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Abstract
The regulation of blastocyst implantation in the uterus is orchestrated by the ovarian hormones
estrogen and progesterone. These hormones act via their nuclear receptors to direct the
transcriptional activity of the endometrial compartments and create a defined period in which the
uterus is permissive to embryo implantation termed the “window of receptivity”. Additional
members of the nuclear receptor family have also been described to have a potential role in
endometrial function. Much of what we know about the function of these nuclear receptors during
implantation we have learned from the use of mouse models. Transgenic murine models with
targeted gene ablation have allowed us to identify a complex network of paracrine signaling
between the endometrial epithelium and stroma. While some of the critical molecules have been
identified, the mechanism underlying the intricate communication between endometrial
compartments during the implantation window has not been fully elucidated. Defining this
mechanism will help identify markers of a receptive uterine environment, ultimately providing a
useful tool to help improve the fertility outlook for reproductively challenged couples. The aim of
this review is to outline our current understanding of how nuclear receptors and their effector
molecules regulate blastocyst implantation in the endometrium.

1. Introduction: The Nuclear Hormone Receptor Gene Superfamily
The nuclear receptor family is composed of a large number of intracellular proteins with
unique roles in transcriptional regulation and very specific patterns of expression.
Sequencing of the human genome has identified 48 nuclear receptors (NRs) and allowed for
the phylogenetic classification into six evolutionary groups. NRs have modular domains for
transactivation, ligand-binding and DNA-binding [1]. Sequence variation at the DNA
binding domain allows NRs to bind discrete DNA sequences in the regulatory regions of
genes known as hormone response elements (HRE). Along with DNA sequence binding
similarity, members of each group also share dimerization abilities. Endogenous molecules
such as steroid hormones, thyroid hormones, oxysterols and fat-soluble vitamins have been
identified to regulate the activity of more than half of all NRs. Members with no known
ligand are called orphan receptors. Naturally occurring and synthetic compounds have been
progressively identified to bind some of these orphan receptors, resulting in their newer
classification as “adopted receptors”. Various ligands have been identified to stabilize
different combinations of NR dimer pairs, promote specific post-translational modifications,
regulate DNA binding and cellular localization or promote NR degradation. Ligand bound
or unbound NRs can engage in transcriptional crosstalk with pioneer transcription factors,
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co-regulators, chromatin remodeling enzymes and transcriptional machinery. These
interactions result in the activation or repression of gene transcription and are highly context
specific. Ultimately, NRs mediate cellular responses to hormones and ligands by regulating
various cellular processes including cell survival, proliferation and differentiation [1].
Several of these members have been described to have pivotal roles in the regulation of
endometrial function and dysfunction. For this reason, NRs have been extensively studied
and targeted for the pharmacological manipulation of various cellular processes in the
treatment gynecological malignancies and infertility.

This review will discuss the role of NRs in the regulation of the “window of receptivity”, a
short and tightly regulated period in the female reproductive cycle in which the
endometrium becomes receptive to the implanting blastocyst. It is only during the window
of receptivity that conditions are permissive of blastocyst implantation for the initiation of
pregnancy [2]. A number of studies in humans and non-human primates have looked at
some of the morphological and transcriptional changes occurring during the window of
receptivity. However, most of what we know about uterine biology and implantation comes
from murine studies and transgenic models [3]. Several protocols have been developed to
successfully mimic events of early pregnancy in the mouse, providing investigators with
useful strategies to interrogate implantation mechanisms [4]. The NRs show very dynamic
and compartment specific expressions through the window of receptivity in the murine
endometrium (Figure 1.) The review will begin by providing a brief comparative description
of the female reproductive cycle in women and mice, highlighting the role of the ovarian
steroid hormone estrogen and progesterone. These hormones play a central role in the
regulation of implantation via their cognate nuclear receptors to govern the proliferation and
differentiation of the endometrial compartments through an intricate mechanism of paracrine
crosstalk [5]. Finally, there will be a brief description of other members of the nuclear
receptor family known to be expressed in the endometrium. However, characterization of
these NRs during implantation may not be fully developed in many cases due to lack of
appropriate model systems. Final remarks will highlight important advances and future
directions in the molecular understanding of NR biology during implantation.

2. The Window of Receptivity
Uterine receptivity to the implanting blastocyst is regulated by the ovarian steroid hormones
estrogen and progesterone [6]. In humans, a rise in estrogen levels occurs during the
ovulatory/follicular phase of the menstrual cycle. Estrogen stimulates proliferation and
growth of the epithelial and stromal compartments of the endometrium. Differentiation of
the ovarian granulosa cells into the corpus luteum results in the production of progesterone
and the transition into the secretory phase. At this time, proliferation in the epithelial
compartment is ceased and the stromal compartment undergoes a progesterone dependent
process of differentiation termed decidualization. In species where the blastocyst invades
through the epithelial layer into the underlying stroma, decidualization is absolutely required
for implantation of the blastocyst and pregnancy progression. Decidualization is a highly
complex differentiation process involving an extensive reprogramming of families of genes
that result in changes in stromal cell morphology, steroid responsiveness, secretory profile,
resistance to oxidative stress and extra cellular matrix remodeling [7,8]. In humans, the
decidual reaction occurs recurrently as part of the menstrual cycle and is a blastocyst-
independent process. Decidualization initiates near the spiral arteries and spreads throughout
the endometrium. The uterus becomes receptive 7-10 days after ovulation during the mid-
secretory phase. During the second half of the secretory phase, the endometrium becomes
refractory and non-receptive, ultimately concluding in menses in the absence of pregnancy.
This menstrual cycle is repeated every 28-30 days [9].
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In contrast, mice have shorter and often irregular cycles. The estrous cycle in mice last 4-5
days and can be divided into 4 phases: proestrous, estrous, metestrous and diestrous. In
proestrous, the ovary accumulates a mature batch of follicles ready for ovulation during the
subsequent estrous phase. Female mice are most receptive to mating during the estrous
phase. The morning after mating, termed day 0.5 of pregnancy, a preovulatory surge of
estrogen acts upon the uterine epithelium to stimulate proliferation. Estrogen subsequently
decreases by day 1.5. At day 2.5, the formation of corpora lutea results in the production of
progesterone and the proliferation of the endometrial stroma. Copulation is able to extend
this metestrous stage for up to 10 days in a state called pseudopregnancy, but in the absence
of pregnancy the uterus enters the diestrous phase. On day 3.5 of pregnancy there is a
nidatory estrogen spike that is absolutely critical for inducing uterine receptivity [10,11].
The window of receptivity opens on day 4.0, allowing for implantation to occur. Unlike
humans, decidualization of the murine stroma requires mechanical stimulation by the
blastocyst at the site of attachment. The decidual reaction subsequently spreads throughout
the implantation chamber [12]. In both species, sustained progesterone signaling is critical
for the maintenance of pregnancy.

3. Estrogen Receptor
The steroid hormone estrogen acts via the nuclear receptors estrogen receptor α (NR3A1)
and estrogen receptor β (NR3A2). The estrogen receptor- α (ERα) and β (ERβ) isoforms
arise from two distinct genes. ERα is predominantly expressed in the mammary glands,
pituitary, hypothalamus, ovarian theca cells and uterus. In contrast, ERβ is primarily
expressed in the ovarian granulosa cells, lung and prostate [13]. In both human and macaque
endometrium, ERα and ERβ are expressed in the nuclei of the glandular epithelium and the
stroma. Expression of ERα is high in the glands and stroma during the estrogen dominated
proliferative phase but declines during the secretory phase [14-16]. Interestingly, the
functionalis and basalis layers of the endometrium display subtle differences in the
expression of ERα and ERβ during artificial cycles in the macaque [15]. ERα expression is
spatially and temporally regulated during implantation in the mouse. Its expression can be
observed strongly in the glandular epithelium and more moderately in the luminal
epithelium and subepithelial stroma at day 3.5 of pregnancy. At day 4.5, strong expression
persists in the glands while most luminal and subepithelial expression is detected in the
mesometrial pole of the implantation chamber. Decidual cells surrounding the blastocyst
lack ERα expression while the undifferentiated stromal cells maintain strong expression
[17].

Uterine responsiveness to estradiol has been attributed primarily to the action of ERα, due to
the lack of uterine stimulation and mitotic growth response to estrogen observed in the ERα
null mice (ERαKO) [18,19]. The role of ERβ remains controversial. While one study
reported that ablation of ERβ in mice (ERβKO) did not result in a significant difference in
induction of estrogen responsive genes compared to wild-type mice [19], a separate study
reported a significant difference in estrogen and progesterone responses in the ERβKO when
an exaggerated estrogen responsiveness and lack of differentiation of the epithelium
following acute estrogen treatment was observed [20]. The ERαKO mouse has a hypoplastic
uterus and is infertile due to an implantation failure [21]. In contrast, the ERβKO mouse
maintains normal implantation, further suggesting estrogen signals primarily via the α
isoform [22]. Interestingly, the ratio of ERα to ERβ is altered in ectopic lesions of women
with endometriosis, a disease characterized by growth endometrial tissue outside the uterine
cavity causing inflammation and chronic pain. Lesions have been shown to be dependent on
estrogen and resistant to progesterone signaling [23]. Together with the observation of
exaggerated estrogen responsiveness in the ERβKO, this evidence indicates a distinct role of
the ER isoforms in the regulation of uterine function and homeostasis.
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Estrogen regulation of gene transcription is mediated by ERα interaction with chromatin
near the promoter regions of estrogen responsive genes. The ERα cistrome was determined
in the murine uterus using chromatin immunoprecipitation (ChIP) followed by whole
genome sequencing (ChIP-seq). ChIP-seq identified 5,184 binding sites after vehicle
treatment and 17,240 binding sites after treatment with estradiol for one hour. Motif analysis
of these binding sites revealed the highest enrichment was for estrogen response element
(ERE) motifs, but also reported were significant enrichments in the motifs of other members
of the NR family including: peroxisome proliferator associated receptor γ, the thyroid,
vitamin D, androgen and glucocorticoid receptors, COUP-TFII, DAX1, retinoid-related
orphan receptor-α and estrogen-related receptor. Additionally, there were significant
increases in many other non-NR transcription factors, most notably the homeobox (Hox)
motifs. ERα binding was overlapped with transcriptional datasets for genes increased or
decreased by estrogen relative to vehicle after 2, 6 or 24 hours. This overlap revealed that
genes that were up regulated after 2 or 6 hours of estrogen treatment exhibited enriched
binding proximal to the transcriptional start site (<10kb) while, in contrast, ER was found to
be typically bound at more distal regions surrounding genes that were down regulated.
Among the estrogen up-regulated genes were Igf1 and Cdk1, important regulators of early
and late estrogen mitogenic events, respectively [24].

In the mouse, the nidatory estrogen surge in the morning of the fourth day of natural
pregnancy coincides with the up-regulated expression of the IL-6 family member leukemia
inhibitory factor (Lif) [25]. Estrogen directly mediates Lif signaling via binding of ERα to
both the Lif and Lifr genes and regulated their expression in the estrogen treated murine
uterus [24]. Lif is a secreted glycoprotein that binds to LIF receptor (LIFR) and gp130 and
activates the downstream signal transducer STAT [26]. Both of these receptors are
expressed by the blastocyst as well as the uterine luminal epithelium, identifying a potential
mechanism of autocrine/paracrine signaling during implantation. LIF expression is seen in
the glandular epithelium at day 3.5 and subsequently in the stroma at the site of blastocyst
attachment [27]. It was shown that in mice lacking Lif (Lif−/−), the uterus did not respond to
the presence of an embryo and was unable to produce a decidual response by artificial
stimulation. Interestingly, intraperitoneal injection of LIF was able to rescue implantation
and was sufficient to substitute for the nidatory estrogen surge [28]. Altogether this evidence
suggests that the nidatory estrogen surge, mediated by ERα, is only required to induce Lif
and that the glandular secretion of LIF is only required to initiate the window of receptivity
but not subsequently required for the maintenance of pregnancy [28]. LIF expression is also
high in humans around the time of implantation [6]. Clinical data has shown that endometria
of women with unexplained infertility and multiple implantation failures often display
significantly lower levels of Lif during the midsecretory phase of their menstrual cycle when
compared to healthy fertile controls [29].

3.1 Estrogen Regulation of Proliferation
The molecular pathways regulated by estrogen have been extensively evaluated in the
human and murine endometrium and have identified the conserved role of estrogen in the
regulation of proliferation [9]. In humans, the regeneration of the endometrial layers after
every menstrual cycle initiates with the proliferation of the basal compartments before an
increase in circulating estrogen [30]. The proliferative activity dramatically increases with
increasing levels of estrogen and peaks between days 8 and 10 of the menstrual cycle [31].
The epithelial and stromal compartments of the endometrium are highly sensitive to
estrogen stimulation and their response has been shown to occur in a biphasic mode during
which distinct sets of genes are regulated during early and late events. These responses have
been extensively characterized at the physiological, morphological and molecular level. In
the mouse early uterine responses to estrogen include transcription of early cell cycle genes,
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hyperemia, infiltration of immune cells and water imbibition into the uterine tissue [32,33].
Later responses include the further infiltration of immune cells, increased uterine weight and
the induction of late cell cycle genes resulting in robust DNA synthesis and mitosis of
epithelial cells [33].

Epithelial proliferation in the ovariectomized murine endometrium can be observed by a
wave of DNA synthesis starting 6 hours after exposure to estrogen. The wave peaks
approximately 12-15 hours with the progression through the G2 and M phases of the cell
cycle [34,35]. Estrogen stimulates the activation of the insulin-like growth factor 1 receptor
(IGF1R) which leads to the activation of the phosphoinositide 3-kinase (PI3K)/AKT
pathway to execute an inhibitory phosphorylation of the glycogen synthase kinase (GSK-3β)
[36]. Inactivation of GSK-3β limits the inhibitory phosphorylation of cyclin D1 and allows
for its nuclear translocation. Estrogen also induces cyclin E- and cyclin A-cdk2 kinases
which promote the hyperphosphorylation of Rb and p107 proteins. Hyperphosphorylated Rb
and p107 proteins are unable to inhibit E2F-mediated transcriptional transactivation. The
result is the activation of the DNA replication machinery and entry into S-phase of the cell
cycle ensuring robust proliferation of the uterine epithelium [37]. The inhibition of
proliferation is subsequently necessary for successful implantation [38]. The proposed
mechanisms for this inhibition are regulated by progesterone and will be discussed ahead in
this review.

3.2 Compartment Specific Roles of ER
ERα expression is under a very strict hormonal and temporal control, indicative of
spatiotemporal roles during implantation [17]. The most substantial evidence for the
compartment specific roles for ERα was the observation that the uterine epithelium in
neonatal mice displayed a mitogenic response to estrogen stimulation despite lack of
epithelial ERα expression. Because the mesenchymal/stromal cells of neonatal uteri express
ERα, it was hypothesized that the epithelial mitogenic response to estrogen was mediated by
stromal ERα paracrine action [39-41]. In order to better elucidate the compartment specific
roles of ERα, studies used tissue recombinants of epithelial and stromal cells isolated from
wild-type and ERα knock-out uteri were conducted. Tissue recombinants were grafted under
the kidney capsule of intact nude mice and estrogen dependent induction of proliferation
was measured by [3H] thymidine incorporation into DNA. Wild-type reconstitutions and
those with wild-type stroma both exhibited robust levels of epithelial [3H] thymidine
labeling. In contrast, tissue grafts containing wild-type epithelium and ERα knock-out
stroma were unable to stimulate epithelial proliferation in response to estrogen [42]. This
evidence indicated that stromal ERα was both necessary and sufficient to induce estrogen-
dependent epithelial proliferation.

The epithelial-specific role for ERα was evaluated in vivo using an epithelial specific ERα
knock-out mouse model. This mouse model selectively ablates the Esr1 gene by utilizing the
Esr1-loxP and the epithelial specific Wnt7aCre expressing system (UTEpiαERKO).
Selective ablation of ERα in the uterine epithelium results in female infertility due to an
impaired estrogen response. Interestingly, estrogen stimulated DNA synthesis and
expression of mitogenic mediators of epithelial proliferation in wild-type and
UTEpiαERKO mice. However, expression of the luminal epithelial estrogen target
lactoferrin (Ltf) and a subset of estrogen targets were compromised in the UTEpiαERKO
mice. The expression of the apoptotic inhibitor Birc1a was significantly lower after uterine
growth was induced by estrogen treatment for 3 days. Consequently, UTEpiαERKO
displayed a significant increase in apoptosis. This evidence suggests the role of epithelial
ERα is to prevent epithelial apoptosis and ensuring a full epithelial response, while stromal
ERα is responsible for estrogen-driven epithelial proliferation [43]. These observations are
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consistent with the tissue reconstitution studies and collectively illustrate the differential
roles for ERα during implantation.

4. Progesterone Receptor
The hormone progesterone acts via the progesterone receptor (NR3C3). Progesterone
receptor (PR) exists as two isoforms, PR-A and PR-B, arising from alternative promoter
usage in the same gene. PR isoforms are each composed of multiple domains including the
activation domain (AF-1) in the N-terminus, the DNA binding domain and the ligand
binding domain which contains a second activation domain (AF-2). The PR-B isoform has
an additional 164 amino acids in the N-terminus which contains an additional activation
domain (AF-3) [44]. There has been evidence of a third truncated isoform, PR-C. This
isoform lacks the N-terminus region containing the DNA binding domain, thereby hindering
binding of PR-C to DNA. Because PR-C retains the ability to bind hormone, it has been
implicated in the functional withdrawal of progesterone in the regulation of parturition [45].
The total levels of PR and the ratio of PR-A/PR-B vary across reproductive tissues. Since
PR-A lacks the amino terminal transactivation, it may serve to dampen PR-B driven
transcriptional activation when these isoforms are co-expressed [46]. PR-A and PR-B can
form heterodimers that result in a dominant repression of PR-B activity [47]. The
differential transactivation properties of each isoforms and stoichiometry collectively result
in a complex mechanism of progesterone responsiveness in specific tissues and cellular
contexts.

Molecular profiling of the human endometrium throughout the menstrual cycle indicates
expression of PR is highest in the estrogen-driven proliferative phase and decreases in the
progesterone-dominated secretory phase [16]. These observations are consistent with the
evidence that PR expression is induced by estrogen action on an ERE in the promoter region
of PR while progesterone inhibits its own expression by action of PR/ER regulation of the
same ERE [48]. Expression of both PR isoforms is observed in the murine uterus, and
ablation of both isoforms (PRKO) results in multiple reproductive abnormalities, including a
hyperplastic response to estrogen and progesterone and an implantation defect [49].
However, specific ablation of PR-A (PRAKO) and PR-B (PRBKO) individually has shed
light on the role of these isoforms in the mouse uterus. Ablation of PR-B resulted in no
discernible uterine phenotype and display normal fertility. PRBKO mice display reduced
pregnancy-associated mammary gland morphogenesis, indicating PR-B is a major regulator
of mammary gland maturation during pregnancy [50]. Ablation of PR-A phenocopies the
PRKO mouse phenotype and indicates that the PR-A isoform is the predominant functional
isoform in the mouse uterus [51]. Contrary to what is observed in wild type mice where
progesterone antagonizes estrogen-induced epithelial proliferation, progesterone treatment
induced proliferation of the uterine epithelium in the PRAKO mice and this proliferation
was shown to be dependent on PR-B [51]. This PR-B-dependent gain of function in
proliferative activity indicates an important role for PR-A in the regulation of the potentially
adverse effects of PR-B-driven proliferation as well as inhibition of estrogen-driven
hyperplasia. Collectively, these observations identify functional differences between these
two isoforms in response to progesterone in the regulation of epithelial proliferation during
early pregnancy.

4.1 Progesterone Receptor Targets
One of the earlier murine studies identified progesterone targets by comparing the uterine
gene expression of wild-type and PRKO mice after acute and chronic treatment with
progesterone [52]. However, in this study the most robust PR-dependent gene expression
change occurred after acute progesterone treatment with the up-regulation of 55 genes.
Among these was Indian Hedgehog (Ihh), a morphogen expressed in the luminal epithelium
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shown to be absolutely required for implantation and decidual response [53]. Chronic
progesterone treatment resulted in the robust down-regulation of 102 genes including many
of the transcription factors, transport proteins, signal transduction, cell growth, and enzyme
genes that had been induced by acute progesterone treatment. The progesterone-PR axis was
shown to regulate retinoic acid metabolism, known to play a role in female fertility and the
Klks gene family associated with regulation of the inflammatory process, vasodilatation and
vascular permeability [54-57]. The P4-PR axis was also shown to regulate other important
transcription factors and co-regulators including Gata2 and Cited1 [52].

PR regulation of gene expression occurs by direct binding of the receptor in the regulatory
promoter regions of targets genes [58]. In order to identify direct genomic targets of PR in
the murine endometrium the genome-wide PR cistrome was determined using ChIP-seq. In
the absence of ligand, ChIP-seq identified 6,367 PR-binding sites. The number of binding
sites increased nearly 3-fold (18,432) after acute progesterone treatment. Over 73% of these
intervals contain progesterone response elements (PRE) or half-PREs. Intervals were
enriched in the promoter regions proximal to the transcriptional start sites of genes. PR
binding datasets were overlapped with microarray gene expression comparing genes
significantly induced by acute progesterone treatment. This analysis confirmed PR binding
on both up-regulated (Gata2, Egfr, Ihh, Fkbp5, Cyp26a1) and down-regulated (Pgr, Wnt7a,
Lifr) progesterone target genes [59]. Most notably, the ChIP-seq and microarray datasets
overlap identified a novel role for progesterone in the regulation of uterine circadian rhythm
discussed in greater detail further ahead in this review.

4.2 Progesterone Inhibition of Estrogen Signaling
The use of progesterone supplementation has been an invaluable resource to Assisted
Reproductive Technology (ART) efforts [60,61]. However, little is known about the action
of progesterone during the implantation window in humans because the numerous molecular
profiling efforts have been limited by the technologies available at the time or imprecise
methods for endometrial cycle dating [62-66]. Nevertheless, these studies have consistently
identified a conserved role of progesterone in the inhibition of estrogen-driven epithelial
proliferation. The antiproliferative action of progesterone in the endometrium has also been
the focus of extensive research for its potential therapeutic role regulating progression of
estrogen-dependent pathologies such as endometrial cancer and endometriosis [67].
Contrasting mechanisms have been proposed for the progesterone-mediated inhibition of
estrogen induced epithelial cell proliferation. One line of evidence supports a paracrine
mechanism while the alternative proposes a direct role of PR in the uterine epithelial cells.

The paracrine mechanism for the inhibition of epithelial proliferation was strongly supported
when the basic helix-loop-helix transcription factor Hand2 was shown to play an essential
role in the regulation of growth factor signaling in a progesterone-dependent manner. Hand2
was identified as a significantly regulated gene in the stroma of mice treated with the PR
antagonist RU486 [68]. Conditional ablation of Hand2 using the PRcre/+ Hand2f/f

(Hand2d/d) bigenic mouse model results in infertility due to an implantation defect.
Progesterone inhibition of epithelial proliferation and down regulation of estrogen driven
genes including Mucin 1 (Muc1) and Lactoferrin (Ltf) was altered in the Hand2d/d mice.
Progesterone responsive genes, including Ihh, Alox15 and Irg1 were not affected.
Interestingly, several members of the fibroblast growth factor family (FGFs) and HB-EGF
showed a significantly high level of expression in Hand2d/d mice. Fgfs act on Fgf receptors
(Fgfr) to activate downstream extracellular signal regulated kinase (ERK) 1 and 2 or the
PI3K/AKT pathways. Interestingly, the Fgfr’s are expressed on day 1 and 4 of pregnancy in
the epithelium of mice. In the uterus of Hand2d/d, aberrant activation of Fgfr was observed
on day 4 of pregnancy, suggesting a mechanism for stromal Hand2 mediated regulation of
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ERK1/2 and PI3K/AKT signaling in the epithelium [69]. Collectively these results identified
a complex mechanism of stromal-epithelial crosstalk regulates proliferation during
implantation.

The direct action of progesterone on epithelial cell proliferation is based on the observation
that progesterone has been shown to completely inhibit estrogen-induced DNA synthesis
and cell proliferation [70,71]. It was found that progesterone inhibits the estrogen regulation
of cyclin D1 nuclear translocation resulting in the hypophosphorylation of Rb and p107
proteins and a block in G1-S phase progression [72]. PR also regulates the members of the
MCM family of proteins to inhibit epithelial proliferation [37,73]. Substantial evidence
implicates the Kruppel-like factor family in this mechanism. The Kruppel-like factor family
is composed of zinc finger transcription factors involved in many cellular processes
including proliferation, differentiation, apoptosis and development [74]. KLF4 and KLF15
play a significant role in the regulation of epithelial proliferation. KLF4 is up regulated only
in the epithelium of ovariectomized mice after treatment in estradiol and inhibited when
mice were pretreated with progesterone. In contrast, expression of KLF15 is dramatically
increased after estrogen and progesterone treatment in the epithelium and moderately in the
stroma. The temporal expression of these KLFs was associated with steroid control of
epithelial proliferation via transcriptional regulation of Mcm2, a positive regulator of
proliferation required for DNA replication licensing. Estradiol treatment stimulated ERα,
KLF4 and RNAPol II binding at transcriptional regulatory sites of the Mcm2 and induced
Mcm2 expression. Treatment with estradiol and progesterone ablated this binding but
favored binding of KLF15. KLF15-mediated estrogen and progesterone inhibition of Mcm2
promoter activity, Mcm2 expression and proliferation was confirmed in the Ishikawa
epithelial cancer cell line, providing a mechanism for KLF regulation of epithelial
proliferation. [75]

The above observations suggest that there are direct actions of progesterone and PR, as well
as paracrine mechanisms of action. The above conflicting conclusions likely arise from the
use of different hormone treatment in these murine models. These strategies could be
mimicking events that occur synchronously and synergistically across compartments during
different stages of early pregnancy. A more refined hypothesis would be that both of these
mechanisms could be occurring at specific times during early pregnancy and disruption of
either of these results in the disruption of implantation. This holistic hypothesis highlights
the complexity of progesterone signaling and underscores the need to develop new strategies
to address remaining questions. Therefore, understanding the compartmental specific
expression and action of PR in the uterus is critical.

4.3 Compartment Specific Roles of PR
Expression of PR is observed in the luminal epithelium and subepithelial stroma at day 3.5
of pregnancy. By day 4.5, PR expression in the luminal epithelium ceases and is restricted to
the subepithelial stroma at the site of implantation and is undetected in the glandular and
luminal epithelium. Expression becomes strong and persistent in the stromal compartment
throughout the process of decidualization [17]. In order to begin elucidating the
compartment specific roles of PR, studies used tissue recombinants of epithelial and stromal
cells isolated from wild-type and PRKO uteri. Tissue recombinants were grafted under the
kidney capsule of intact nude mice. Subsequently, mice were ovariectomized and treated
with estradiol alone or in combination with progesterone. All tissue grafts combinations
(wild-type epithelium with wild-type stroma, PRKO epithelium with wild-type stroma, wild-
type epithelium and PRKO stroma) displayed comparable levels of epithelial [3H] thymidine
labeling in response to estradiol. Tissue recombinants containing wild-type stroma,
independent of the expression of PR in the epithelial tissue, displayed a significant inhibition
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of estradiol-induced epithelial proliferation with progesterone co-treatment. Tissue grafts
with PRKO stroma with wild-type or PRKO epithelium, were not able to suppress epithelial
proliferation in response to progesterone treatment. This indicated that expression of PR in
the stroma was both necessary and sufficient to inhibit the estrogen-induced epithelial
proliferation by progesterone. These results provided evidence for the existence of paracrine
signals from the stroma to the epithelium to mediate progesterone signaling.

In order to understand progesterone signaling in compartment specific manner in vivo under
the physiological context of implantation the epithelial PR was ablated using a bigenic
mouse model expressing Cre recombinase under the epithelial specific promoter of Wnt7a
and containing PR allele flanked by loxP sites. This mouse model selectively ablates the Pgr
gene by utilizing the Pgr-loxP and the epithelial specific Wnt7aCre/+ expressing system
(Wnt7aCre PRf/−). As a consequence of disrupted progesterone signaling, the epithelial PR
knock-out mice were infertile due to a defect in blastocyst attachment and an absent
decidual response. Expression of the epithelial progesterone targets, Ihh and Areg where
significantly down regulated when PR was ablated in the luminal epithelium [76]. In the
absence of epithelial PR, the progesterone-dependent down-regulation of estrogen targets
cyclin D1 and MCM3 was not observed. In accordance with the defect in down regulation of
estrogen proliferation targets, it was observed that ablation of epithelial PR results in
retained proliferation of the luminal epithelium at days 2.5 and 3.5 of natural pregnancy.
These results are in disagreement with the findings determined by tissue reconstitution
studies and demonstrated an essential role of the epithelial PR in the progesterone inhibition
of estrogen-driven epithelial proliferation [76]. Notably, it was shown that epithelial PR
regulated epithelial expression of Ihh after acute progesterone stimulation. However, the
natural pregnancy data indicated only a trend supportive of the hypothesis that epithelial PR
was necessary and sufficient for this induction. The inconsistent observations between tissue
reconstitution studies and the Wnt7aCre PRf/− mouse model underscore the urgent need to
investigate role of the stromal PR in the regulation of pre-implantation events in vivo. As
mentioned above, the differences in these observations may be due to hormonal treatment
and the time in which the proliferation is evaluated. In the pre-implantation uterus PR is
expressed in the epithelial compartment and its actions to regulate gene expression and cell
proliferation are direct. During the window of receptivity, PR expression ceases in the
epithelium and increases in the stromal compartment. At this time the paracrine mechanism
of regulation may dominate.

5. Androgen Receptor
The androgen receptor (NR3C4) has been extensively studied for its role in male
reproductive tissues. However, the androgen receptor (AR) is also expressed in female
reproductive tissues including the ovary and the uterus [77]. AR is expressed in both stromal
and epithelial compartments throughout the menstrual cycle, with expression being highest
in the stromal compartment during the proliferative phase and lowest in the secretory phase
[78]. Expression of AR is elevated in the endometrium of women with polycystic ovarian
syndrome (PCOS) and premature ovarian failure (POF). [77,79,80] Although expression of
AR decreases in the decidualizing stroma during the secretory phase, androgen signaling
seems to play a critical role in the regulation of a distinct subset of genes during in vitro
decidualization of primary human endometrial stromal cells (HESC). Addition of
dihydrotestosterone (DHT) enhances the progestin and cAMP-dependent activation of the
promoter for the decidual marker prolactin (PRL) and enhances the expression of PRL in a
dose dependent manner. Gene expression analysis in decidualizing HESC identified genes
involved in cytoskeletal organization, cell motility and cell cycle regulation to be
deregulated after AR depletion. Additionally, stromal cells failed to adequately form
differentiation-dependent stress fibers [81]. It has been suggested that AR has
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antiproliferative effects that overlap or may even complement those of progesterone in
estrogen-induced replication [82]. Knockdown of AR significantly promotes cell
proliferation and partially reverses the hyperphosphorylation of RB associated with HESC
differentiation [83]. Additionally, androgens have been shown to inhibit cell growth and
DNA synthesis in HESC and cancer cell lines [84,85]. However, it is unknown if this
mechanism plays a role in the regulation of the window of receptivity. The AR knockout
(ARKO) mice displayed reduced fertility over time. The late infertility defect was attributed
to the development of a POF phenotype. However, from an early time point ARKO mice
displayed a reduction in litter size, smaller uteri, reduced uterine growth at estrous, abnormal
placental development and placentamegaly [77]. While expression of AR and a
physiological role in uterine function is evident in the human and mouse, its function in the
regulation of uterine receptivity is still not fully understood.

6. Glucocorticoid Receptor
Glucocorticoids are important regulators of many physiological functions including
metabolism, response to infection, stress response, blood pressure maintenance and
electrolyte homeostasis [86]. Glucocorticoid secretion from the adrenal cortex is regulated
by the hypothalamic-pituitary-adrenal axis and its activity is regulated by the local action of
metabolizing enzymes [87-89]. Glucocorticoids bind the glucocorticoid receptor (NR3C1) to
regulate glucocorticoid responsive gene expression [90]. GR was the first nuclear receptor to
be cloned and sequenced [91]. GR is expressed in many tissues throughout development,
including the placenta [92-94]. In humans, GR is highly expressed throughout the menstrual
cycle in the fibroblasts, endothelial cells and lymphocytes in the stromal compartment, but
absent in the glands [95]. In human endometrial stromal cells, glucocorticoids have been
shown to inhibit the expression of PRL and stimulate the production of the PRL suppressing
lipocortin-1 [96]. Additionally, glucocorticoids have been shown to regulate the production
of prostaglandins, critical regulators of stromal vascular permeability during implantation
[97]. However, GR null mice die shortly after birth due to respiratory insufficiency thus
hindering the study of the role of GR in the adult uterus during implantation [98].
Generating a conditional GR knock-out model will be pivotal to elucidate the uterine
specific role of GR in vivo.

7. Retinoic Acid Receptors (RAR and RXR)
Retinoic acid (RA) is one of the most potent and naturally-occurring metabolite of Vitamin
A [99]. RA signaling is involved in embryonic development, growth and reproduction
[100,101]. RAs regulate target gene expression by binding the retinoic acid receptor (RAR)
and the retinoic X receptor (RXR) [101]. There are three known subtypes of the RA receptor
subfamily, RAR-α (NR1B1), RAR-β (NR1B2) and RAR-γ (NR1B3). Similarly, there are
three subtypes of the RXR, RXR-α (NR2B1), RXR-β (NR2B2) and RXR-γ (NR2B3) [102].
Immunohistochemical identification of the RAR and RXR though out the menstrual cycle in
women revealed distinct patterns in endometrial compartment and subcellular localization.
All RARs can be found in the nuclei of the luminal epithelium during the proliferative phase
of the cycle. The staining for RAR in the nuclei was significantly decreased during the
secretory phase, but not for RXR. Interestingly, RAR staining in the cytoplasm increased in
the secretory phase. Nuclear export of RAR would suggest its activity is predominant during
the proliferative phase, while RXR remains active throughout the menstrual cycle. A similar
pattern expression for RAR and RXR can be observed in the stromal compartment during
the proliferative and secretory phase [103].

The changes in RAR localization are positively correlated with serum estradiol and
negatively correlated with progesterone serum levels [104]. Treatment of post-menopausal
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women with Premarin or a mixture of estrone and equilin sulfates for 3 months results in the
up-regulation of retinaldehyde dehydrogenase (RALDH), critical enzyme in RA
biosynthesis, RAR-α and RA-regulated genes. Interestingly, the premenopausal
endometrium expresses high levels of these RA signaling components during the
proliferative phase, while the RA catabolic enzymes retinoic acid 4-hydroxylase (CYP26A1)
and tissue transglutaminase are increased in the secretory phase [105]. Similarly, expression
of RALDH1, RALDH2 and CYP26A1 has been shown to fluctuate in the murine uterus
throughout the estrous cycle and during implantation [54].

RA has been shown to inhibit the morphological transformation and suppress the expression
of PRL and IGFBP1 in decidualizing HESC. The effect of RA appears to be partially
mediated by the inhibition of cAMP signaling under this estrogen and medroxyprogesterone
treatment and was only partially compensated by addition of cAMP. Treatment of cultured
rat endometrial cells with estrogen increases the production of RA [106]. Additionally,
treatment of rats with pregnant mare serum gonadotropin (PMSG), a pharmacological
strategy to induce ovulation, results in the induction of RA by the estrogenized uterus. [54]
Altogether, this evidence suggests a potential role for RA signaling in the regulation of
estrogen-induced proliferation during the window of receptivity. Unfortunately, the double-
null mice lacking RARα/RARγ or RARβ/RARγ die before or immediately after birth due to
severe skeletal defects, hindering the study of the RAR during peri-implantation in the adult
uterus [107,108].

8. Thyroid Hormone Receptor
Thyroid hormones (TH) are important in processes including growth, development,
differentiation, metabolism and reproduction [109]. Hypothyroidism and hyperthyroidism
have been known to affect the metabolism of sex hormones, ovarian function and have been
associated with menstrual irregularities and infertility [110]. There are two major types of
THs, thyroxine (T4), which is the main secretory product and the pro-hormone
triiodothyronine (T3) [109]. T3 binds the two major isoforms of the thyroid hormone
receptor (TR), TRα (NR1A1) and TRβ (NR1A2). There are two TRα isoforms, TRα1 and
TRα2. The TRα2 isoform, however, cannot bind T3 and transactivate TH-responsive genes.
Additionally, there are two TRβ isoforms, TRβ1 and TRβ2 [111]. Ablation of the TRβ1 in
the mouse (Thrb−/−) results in a hyperactive goiter and elevated thyroid hormone levels.
[112] In contrast, ablation of TRα1 in the mouse (TRa1−/−) results in mild hypothyroidism.
[113] Unfortunately, disruption of the endocrine system in both of these mouse models
hinders the ability to study the specific role of these TRs in endometrial biology.

It has been reported that TRα1, TRα2 and TRβ1 transcripts are regulated by progesterone in
the endometrium. Treatment with the anti-progestin RU486 on day LH+8 of the menstrual
cycle results in the down-regulation of TRα1 and TRα2 and the up-regulation of TRβ1
[114]. Both protein and message levels of these TRs are detected throughout the menstrual
cycle in healthy women. TRα1 is higher in the midsecretory phase while TRα2 was highest
in the proliferative phase. TRβ1 is highest in the luminal epithelium in the midsecretory
phase and highest in the glandular epithelium in the mid to late secretory phase. In the
stromal compartment, TRβ1 was expressed consistently throughout the menstrual cycle.
Interestingly, TRβ2 was undetected at the message or protein level by immunostaining, but
was present by Western blotting [115]. Collectively, these results underscore the potentially
significant, yet largely unknown function of TRs in endometrial receptivity.
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9. Peroxisome proliferator-activated receptor
The peroxisome proliferator-activated receptor (PPAR) family is composed of three forms,
the PPARα (NR1C1) PPARδ, also referred to as PPARβ/δ, (NR1C2) and PPARγ (NR1C3)
[116]. These receptors bind several natural and synthetic ligands to regulate lipid and
glucose metabolism, energy homeostasis, inflammation and cell proliferation and
differentiation [117,118]. PPAR expression is abundant in tissues like the liver or adipose,
critical sites of metabolic regulation. Interestingly, PPARs can also be found in reproductive
tissues inducing the hypothalamus, ovary, uterus and placenta in rodents [119]. PPARγ is
expressed in the stroma at day 2.5, but subsequently decreases to a low level during
implantation. In contrast, PPARα and PPARδ are constantly expressed in the glandular
epithelium at days 0.5-6.5 of pregnancy. Both PPARs are present in the endometrial stroma
of during days 4.5-6.5 of the rat pregnancy [120]. PPARδ has been observed in the stroma at
the site of implantation in mouse and rat [121,122]. PPARδ has been suggested to play a role
in placental function, intrauterine growth restriction (IUGR), inflammatory pathways and
mediating COX2-derived prostacyclin (PGI2) signaling during pregnancy [123-126].
PPARα activation has been linked to the negative regulation of lipid peroxidation and nitric
oxide (NO) production during placentation [127].

Genetic ablation of PPARα in the mice results in an increase in abortion rate. PPARα−/−

mice display greater neonatal mortality, indicating an important role for PPARα in placental
function [128]. Similarly, PPARδ null mice (PPARβ/δ−/−) display placental abnormalities
and embryonic death during early pregnancy due to alteration in cyclo-oxygenase-2-derived
prostacyclin mediated implantation [126,129]. PPARγ null embryos (PPARγ−/−) die very
early in development due to defects in labyrinth formation during placentation [130]. Due to
the early embryonic lethality of the PPARγ−/− mouse, the role of PPARγ in the adult
endometrium remains unknown. It has been shown that the regulation of metabolism for
energy homeostasis plays an important role in female reproduction, particularly in the
function of the placenta. However, early events in pregnancy also require fine-tuning of
metabolism to prepare the uterus for implantation and decidual transformation suggesting a
role for the PPAR in the preparation of uterine receptivity. The mechanism by which PPARs
regulate early implantation events remain to be fully elucidated.

10. The Orphan Nuclear Receptors
10.1 COUP-TFII

COUP-TFII (NR2F2), chicken ovalbumin upstream promoter-transcription factor II, is an
orphan member of the nuclear receptor family best known for its role in the regulation of
angiogenesis during mouse development, glucose metabolism and cancer progression [131].
COUP-TFII is expressed consistently throughout implantation in the endometrial stromal
compartment. Conditional ablation of COUP-TFII in the endometrium using the PRCre/+

COUP-TFIIf/f (COUP-TFIId/d) bigenic mouse results in infertility due to a defect in
blastocyst attachment and absent decidual response. The endometria of COUP-TFIId/d mice
exhibited unopposed estrogen signaling in the luminal epithelium, a phenotype similar to
that observed after endometrial ablation of Ihh [53]. Interestingly, Ihh was shown to be an
upstream regulator of COUP-TFII expression [53]. Consistent with an increase in total ERα
and its coactivator SRC-1, a proportional increase in activated phospho-ERα as well as the
persistent expression of the estrogen target gene Ltf was observed in COUP-TFIId/d [132].
Furthermore, COUP-TFIId/d displayed a defect in epithelial maturation with a persistent
expression of Muc1, glycocalyx and an inappropriate remodeling of the microvilli.
Collectively these defects imposed a barrier to implantation and subsequent decidualization
[132].
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COUP-TFII plays a central role in the mechanism of stromal-epithelial crosstalk during
implantation by regulating the WNT and bone-morphogenic-protein (BMP)-pathways.
Administration of a pure ERα antagonist ICI 182,780 (ICI) rescued the expression of Bmp2
and Wnt4 in COUP-TFIId/d mice, molecules that are absolutely critical for stromal cell
decidualization [133-135]. This resulted in the partial rescue the implantation defect and
decidual response. Interestingly, the decidual defect in COUP-TFIId/d could also be rescued
by the introduction of recombinant BMP2 into the uterine horn [132]. Similar to COUP-
TFII, Bmp2 and Wnt4 are expressed in the stromal compartment during implantation.
Conditional ablation of Bmp2 in the uterus using the PRCre/+ Bmp2f/f (Bmp2d/d) bigenic
mouse model resulted in infertility. While attachment, proliferation and vascularization were
normal in the Bmp2d/d model, endometrial stromal cells were unable to differentiate due to
compromised Ptgs1 expression and a decrease in activating PR phosphorylations. The Bmp2
target, Wnt4, was also conditionally ablated in the murine endometrium using the PRcre/+

Wnt4f/f bigenic mouse model. Ablation of Wnt4 results in subfertility due to defects in
stromal cell differentiation and progesterone responsiveness. Collectively, these results
indicate a central role for COUP-TFII during implantation involving BMP and WNT
signaling in the activation of progesterone signaling, regulation of epithelial maturation and
stromal preparation for decidualization.

10.2 SF-1 and LRH-1
The steroidogenic factor-1 (NR5A1) and the liver receptor homolog-1 (NR5A2) are highly
homologous orphan NRs involved in the regulation of steroidogenic genes. Steroidogenic
factor-1 (SF-1) expression is predominantly observed in Leydig and Sertoli cells of the
testis, granulosa and theca cells of the ovary, all the layers of the adrenal cortex, pituitary
and hypothalamus [136,137]. SF-1 regulates the expression of the enzymes required for
steroidogenesis including STAR, aromatase, CYP11A1 and CYP17A1. In the endometrium
expression of SF-1 is silenced due to heavy promoter methylation. Therefore, SF-1 it is
hypothesized not to play a role in blastocyst implantation. In endometriosis, aberrant
demethylation of the SF-1 promoter in stromal cells results in the activation of SF-1
expression and consequently the up-regulation of steroidogenic enzymes. This condition is
hypothesized to promote de novo estradiol synthesis and growth of endometriotic lesions
[138]. It is known that COUP-TFII provides additional repression of the aromatase promoter
in the endometrium [139]. Given that SF-1 is the stronger competitor in this process, is clear
why SF-1 must remain silent in order to maintain endometrial homeostasis. The
physiological and molecular consequences of activating SF-1 expression in the uterus
remain unknown, but would provide insight into the role of SF-1 in endometrial pathologies.

Liver receptor homolog-1 (LRH-1) is known to be involved in liver bile acid metabolism,
ovarian steroidogenesis and cell proliferation. It is expressed in the granulosa and luteal cells
in the ovary where it was found to be critical for the regulation of cumulus expansion,
luteinization and ovulation [140]. A recent study evaluated the role of LRH-1 in luteal
function using the PRCre/+ NR5A2f/f (NR5A2d/d) bigenic mouse. These mice exhibited luteal
insufficiently that resulted in implantation failure. Although implantation failure was
rescued by progesterone supplementation, defects in implantation site spacing resulted in
compromised placental formation, fetal growth retardation and fetal death. Furthermore,
expression of preimplantation genes Hoxa10, Wnt4, Wnt5a, Ihh and Bmp2 was
compromised in NR5A2d/d mice and was not rescued by progesterone supplementation.
LRH-1 was also shown to be indispensable for mouse and human stromal cell
decidualization [141]. Finally, it has been shown that both SF1 and LRH-1 cooperate to
activate steroidogenesis in endometrial cancer cell lines, providing a possible mechanism for
the observation that de novo estradiol synthesis seem to provide tumor cells with a growth
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advantage [142]. Collectively these results underscore the need to further evaluate the roles
of LRH-1 and SF-1 in uterine function and disease.

10.3 Circadian Rhythm: ReverbA and RORC
Regulators of the circadian rhythm form part of the endogenous timing system of biological
systems. These transcriptional regulators were originally identified in the suprachiasmatic
nucleus in the brain but recent evidence demonstrated this system works in individual
tissues, including reproductive tissues [143]. Recently, it was reported that progesterone
might have a role in the regulation of this circadian biology. Overlapping PR binding with
expression data after acute progesterone exposure of ovariectomized mice identified
circadian rhythm biology and identified new gene target of PR including Clock, Npas2, Cry1
and Per1, Nr1d1, Rorc and Ppargc1a [59]. Rev-erbα (NR1D1) and RAR-related orphan
receptor C (NR1F3) are orphan members of the NR superfamily. Together with the
peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (Ppargc1a), these
NRs negatively regulate Clock, Npas2, Cry1 and Per1. Interestingly, ReverbA and RORC
are negatively regulated by acute progesterone stimulation, while Clock, Npas2, Cry1 and
Per1 are up-regulated by progesterone [59]. This evidence underlines the previously
unknown role of PR in the regulation of uterine circadian biology. Given that circadian
rhythms are known to be important in hypothalamic-pituitary-gonadal axis, it is no surprise
to find relationships between disrupted rhythm and menstrual irregularities as well as
decrease pregnancy rates [144]. These observations open up a new field examining the role
of circadian rhythm in blastocyst receptivity and fertility.

11. Conclusions and Future Directions
Implantation in mammals is a very complex process that requires intricate crosstalk between
molecules within compartments of the endometrium for the tight regulation of receptivity
(Figure 2.) The ovarian steroids estrogen and progesterone orchestrate the transcriptional
programs required for changes in cell cycle progression and differentiation observed in the
endometrium during implantation. It is clear that ER and PR play a central role in this
process. Future studies should focus on delineating isoform specific targets and functions
during implantation and disease. The roles of many of the NRs with endometrial expression
have not been fully elucidated due to lack of appropriate in vivo systems. Tissue specific
mouse models are currently the most efficient strategy for interrogating molecules that
regulated the window of receptivity and have already defined the roles of several important
regulators. (Summarized in Table 1.) Conditional mouse models utilizing PRcre,
circumvent many of the issue associated with whole body knock-outs and will likely
continue to shed light into the roles of NRs and downstream molecules. Significant advances
in the understanding of paracrine crosstalk could also be achieved by utilizing compartment
specific and inducible Cre models to answer questions about the spatiotemporal roles of
these NRs and their effector molecules.

The use of ChIP-Seq in combination with expression profiling techniques such as
microarray and RNA-Seq have been very powerful tools in the identification of chromatin
interactions and direct transcriptional targets of NRs. It is no doubt the field of uterine
biology will continue to reap the benefits of the advances in high content technology for the
better understanding of NR action in blastocyst implantation. The ultimate goal of these
efforts is to identify molecular markers of uterine receptivity. The knowledge of these will
facilitate efforts in assisted reproductive clinics and improve the outlook of reproductively
challenged couples. Additionally, many of the signaling pathways involved in regulating
implantation are disrupted in gynecological malignancies such as endometriosis and
endometrial cancer. A greater understanding of the role of hormone and nuclear receptor
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signaling in the regulation of proliferation and differentiation in the endometrium could
identify more effective strategies for the treatment of these pathological conditions.
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Highlights

• This review discusses the major nuclear receptors expressed in the endometrium
during implantation and identifies important gaps that need to be addressed.

• We delineate the known mechanisms that regulate receptivity to the implanting
blastocyst with a focus on murine model studies.

• We provide a model that describes the mechanism of stromal-epithelial crosstalk
in the regulation of proliferation.
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Figure 1. Peri-implantation Expression of the Nuclear Receptors
The implantation period in the mouse can be divided into pre-receptive, receptive and post-
receptive. The nuclear receptors ERα, PR and COUP-TFII have distinct spatiotemporal
expression patterns during implantation.
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Figure 2. Model for Stromal-Epithelial Paracrine Signaling during Implantation
Extensive crosstalk between the epithelial and stromal compartments in the endometrium is
required for establishing the window of receptivity. Solid arrows (→) indicate activating
interactions, (—/) indicate inhibition or repression and dashed arrows represent potential
induction that remain to be elucidated.
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Table 1
Summary of Implantation Phenotypes in Mouse Models

Target Gene Mouse Model Mouse Uterine Phenotype

NR Ablation

Nr3a1 (Esr1) ERαKO
Infertile, hypoplastic, no implantation,
decidual response persists with progesterone
priming.

Nr3a2 (Esr2) ERβKO Normal fertility uterine phenotype.
Exaggerated estrogen responsiveness.

epithelial Esr1 UTEpiαERKO Infertile, loss of lactoferrin expression and
enhanced uterine apoptosis.

Nr3c3 (Pgr) PRKO, PRAKO,
PRBKO

Infertile, no implantation, absent decidual
response, unopposed estrogen signaling.
PRKO phenotype in PRAKO only.

epithelial Pgr Wnt7aCre/+ PRf/f Infertile, no implantation, absent decidual
response, unopposed estrogen signaling.

Nr3c4 (AR) ARKO

Reduced litter size, smaller uterus and
reduced growth in response to hormones,
abnormal placental development and
placentamegaly.

Nr1c1
(PPARα) PPARα−/− Increase in abortion rate and greater

neonatal mortality.

Nr1c2
(PPARβ/δ) PPARβ/δ−/−

Placental abnormalities and embryonic death
during early pregnancy due to alteration in
cyclo-oxygenase-2-derived prostacyclin.

Nr1c3
(PPARγ) PPARγ−/− Early death of embryo due to defects in

labyrinth formation during placentation.

Nr2f2
(COUP-TFII)

PRCre/+ COUP-
TFIIf/f

Infertile, no implantation, absent decidual
response, unopposed estrogen signaling in
luminal epithelium.

Nr5a2
(LRH-1) PRCre/+ NR5A2f/f

Infertile, luteal insufficiency, implantation
failure, defect decidualization and
placentation.

NR Target Ablation

Ihh PRCre/+ Ihhf/f
Infertile, absent decidual response,
unopposed estrogen signaling in luminal
epithelium

Bmp2 PRCre/+ Bmp2f/f Infertile, decrease Cox2, absent decidual
response.

Wnt4 PRCre/+ Wnt4f/f

Subfertile, reduced number of glands,
squamous cell metaplasia in response to
prolonged estrogen treatment, defective
decidualization and progesterone response.

Lif Lif−/− Infertile, no implantation, embryos remain
dormant.

Hand2 PRCre/+ Hand2f/f
Infertile, no implantation, altered
progesterone responsiveness, persistent
luminal epithelial proliferation.
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