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ABSTRACT  Embryo implantation is a crucial step for successful pregnancy. Prior to implantation, 
the luminal epithelium undergoes steroid hormone-induced structural and functional changes that 
render it competent for embryo attachment. Subsequent invasion of the embryo into the maternal 
tissue triggers differentiation of the underlying stromal cells to form the decidua, a transient tissue 
which supports the developing embryo. Many molecular cues of both stromal and epithelial ori-
gin have been identified that are critical mediators of this process. An important aspect of uterine 
biology is the elaborate crosstalk that occurs between these tissue compartments during early 
pregnancy through expression of paracrine factors regulated by the steroid hormones estrogen and 
progesterone. Aberrant expression of these factors often leads to implantation failure and infertility. 
Genetically-engineered mouse models have been instrumental in elucidating what these paracrine 
factors are, what drives their expression, and what their effects are on neighboring cells. This review 
provides an overview of several well-characterized signaling pathways that span both epithelial 
and stromal compartments and their function during implantation in the mouse.
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Introduction

For successful pregnancy, the uterus must undergo a series 
of structural and functional changes early in gestation to promote 
invasion of the embryo into maternal tissue, a process known as 
implantation. These changes are driven by the coordinated ac-
tions of 17b-estradiol (E) and progesterone (P) (Ramathal et al., 
2010; Cha et al., 2012). In mice, the steroid hormone-regulated 
events leading to implantation are well defined. During days 1-2 
of pregnancy (day 1 corresponds to the detection of a copulatory 
plug), E is the predominant hormone driving proliferation of the 
luminal and glandular epithelium. By day 4 of pregnancy, with the 
rise of P secreted from the newly formed corpora lutea, the uter-
ine epithelium shifts from a proliferative to a differentiated state, 
and becomes receptive to embryo attachment. Development of a 
receptive uterus involves structural and functional remodeling of 
the uterine epithelium. During this process, the epithelial cells lose 
polarity through down-regulation of the cell-cell adhesion molecule 
E-cadherin, exhibit an inhibition of the cell surface glycoprotein 
mucin 1 (MUC1), and develop protrusions along the apical surface 
(Thie et al., 1995; Surveyor et al., 1995; Nikas and Psychoyos, 
1997). As the uterus attains receptivity, the trophectoderm layer of 
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the embryo attaches to the uterine luminal epithelium and begins 
to invade into the underlying stroma (Ramathal et al., 2010; Cha 
et al., 2012). 

Attachment of the embryo to the receptive epithelial lining trig-
gers proliferation and differentiation of the surrounding stroma 
into secretory decidual cells, a process known as decidualization 
(Ramathal et al., 2010; Cha et al., 2012). In mice, this transition 
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begins on day 4.5 of pregnancy and is completed by day 8. This 
transient tissue supports the invading embryo and mediates the 
formation of maternal blood vessels to provide oxygen and nutri-
ents to the embryo prior to placentation. By day 10.5 of pregnancy, 
embryo invasion is complete and the decidua undergoes regres-
sion. Perturbation of molecular pathways involved in decidualiza-
tion, embryo invasion, and blood vessel formation culminates in 
pregnancy loss and infertility. Because infertility is a problem faced 
by many couples trying to conceive, it is critical to understand the 
molecular events occurring during pregnancy to help improve as-
sisted reproductive technology.

Role of E and P receptors during early pregnancy: 
lessons learned from knockout mice

During early pregnancy, both E and P play pivotal roles in or-
chestrating the structural and functional changes in the uterus that 
allow it to support the growth and development of the embryo. E 
and P are synthesized from cholesterol in the ovary and can diffuse 
into a target cell to act on their cognate receptors. The estrogen 
receptors, ERa and ERb, and the progesterone receptors, PR-A 
and PR-B, are transcription factors that exist in the cytoplasm in the 
absence of their respective hormones. Hormone binding activates 
the receptor, promoting receptor dimerization and translocation to 
the nucleus. Activated ER and PR bind to specific genomic sites to 
activate or repress the expression of their target genes. Through the 
use of chromatin immunoprecipitation coupled to high throughput 
sequencing, genome-wide binding sites of ER and PR have been 
identified, representing consensus sequences GGTCAnnnTGACC 
and AGAACAnnnTGTTCT, respectively (Hewitt et al., 2012; Rubel 
et al., 2012). ER and PR can also regulate gene expression by 
tethering to other transcription factors. Binding of these receptors 
can also occur at distal enhancer regions, which then form com-
plexes with the proximal promoter through a chromosomal looping 
event (Pan et al., 2008; Li et al., 2013). 

The generation of mutant mouse models lacking functional ER 
or PR has provided great insight into the role of steroid hormone-
regulated gene expression in the uterus during pregnancy. The 
PR knockout (PRKO) females are infertile, primarily due to an 
ovulation defect (Lydon et al., 1995). Their uteri are hyperplastic 
and non-receptive to the implanting embryo. These mutant mice 
also fail to mount a decidual response following artificial stimulation 
of their hormone-primed uteri. Mice lacking PR exclusively in the 
epithelium are also infertile and show persistent proliferation of the 
luminal epithelium (Franco et al., 2012). Together, these mouse 
models establish a clear role of PR signaling in the transition of 
the uterine epithelium from a proliferative to a receptive state. 

ERa is the predominant ER isoform that mediates critical 
uterine functions during the reproductive cycle and pregnancy. Its 
loss results in female infertility and insensitivity to the mitogenic 
effects of E (Hewitt and Korach, 2003). Loss of ERb, on the other 
hand, has no effect on uterine function but shows reduced fertility 
due to an ovarian defect (Krege et al., 1998). Generation of an 
epithelial-specific deletion of ERa also results in female infertility 
(Winuthayanon et al., 2010). Surprisingly, loss of epithelial ERa 
does not prevent E-induced epithelial cell proliferation, suggesting 
that ERa action in the stroma is critical for mediating this event. 
These findings are reminiscent of the earlier tissue recombination 
experiments performed by Cunha et al., who demonstrated the 

interdependency between the endometrial epithelium and stroma 
(Cooke et al., 1997; Kurita et al., 1998). 

During the past decade, great strides have been made towards 
increasing our knowledge of uterine biology both with in vitro and in 
vivo model systems. Because of the invasive nature of implantation 
research and the ethical restrictions for human studies, the study 
of implantation in the human is extremely limited. Development 
of knockout mouse models has been instrumental in delineating 
the mechanisms involved in this complex process. Furthermore, 
conditional deletion of genes of interest using the Cre-Lox strategy 
has allowed us to study their function in an in vivo context. Much 
of the work establishing uterine stromal-epithelial dialogue has 
been performed in the mouse, and the purpose of this review is 
to document the knowledge gained from various knockout mouse 
models exhibiting implantation defects. It is becoming evident that 
the luminal and glandular epithelia and underlying stroma act as 
interconnected functional units within the uterus rather than indi-
vidual, autonomous compartments. This review will examine the 
critical signals of either epithelial or stromal origin that regulate 
implantation. 

Epithelial factors regulating stromal function

LIF and STAT3
Leukemia inhibitory factor (LIF) is perhaps the most well 

characterized paracrine factor of epithelial origin that regulates 
implantation. It is a secreted cytokine belonging to the interleukin 
(IL-6) family, and maintains the pluripotency of mouse embryonic 
stem cells by inhibiting their differentiation (Smith et al., 1988). It 
binds to the cell surface LIF receptor (LIFR), triggering its interac-
tion with the signal transducer glycoprotein 130 (GP130), which 
activates Janus kinase (JAK), a nonreceptor tyrosine kinase, and 
mediates the phosphorylation and activation of the transcription 
factor signal transducer and activator of transcription 3 (STAT3) 
(Yang et al., 1995). Spatiotemporal analysis of LIF showed its 
expression predominantly in the glandular epithelium on day 4 
of pregnancy (Bhatt et al., 1991; Yang et al., 1995; Song et al., 
2000). LIF is also present in the luminal and glandular epithelium 
on day 1, but its expression decreases on day 2 before increasing 
again on day 4, suggesting a biphasic pattern of induction (Yang 
et al., 1995). LIFR and GP130 follow a similar pattern of biphasic 
expression in the luminal and glandular epithelium, consistent 
with the view that LIF produced in the glandular epithelium acts 
on the luminal epithelium around the time of implantation. LIFR 
and GP130 are also present in the uterine stroma on day 5 of 
pregnancy, suggesting potential regulation of stromal function by 
epithelial LIF. In the uterus, LIF activates the JAK-STAT pathway, 
culminating in phosphorylation and activation of STAT3 (Cheng 
et al., 2001). Transactivation of STAT3 in the luminal epithelium 
is tightly regulated, showing nuclear localization on day 4 and 
cytoplasmic localization on days 3 and 5.

Deletion of the Lif gene in the mouse germ line results in female 
infertility, characterized by a defect in implantation and decidualiza-
tion that can be rescued by administering recombinant LIF (Stewart 
et al., 1992; Chen et al., 2000). Further characterization of Lif-null 
mice showed that uterine expression of ER and PR is unaffected 
(Chen et al., 2000; Song et al., 2000). However, the expression of 
several EGF-like growth factors, such as heparin binding epidermal 
growth factor (Hbegf), amphiregulin (Areg), and epiregulin (Ereg), 
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which are normally induced in the luminal epithelium adjacent to 
the blastocyst on day 4 of pregnancy, are notably absent in Lif-null 
mice (Song et al., 2000). Although the precise function of these 
EGF-like growth factors is not fully understood, their expression 
is required for successful pregnancy (Xie et al., 2007). Since the 
EGF receptors (EGFR) are expressed on the stromal cells dur-
ing pregnancy, this may indicate that EGF-like growth factors are 
paracrine mediators acting on the stroma to drive stromal prolifera-
tion and differentiation. This view is supported by the observation 
that decidualization defects arising from LIF-deficiency could be 
partially rescued by intrauterine administration of EGF ligand 
(Pawar et al., 2013).

Analyses of Lif-null mice have been critical in delineating down-
stream molecular cues involved in implantation and decidualization. 
In the absence of LIF, the transactivation and nuclear localization 
of STAT3 is lost. Pharmacological studies showed that STAT3 
activation is required for implantation (Catalano et al., 2005). To 
further characterize its role during pregnancy, Stat3 was deleted 
from both epithelial and stromal cells of the uterus using PR-Cre-
mediated excision of the floxed Stat3 gene (Lee et al., 2013; Sun 
et al., 2013). Loss of uterine Stat3 in Stat3d/d mice is associated 
with infertility due to defects in implantation and decidualization. 
Stat3d/d uteri show increased epithelial expression of the E-regulated 
genes lactotransferrin (Ltf) and Muc1, consistent with heightened 
E signaling. Stat3 null uteri also exhibit persistent proliferation in 
the luminal epithelium and a lack of proliferation in the underlying 
stroma on day 4 of pregnancy, indicating the non-receptive state 
of the uterus (Sun et al., 2013). STAT3 also regulates implantation 
through modulation of adhesion molecules in the uterine epithelium. 
Prior to implantation, the junctional molecules E-cadherin and 
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claudin-1 maintain cell-cell adhesion and create a para-cellular 
barrier (Singh and Aplin, 2009). To establish receptivity, these 
molecules must be down-regulated to allow embryo invasion. 
Indeed, an epithelial-specific deletion of Stat3 shows that the loss 
of this factor is associated with increased E-cadherin and claudin-1 
expression during the window of receptivity (Pawar et al., 2013). 
Collectively, these studies show that the loss of LIF-STAT3 signaling 
culminates in an undifferentiated uterine luminal epithelium that is 
non-responsive to the embryo. 

Progesterone responsiveness is also impaired in Lif-null and 
Stat3d/d uteri, as indicated by aberrant expression of PR target 
genes, including homeobox A10 (Hoxa10), Indian hedgehog (Ihh), 
and amphiregulin (Areg) (Daikoku et al., 2004; Wakitani et al., 2008; 
Lee et al., 2013; Sun et al., 2013; Pawar et al., 2013). Since the 
levels of circulating steroid hormones and the uterine expression 
of ER and PR does not differ significantly between Stat3f/f  and 
Stat3d/d mice, it was suggested that PR signaling is disrupted by 
the loss of STAT3 expression (Sun et al., 2013). Indeed, it was 
demonstrated that PR interacts directly with STAT3 during the peri-
implantation phase (Lee et al., 2013). These findings indicate that 
PR and STAT3 act in concert to regulate a subset of P responsive 
genes that are critical for decidualization. 

Collectively, these data establish that LIF, produced by the glan-
dular epithelium under estrogen stimulation, acts on the luminal 
epithelium to activate the JAK-STAT signaling pathway and mediates 
a shift from a proliferative state to a differentiated state through 
the down-regulation of ER target genes and cell-cell junctional 
molecules. LIF also drives stromal proliferation through regulation 
of the EGF signaling pathway and controls stromal differentiation 
by controlling P-regulated genes, such as IHH, a key signal that 

functionally connects the epithelium and stroma. 
Fig. 1 provides a schematic representation of 
the LIF-STAT3 axis, spanning both the luminal 
and glandular epithelium and influencing cellular 
functions in the stroma.

IHH and COUP-TFII
Indian hedgehog (IHH) is a member of 

the hedgehog gene family that is involved in 
the proliferation and development of several 
different tissue types. The hedgehog family 
members trigger a signaling cascade through 
binding of the patched membrane receptor 
(PTC) and downstream recruitment and activa-
tion of the intracellular transducer smoothened 
(SMO) (McMahon, 2000). These signaling 
events activate the downstream transcription 
factors Gli and chicken ovalbumin upstream 
promoter-transcription factor II (COUP-TFII) to 
regulate cell proliferation and differentiation. In 
the uterus, IHH expression is detected in the 
luminal and glandular epithelium on day 3 of 
gestation, reaches peak expression on day 4, 
and rapidly decreases by day 5 (Paria et al., 
2001; Matsumoto et al., 2002; Takamoto et al., 
2002). Expression of PTC, the IHH receptor, 
and COUP-TFII is also observed on days 4-5 
of pregnancy in the uterine stromal cells, con-
sistent with the concept that they are activated 
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downstream of IHH (Paria et al., 2001, Matsumoto et al., 2002; 
Takamoto et al., 2002). This expression pattern suggests that IHH, 
a diffusible factor produced in the epithelium, controls stromal func-
tions by paracrine mechanisms via its receptor in the stromal cells. 

Use of the PRKO mouse model identified IHH as a P-regulated 
factor (Matsumoto et al., 2002; Takamoto et al., 2002). To elucidate 
how PR regulates IHH, tissue recombinant experiments were 
performed using epithelium and stroma isolated from wild type 
and PRKO mice (Simon et al., 2009). These experiments estab-
lished that stromal PR is required for epithelial expression of Ihh 
and downstream stromal expression of Ptc and Coup-tfII, while 
epithelial PR is insufficient and expendable. However a later study, 
using a uterine epithelium PR knockout generated by Wnt7a-Cre, 
showed a reduction in Ihh expression with loss of epithelial PR, 
suggesting that epithelial PR may not be completely dispensable 
for IHH expression in the pregnancy scenario (Franco et al., 
2012). Moreover, the proximal promoter of the Ihh gene contains 
a progesterone response element that both shows PR occupancy 
and responsiveness under progesterone stimulation, suggesting 
that Ihh is a direct target of PR within the uterine epithelium. Other 
groups have also shown that aberrant LIF expression and signal-
ing correlate with reduced Ihh expression (Wakitani et al., 2008; 
Sun et al., 2013). 

To study the function of IHH within the uterus, a conditional 
knockout mouse, Ihhd/d, was generated using a PR-driven Cre 
to bypass the perinatal lethality of global Ihh-null mice (Lee et 
al., 2006). Deletion of Ihh in the uterus results in infertility due to 
implantation defects, preventing blastocyst attachment. Ihhd/d mice 
show a higher expression of MUC1 mRNA and protein than floxed 
control mice, suggesting uteri fail to achieve a receptive state in 
the absence of Ihh. Microarray analysis identified other ER target 
genes, including lactotransferrin (Ltf), wingless-type MMTV integra-
tion site (WNT) family member 4 (Wnt4), and insulin-like growth 
factor binding protein 5 (Igfbp5), that are up regulated in Ihh-null 
uteri, suggesting IHH may play a role in modulating ER activity 
during the peri-implantation period (Franco et al., 2010). Addition-
ally, artificial decidualization experiments showed that Ihhd/d mice 
fail to initiate the progesterone-induced stromal cell proliferation 
and vascularization that occurs just prior to decidualization dur-
ing the peri-implantation phase (Lee et al., 2006). Indeed, the cell 
cycle regulatory factor CCND1 and the minichromosome mainte-
nance family member MCM3, which are expressed in the uterine 
stroma of control mice undergoing artificial decidualization, are 
undetectable in Ihh-null uteri (Franco et al., 2010). Restoration of 
stromal cell proliferation and a partial rescue of angiogenesis can 
be achieved upon administration of a smoothened agonist, but 
decidualization itself is still impaired, suggesting that the hedgehog 
signaling cascade is critical for driving pre-decidualization events 
(Lee et al., 2006). Deletion of Ihh also down-regulates EGFR in 
the stromal compartment, identifying it as a downstream target of 
the IHH signaling pathway. Microarray analysis further identified 
other members of the EGF receptor family that are regulated by 
IHH, including Erbb2/Her2, Erbb3/Her3, and Erbb4/Her4 (Franco 
et al., 2010). EGF signaling has been shown to be active during 
implantation, and its dysregulation could contribute to the observed 
implantation failure (Xie et al., 2007). 

Loss of Ihh in the uterine epithelium is associated with aberrant 
gene expression in the stroma, indicating that IHH is acting in a 
paracrine manner. COUP-TFII was identified as the stromal factor 

mediating these changes. Deletion of Coup-tfII (Coup-tfIId/d ) using 
PR-Cre leads to infertility resulting from failed embryo attachment 
(Kurihara et al., 2007). Similar to the Ihhd/d mice, Coup-tfIId/d  mice 
also fail to undergo artificial decidualization, a defect linked to 
decreased expression of bone morphogenetic protein 2 (BMP2), 
a factor induced in the uterine stroma in response to progesterone 
stimulation (Kurihara et al., 2007; Lee et al., 2007; Li et al., 2007). 
Stromal PR is also dramatically reduced in Coup-tfII null uteri, 
suggesting that progesterone driven stromal-epithelial interactions 
may be influenced by the IHH-COUP-TFII pathway (Kurihara et 
al., 2007). Additionally, Coup-tfIId/d mice show increased epithelial 
ERa expression and increased estrogen activity during the window 
of receptivity compared to control mice, resulting in increased 
LTF and MUC1 expression and failure to undergo the epithelial 
remodeling necessary for implantation (Kurihara et al., 2007; Lee 
et al., 2010). Taken together, these experiments establish that 
the IHH-COUP-TFII axis, as shown in Fig. 1, controls epithelial-
stromal signaling that mediates both the suppression of ERa activ-
ity and subsequent luminal epithelium remodeling necessary for 
implantation. Furthermore, despite its transient induction, IHH is 
also critical for decidualization through the COUP-TFII mediated 
induction of BMP2.

Stromal factors regulating epithelial function

Estrogen receptor
Prior to implantation, the preovulatory surge of E, acting via 

ERa, promotes epithelial proliferation. Since both stromal and 
epithelial compartments express ERa, a logical assumption is 
that E-induced epithelial proliferation is controlled directly through 
epithelial ERa. However, uterine physiology is much more com-
plex. Cunha’s group performed a series of tissue recombination 
experiments using stroma and epithelium from wild type and 
ERa-null mice; by placing the recombinants under the renal 
capsule of adult mice, they demonstrated that estrogen-driven 
epithelial cell proliferation is controlled by stromal ERa rather 
than epithelial ERa (Cooke et al., 1997). They also showed that 
the expression of LTF, an E-driven secretory protein, is partially 
retained in recombinants containing ERa-null epithelium and 
wild-type stroma, but completely lost in recombinants containing 
wild-type epithelium and ERa-null stroma (Buchanan et al., 1999). 
The E-mediated down regulation of PR in the uterine epithelium 
was also found to be dependent on stromal but not epithelial 
ERa (Kurita, et al., 2000). 

These earlier observations were supported later by the genera-
tion of a uterine epithelial-specific ERa knockout mouse using 
Wnt7a-Cre (Winuthayanon et al., 2010). These conditional mutant 
mice, lacking ERa in the uterine epithelium, retain the ability 
to exhibit uterine wet weight gain and epithelial proliferation in 
response to E treatment. These results provide strong evidence 
that E-induced epithelial proliferation, a major event promoting 
preimplantation uterine growth, is driven by paracrine factors 
controlled by stromal ERa. One group of candidate stromal 
ERa-induced paracrine factors is the fibroblastic growth factor 
(FGF) family, namely FGF-1, -2, -9, and -18 (Tsai et al., 2002; Li 
et al., 2011). FGFs act on cell surface FGF receptors (FGFRs) to 
mediate downstream activation of extracellular signal-regulated 
kinases 1 and 2 (ERK1/2) or phosphatidylinositol 3-kinase/Akt 
(PI3K/Akt) signaling cascades (Eswarakumar et al., 2005). In 
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the endometrium, as depicted in Fig. 2, FGFs released from the 
stroma bind to FGFRs on the uterine epithelium and activate 
ERK1/2 to promote epithelial proliferation (Li et al., 2011).

IGF1
Insulin-like growth factor 1 (IGF1) is a peptide hormone that 

promotes growth (Baker et al., 1996). As expected, global dele-
tion of Igf1 decreases body weight in mice (Baker et al., 1996). 
Perhaps a less predictable consequence of Igf1 deletion is the 
resulting infertility in both males and females. Females show an 
ovulation defect and decreased uterine weight compared to control 
mice, establishing a role for IGF1 in normal reproductive function. 
Immunohistochemical analysis during the peri-implantation period 
demonstrated that on day 4 of pregnancy, IGF1 is detected in both 
uterine epithelium and stroma. On day 5, its expression is limited 
to the stroma underlying the implanting embryo (Kapur et al., 
1992). Expression of the IGF1 receptor (IGF1R) is detectable in 
all cell types, but is abundant in the luminal and glandular epithelia 
(Baker et al., 1996). 

Following E stimulation, Igf1 is robustly induced in the uterine 
stroma and more modestly in the luminal epithelium (Zhu and 
Pollard, 2007). These observations are validated by the lack of 
expression observed in ERKO mice stimulated with E (Hewitt et 
al., 2010). Moreover, Igf1 appears to be a direct target of ERa, 
containing several estrogen response elements that show ERa 
occupancy following E stimulation. 

The fact that IGF1R is abundantly located on the uterine epithe-
lium suggests that its ligand, IGF1, might be a paracrine mediator 
of the stromal-epithelial crosstalk involved in epithelial prolifera-
tion during the preimplantation phase. One proposed mechanism 
is through the canonical activation of the cell cycle machinery by 
activated IGF1R, which forms complexes with the docking protein 
insulin receptor substrate (IRS) that allows receptor interaction 
with PI3-kinase (Richards et al., 1998; Zhu and Pollard, 2007). In 
unstimulated cells, glycogen synthase kinase 3b (GSK3b) prevents 
nuclear accumulation of cyclin D1, a key factor in the G1 to S tran-

sition of the cell cycle. Zhu and Pollard (2007) showed that IGF1R 
signaling is required for E- induced luminal epithelial proliferation 
through the inhibition of GSK3b. They proposed a mechanism in 
which IGF1, produced in the stroma, acts via IGF1R in the epithelium 
to stimulate activation of PI3K/AKT, which in turn phosphorylates 
and inactivates GSK3b, allowing nuclear accumulation of cyclin 
D1 and cell cycle progression. Other groups suggested that IGF1 
regulates progression through the G2/M rather than G1 phase of 
the cell cycle (Adesanya et al., 1999; Walker et al., 2010). What-
ever the actual mechanism, these studies point to a role of IGF1 in 
executing E-induced epithelial proliferation by acting in a paracrine 
manner, as shown in Fig. 2.

Progesterone receptor
It is well established that progesterone has antiproliferative ef-

fects in the uterus and its actions are critical during implantation, 
as shown by the studies performed with the PRKO mouse (Lydon 
et al., 1995). Tissue recombinant experiments, using stroma and 
epithelium from wild type and PRKO mice, have demonstrated 
that stromal PR is essential for eliciting the antiproliferative ef-
fects of PR, while epithelial PR signaling is insufficient (Kurita et 
al., 1998). These observations indicate that stromal PR, rather 
than the epithelial PR, is dictating epithelial cell function. In sup-
port of this concept, Li et al., (2011) demonstrated that the loss of 
progesterone-driven stromal factor HAND2 results in sustained 
epithelial proliferation during pregnancy. However, Franco et al., 
(2012), using an epithelial-specific knockout of PR, reported that 
epithelial PR is also required for suppressing the mitogenic effects 
of estrogen, although the mechanism by which this occurs has 
not been clarified.

HAND2
Heart and neural crest derivatives-expressed protein 2 (HAND2), 

a basic helix-loop-helix transcription factor found in distinct tissue 
types, including the neural crest, limb buds, in the developing and 
adult heart, myenteric and submucosal sympathetic ganglia, and 
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adrenomedullary cells, has emerged as a critical factor in the uterine 
stroma that regulates epithelial function (Hollenberg et al., 1995; 
Firulli et al., 2000; Wu and Howard, 2002; Li et al., 2011, Huyen 
and Bany, 2011). HAND2 expression is induced upon administra-
tion of progesterone in ovariectomized mice but not in PRKO mice. 
Similarly, HAND2 expression can be blocked with administration 
of the PR antagonist RU486, suggesting that Hand2 is regulated 
by PR signaling (Li et al., 2011). By day 3 of pregnancy, HAND2 
expression is robustly induced in the stroma but is notably absent 
in the epithelium. Stromal expression persists through implantation 
and is detectable until day 8.5 of pregnancy, suggesting a role of 
HAND2 during decidualization (Huyen and Bany, 2011). Deletion 
of Hand2 from the uterus using PR-Cre (Hand2d/d) results in infertil-
ity due to a defect in implantation (Li et al., 2011). Hand2d/d mice 
show persistent epithelial proliferation in the luminal epithelium 
on day 4 of pregnancy when none is seen in the floxed controls. 
Collectively, these results indicate that Hand2d/d uteri fail to achieve 
a receptive state. 

HAND2 was shown to inhibit the expression of stromal FGFs, 
Fgf-1, -2, -9, and -18, which act via FGFR on the luminal epithelial 
cell surface and induce epithelial proliferation (Li et al., 2011). 
Using pharmacological FGFR inhibitors, it was shown that at-
tenuation of FGF signaling in Hand2d/d mice leads to cessation 
of epithelial proliferation. In the uterus, ERK1/2 was determined 
to be the downstream signal of FGFR responsible for driving epi-
thelial proliferation. Additionally, phosphorylation and activation of 
epithelial ERa was also shown to be persistent in Hand2d/d mice, 
and correlated to increased Ltf and Muc1 expression. Together, 
these findings present a mechanism, as demonstrated in Fig. 2, by 
which stromal expression of HAND2 inhibits epithelial proliferation 
to promote implantation. 

MSX1/2
The muscle segment homeobox gene family members, MSX1 

and MSX2, are known regulators of tissue morphogenesis, and play 
critical roles in uterine stromal-epithelial interactions (Alappat et 
al., 2003). MSX1 and MSX2 are both expressed in the adult uterus 
(Daikoku et al., 2011; Nallasamy et al., 2012). During pregnancy, 
MSX1 and 2 expression is seen in the luminal epithelium on day 1 
(Nallasamy et al., 2012). On days 2-3, expression is detected in the 
glandular epithelium and stroma, and corresponds to an increase 
in mRNA expression. At the time of implantation on day 4, both 
mRNA and protein levels begin to decline and are undetectable 
by day 5. Interestingly, the uteri of Lif-null mice show persistent 
expression of Msx1/2 on day 5 (Daikoku et al., 2004). The tight 
regulation of these factors in the peri-implantation period suggests 
that they may play critical roles in implantation.

Conditional deletion of either Msx1 or Msx2 results in subfertility, 
whereas double knockout of both Msx1 and Msx2 (Msx1d/dMsx2d/d) 
results in infertility, suggesting a compensatory mechanism between 
MSX1 and MSX2 (Daikoku et al., 2011; Nallasamy et al., 2012). 
In double knockouts, the blastocysts fail to attach and invade into 
the underlying stroma, indicating a defect in implantation. Analysis 
of the Msx1d/dMsx2d/d luminal epithelium on day 4 of pregnancy 
showed elevated ER activity and subsequent increased expres-
sion of E-regulated Muc1 and Ltf, as well as persistent epithelial 
proliferation compared to floxed control animals (Msx1f/fMsx2f/f) 
(Nallasamy et al., 2012). The cell adhesion molecule E-cadherin 
is also persistently expressed in uteri of Msx1d/dMsx2d/d mice at day 

6, while expression is downregulated in floxed controls, suggesting 
that MSX1 and MSX2 are also required for the reduced epithelial 
polarity necessary for embryo implantation (Daikoku et al., 2011). 

Microarray analyses of the uterine stroma and epithelium of 
day 4 pregnant Msx1d/dMsx2d/d and Msx1f/fMsx2f/f mice revealed 
that the WNT family members (Wnt4 and Wnt5) and several FGF 
family members (Fgf-1, -10, -18, -21) are up-regulated in stroma 
from Msx1d/dMsx2d/d mice compared to Msx1f/fMsx2f/f mice (Nal-
lasamy et al., 2012). WNTs signal through two distinct pathways, 
the canonical WNT/b-catenin-dependent pathway and the non-
canonical b-catenin-independent pathway. Daikoku et al., (2011) 
proposed that WNT5a signaling through a non-canonical pathway 
modulates the downstream E-cadherin-b-catenin complex in the 
uterine epithelium, resulting in high apical-basal polarity, lack of 
epithelial breakdown and embryo invasion, and an implantation 
defect in Msx1d/dMsx2d/d mice. Nallasamy et al., (2012) observed 
a robust activation of b-catenin in the stroma of Msx1d/dMsx2d/d 
mice on day 4 of pregnancy. Consistent with previous studies 
linking the canonical WNT signaling to production of FGFs, they 
reported that increased b-catenin activation correlates with in-
creased expression of Fgf-10, -18, and -21 in the uterine stroma 
of Msx1d/dMsx2d/d mice. These mutant mice also show increased 
epithelial cell proliferation and expression of MUC1 on day 4 of 
pregnancy compared to Msx1f/fMsx2f/f mice. These aberrant activi-
ties could be suppressed with an FGFR inhibitor. At first glance, 
this mechanism appeared very similar to that seen with HAND2. 
Follow-up studies have shown that HAND2 is normally expressed 
in Msx1d/dMsx2d/d mice and vice versa. It is conceivable that that 
these two pathways converge at a common point downstream, 
such as the WNT signaling and FGF production.

Conclusion

In this review, we have discussed signaling molecules that are 
produced in the epithelial and stromal compartments during the 
peri-implantation period and act in a paracrine manner to help 
prepare the maternal tissue for embryo attachment and invasion. 
Molecular genetic studies in the mouse are uncovering an ever-
increasing number of molecular cues that control the stromal-
epithelial dialog, demonstrating the complex relationship between 
these tissue compartments. Dysregulation of this crosstalk often 
leads to pregnancy loss and infertility. Continued research to im-
prove our insight into how these two compartments work together 
will provide the knowledge to explore new techniques to combat 
infertility and treat other hormone-dependent uterine pathologies.
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