization (14), and impending
abortion during early pregnancy (10). Our study suggests that
regulation of activin signaling by FST during early pregnancy may
play important roles in uterine receptivity and decidualization,
critical events for the success of early pregnancy. In the United
States, ~12% of women have difficulty becoming pregnant or
carrying a pregnancy to term (69). Assisted reproductive tech-
nology (ART) can help many women with infertility; however,
ART success rates are low, with an ~30% chance of a live birth
per procedure (70). Embryo implantation into the uterus is a
significant bottleneck to improving ART success rates; ~48% of in
vitro fertilization attempts fail to achieve implantation, and a third
of implanted embryos are lost before clinical pregnancy (71).
Additional studies are necessary to determine whether FST and
activin levels could serve as biomarkers for in vitro fertilization
success or as the basis for treatments to improve implantation
rates of in vitro fertilization.

Materials and Methods

Animals and Ethics Statement. All mouse lines were maintained on a hybrid
C57BL/6) and 129S5/SvEvBrd genetic background. Animal handling and
surgeries were performed per the NIH Guide for the Care and Use of Lab-
oratory Animals (72) and were approved by the Institutional Animal Care
and Use Committee of Baylor College of Medicine.

Generation of Fst-cKO Female Mice. Mice with floxed alleles of Fst (originally
Fsttm22ukitm2zuk - here Fstflo¥floX)y have been previously described (17).
mice were bred with Pgr®* mice (23) to generate Pgr<®’*
Fst°* males. These males then were bred with Fst¢flx females to
produce Pgre* Fst"oM°ox males. Our experimental Pgr®* Fsto/fox and
littermate control Fst™flox females were then produced by breeding Pgr<®*
Fst1o¥flox males with Fstofox females. Mice were genotyped by PCR analysis

of genomic DNA isolated from tail clippings.

Fstfloxlﬂox

Fertility Analysis. Female fertility was assessed by mating cohorts of Fst cKO
experimental (n = 9) and control (n = 7) females individually starting at 6 wk
of age with sexually mature males. The numbers of litters and pups were
tracked over a 4-mo period for each mouse. Pups per female and pups per
litter for each genotype are reported as mean + SEM.

Timed Mating. Sexually mature mice (6 wk of age or older) were mated to
fertile wild-type males and copulation was confirmed by the observation of
vaginal plugs the following morning. The morning when the plug was ob-
served is designated as 0.5 dpc.

Visualizing Implantation Sites. Implantation sites were visualized in 4.5 dpc
pregnant mice by retro-orbital injection of 200 uL of 1% Chicago Blue B; mice
were killed ~2 mo after injection. Dissected uteri were photographed, and
the blue bands indicating implantation sites were counted.

Blastocyst Collection. Blastocysts were isolated from 3.5-dpc pregnant mice by
dissecting out the uterus, isolating each horn, inserting a 26-gauge needle
into the lumen of the uterine horn through the oviduct, flushing 200 uL of
HBSS (Invitrogen) into each horn, collecting the flushed medium from both
horns on a tissue culture plate, and counting the number of blastocysts
under a dissecting microscope.

Ovulation Analysis. Female mice at age 20-23 d were injected with 5 IU preg-
nant mare serum gonadotropin (PMSG), followed by 5 IU human chorionic
gonadotropin (hCG) 44-46 h later. After an additional 18-22 h, the mice were
killed, and oviducts were isolated. Cumulus-oocyte complexes (COC) were re-
moved from the oviducts and collected in M2 medium (Sigma-Aldrich). The
number of COCs per female was counted and compared across genotypes.

Hormone Analysis. Blood was collected by cardiac puncture from 3.5-dpc

pregnant females under isoflurane anesthesiaimmediately before mice were
killed. Pregnancy was verified by flushing the uteri of mice at 3.5 dpc and
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observing blastocysts. Serum was separated from the blood by centrifugation
and stored at —80 °C before hormone analysis. Serum P4 and E2 levels were
measured by the Ligand Assay and Analysis Core at University of Virginia.

Pollard Experiment. The hormonal profile of pregnancy at the time of im-
plantation was simulated using a previously described experimental scheme
(27) which we refer to as the “Pollard” experiment. In brief, mice at 6-8 wk
of age were ovariectomized under isoflurane anesthesia with appropriate
analgesics. After at least 2 wk to allow endogenous ovarian hormones to
dissipate completely, the mice were treated with daily s.c. injections of
E2 (100 ng) for 2 d. Following this treatment and after 2 d of rest, the mice
were injected daily for 3 d with 1 mg of P4. On the fourth day, the mice were
treated with 100 ng of E2 and 1 mg of P4. The mice were killed 16 h after
the E2+P4 injection.

Artificial Induction of Decidualization. Decidualization was artificially induced
using previously described methods (73). In brief, mice at 6-8 wk of age were
ovariectomized under isoflurane anesthesia with appropriate analgesics.
After at least 2 wk to allow endogenous ovarian hormones to dissipate
completely, the mice were treated daily with s.c. injections of E2 (100 ng) for
2 d. After 2 d of rest, the mice were treated daily with 1 mg P4 s.c. and 10 ng
of E2 s.c. for 3 d. A second surgery was performed 6 h after the last hormone
injection to expose one uterine horn. Decidualization was induced in this
horn by injection of 100 uL of sesame oil into the lumen. The other uterine
horn was left untreated as a control. Daily hormone treatments with 1 mg
P4 s.c. and 10 ng E2 s.c. were continued for 5 d. The mice were killed 6 h after
the last hormone injection, and the wet weights of the traumatized and
control uterine horns of each mouse were recorded. Uterine tissue was
collected from both horns and was fixed in 10% neutral buffered formalin
or was frozen. Fixed samples were processed and embedded in paraffin
blocks or were run through a sucrose gradient before freezing.

Epithelial-Stromal Separation. To separate the luminal epithelium from the
stromal compartment of the uterus at 3.5 dpc of pregnancy or in the Pollard
experiment, uteri were collected, cut into 2-mm pieces, and incubated in 1%
trypsin (Sigma-Aldrich) in HBSS (Invitrogen) for 30 min at 37 °C. After in-
cubation, the luminal epithelium was visualized under a dissecting micro-
scope and isolated using forceps and a mouth pipette. Both epithelial and
stromal samples were frozen for RNA extraction. The purity of the epithelial
and stromal samples was verified by evaluating epithelial (keratin 8, Krt8)
and stromal (vimentin, Vim) markers using RT-gPCR (Fig. S2G).

Histological Analysis. Tissues were fixed in 10% neutral buffered formalin for
24 h, transferred to 70% ethanol, and embedded in paraffin. Paraffin sections
were stained with H&E or hematoxylin-periodic acid Schiff (PAS) using
standard procedures.

Immunofluorescence and Immunohistochemistry. Paraffin sections were depar-
affinized with Histo-Clear (Thermo Fisher), hydrated with an ethanol gra-
dient, and boiled for antigen retrieval. After blocking with 5% 1gG-free BSA
(Sigma-Aldrich) for 1 h at room temperature, sections were incubated
overnight at 4 °C with the primary antibodies listed in Table S1. For immu-
nofluorescence, after washing with Tris-buffered saline (TBS) and Tween 20
(TBST), sections were incubated with Alexa Fluor 488-conjugated secondary
antibodies (Life Technologies) for 1 h at room temperature, incubated for
5 min with 1:1,000 DAPI in TBST, and mounted with Immu-Mount. For im-
munohistochemistry, sections were incubated with biotinylated second-
ary antibodies and ABC reagent (Vector Laboratories), developed using a
3,3’-diaminobenzidine (DAB) substrate kit (Vector Laboratories), and coun-
terstained with H&E.

Alkaline Phosphatase Activity Assay. Uteri from the artificial decidualization
experiment were fixed overnight in 10% neutral buffered formalin followed by
incubation in a sucrose gradient and were embedded in optimum cutting
temperature (OCT) medium using an ethanol/dry ice bath. Frozen sections
(5 pm thickness) were postfixed in 0.2% glutaraldehyde for 10 min, washed
in 0.1 M Tris-HCl (pH 9.5), and then incubated in 4-nitro blue tetrazolium/
5-bromo-4-chloro-3-indolyl-phosphate (NBT/BCIP) working solution (Vector
Laboratories) for 15-25 min. Sections were counterstained in Nuclear Fast
Red (Vector Laboratories) for 30 s, rinsed in tap water, dehydrated, and then
mounted with Permount. A dark blue stain is indicative of alkaline phos-
phatase activity in the decidualized cells of the uterine stroma.
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Western Blot Analysis. Protein was isolated by lysing cells with radio immu-
noprecipitation assay (RIPA) lysis buffer (Pierce) supplemented by cOmplete
EDTA-free protease inhibitor (Roche) or Halt Protease and Phosphatase
Inhibitor Mixture (Thermo Fisher). The supernatant was extracted after high-
speed centrifugation at 4 °C. Protein was prepared for SDS/PAGE by dilu-
tion with 4x Nu-PAGE Sample buffer (Invitrogen), the addition of 2-mercapae-
thanol (Sigma), boiling, and cooling. SDS/PAGE was performed on NuPAGE
4-12% Bis-Tris gels (Life Technologies) with NUPAGE Mes SDS Running
buffer (Life Technologies). Proteins were transferred to PVDF membranes,
blocked with 3% milk in Tris-buffered saline and 0.1% Tween 20, probed
with protein-specific antibodies, incubated with HRP-conjugated secondary
antibodies, and visualized via enhanced chemiluminescence using Super-
Signal West Pico Chemiluminescent Substrate (Thermo Scientific) or Super-
Signal West Femto Chemiluminescent Substrate (Thermo Scientific). Primary
antibodies used in this study are listed in Table S1. All antibodies were di-
luted in 5% IgG-free BSA in Tris-buffered saline and 0.1% Tween 20.
Quantification was performed using the ImagelJ gel analysis tool and nor-
malized to actin.

RNA Isolation and RT-qPCR. Gene expression was analyzed by reverse RT-gPCR
using a LightCycler 480 Il (Roche) and SYBR Green PCR Master Mix (Invi-
trogen). Results presented were repeated in three or more independent
experiments. Melt curve analysis was performed when using SYBR Green to
verify a single amplification peak. Primer sequences are listed in Table S2.
Changes in gene expression were normalized to the endogenous control
36B4 and calculated using the 224t method with error reported as + SEM.
Comparisons between genotypes are normalized with the control samples
set to an average RQ value of one.

SMAD4 and PR ChIP Followed by qPCR. For SMAD4 and PR ChlIP followed by
gPCR (ChIP-qPCR), uteri at 3.5 dpc from control (n = 3) and Fst-cKO (n = 4)
mice were submerged in 1% paraformaldehyde dissolved in 1x PBS and
were cut into 3- to 4-mm sections. Tissues were transferred to a 15-mL
conical tube and fixed for 15 min on a rocker, quenched in 0.125 M glycine,
and washed three times with cold 1x PBS. Liquid was removed, and tissues
were flash frozen. ChIP was performed following a modified protocol de-
scribed in ref. 74. Fixed tissues were lysed in buffer 1 [50 mM Hepes-KOH (pH
7.5), 140 mM NacCl, 1 mM EDTA, 10% glycerol, 0.5% Nonidet P-40, 0.25%
Triton X-100] plus cOmplete Protease Inhibitor Mixture (Roche) and were
pulverized with a tissue homogenizer. Lysate was incubated for 10 min at
4 °C on a rocker. After centrifugation at 1,650 x g for 5 min, tissues were
resuspended in lysis buffer 2 [10 mM Tris-HCl (pH 8.0), 200 mM NacCl, 1 mM
EDTA, 0.5 mM EGTA] plus cOmplete Protease Inhibitor Mixture (Roche) and
were incubated for 10 min at 4 °C on a rocker. After centrifugation, as be-
fore, the pellet was resuspended in lysis buffer 3 [10 mM Tris-HCl (pH 8),
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100 mM Nadcl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-Deoxycholate, 0.5%
N-lauroylsarcosine] and was sonicated. Chromatin was cleared by centrifu-
gation at 13,0000 x g at 4 °C, and 10% Triton-X (Sigma) was added. An al-
iquot of lysate was taken as input and stored at —20 °C. Chromatin was
equally divided into four tubes and incubated overnight with antibodies on
an orbital shaker at 4 °C. We used 5 pg of rabbit polyclonal PR antibody
(sc7208; Santa Cruz) (75), 5 pg of goat polyclonal SMAD4 antibody (AF2097;
R&D) (76), and IgG (Sigma). Dynabeads (Life Technologies) were used to
capture the protein/DNA/antibody complexes for 4 h on an orbital shaker at
4 °C. Dynabeads then were washed five times with RIPA buffer [50 mM
Hepes-KOH (pH 7.5), 500 mM LiCl, 1 mM EDTA, 1% Nonidet P-40, 0.7%
Na-Deoxycholate] followed by a final wash in Tris-EDTA (TE) buffer [10 mM
Tris-HCl (pH 8), 1 mM EDTA] plus 50 mM NacCl. Protein/DNA complexes were
eluted from the magnetic beads [50 mM Tris-HCl (pH 8), 10 mM EDTA,
1% SDS] at 65 °C followed by crosslink reversal overnight at 65 °C. Chromatin
was diluted with TE buffer followed by digestion with 0.2 mg/mL RNase (Life
Technologies) and then with 0.2 mg/mL Proteinase K (Life Technologies).
DNA was recovered using column purification (ChIP DNA Clean and Con-
centrator; Zymo). qPCR was performed on precipitated DNA using the fol-
lowing primers: K/f15 binding site 4, forward 5'-CACCTGTCCCAGTCCAAAGC-3/,
reverse 5-AGGCTGGCTTCAGTTCTTCC-3'; negative control, forward 5-CATCC-
AGGAGCCACTGAAAT-3, reverse 5-GACATGGACGCTACCTGCTC-3". Primers
amplify the following chromosomal intervals of K/f15: SMAD4 binding site
(chr6: 90420971-90421737) (76) and PR binding site (chr6: 90420636-
90421879) (75) based on mm9. The negative control primer set is for Fscn2
(chr11:120222708-120222891). Data were normalized to input and expressed
as fold enrichment.

Statistical Analysis. Means of the groups were compared by two-tailed Student’s
t test with unequal variance assumed, and differences in the distribution of
each group were compared using a two-way ANOVA. Data are presented as
mean + SEM, and P < 0.05 was considered statistically significant.
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