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Abstract

The ovarian steroid hormone progesterone is a major regulator of uterine function. The actions of
this hormone is mediated through its cognate receptor, the progesterone receptor, Pgr. Ablation of
the Pgr has shown that this receptor is critical for all female reproductive functions including the
ability of the uterus to support and maintain the development of the implanting mouse embryo. High
density DNA microarray analysis has identified direct and indirect targets of Pgr action. One of the
targets of Pgr action is a member of the Hedgehog morphogen Indian hedgehog, Ihh. Thh and
members of the Hh signaling cascade show a coordinate expression pattern in the mouse uterus during
the preimplantation period of pregnancy. The expression of Ihh and its receptor Patched-1, Ptc1, as
well as, down stream targets of Ihh-Ptch1 signaling, such as the orphan nuclear receptor COUP-TF
Il show that this morphogen pathway mediates communication between the uterine epithelial and
stromal compartments. The members of the Ihh signaling axis may function to coordinate the
proliferation, vascularization and differentiation of the uterine stroma during pregnancy. This
analysis demonstrates that progesterone regulates uterine function in the mouse by coordinating the
signals from the uterine epithelium to stroma in the preimplantation mouse uterus.

[. Introduction

During the process of embryo implantation, the uterus must undergo a transformation into a
“receptive” state, in which the blastocysts are able to form intimate physical and physiological
contact with the endometrium. The primary factors that stipulate endometrial receptivity are
the ovarian steroids, estrogen (E2) and/or progesterone (P4). These steroids act primarily
through their respective cognate nuclear receptors, the estrogen receptor (Esr) and the
progesterone receptor (Pgr). The molecular mechanisms coordinated by the ovarian steroids
in the endometrium during the estrus cycle and in early pregnancy have been understood in
mouse, where the use of genetic engineering of animal models has facilitated the ability of
researchers to investigate these actions. During normal pregnancy in mice, a pre-ovulatory E2
surge stimulates uterine epithelial cell proliferation at 0.5 day post-coitus (dpc). At 1.5dpc,
large numbers of epithelial cells undergo apoptosis due to the diminished E2. Rising P4 levels
from the newly formed corpora luteum at 2.5dpc initiate uterine stromal cell proliferation. The
combined actions of P4 and nidatory E2 continues to stimulate uterine stromal proliferation to
bring about the uterus to the receptive state for implantation (Huet-Hudson et al., 1989).
Although the critical roles of E2 and P4 have long been known, the downstream effectors, and
the molecular mechanism utilized to regulate the transcription of target genes, remains
relatively unexplored. The use of expression screening techniques, including microarray
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analysis, as well as, gene targeting technologies has begun to identify downstream effectors of
the steroid hormones. This review will focus on the molecular mechanisms by which P4
regulates murine uterus function.

Il. Progesterone Receptor

The ovarian steroid hormone progesterone (P4) is a critical regulator for the establishment and
maintenance of pregnancy. Well characterized functions of P4 include regulating uterine
receptivity to blastocyst attachment, inducing stromal cell proliferation and differentiation,
regulating epithelial cell proliferation, and coordinating uterine and embryonic interactions on
a morphological and molecular level. Most of the physiological affects of P4 are mediated
through its receptor, the progesterone receptor (Pgr). Pgr belongs to the nuclear receptor
superfamily and shares structural similarities and key functional domains common to this group
(Tsai and O'Malley, 1994, Evans, 1988). The three major functional domains of Pgr, like all
nuclear receptors, are the ligand binding domain (LBD), the DNA binding domain (DBD), and
an activation domain (AF). The LBD confers specificity to the receptor for a particular ligand
or molecule that regulates its transcriptional activation. The DBD determines which DNA
sequences the receptor will recognize while the AFs link the transcriptional activity of the
receptors to the core transcriptional complexes (Ribeiro et al., 1995). Pgr is encoded in one
gene and exists as several isoforms with the most well characterized being PRA, PRB, and
PRC. These isoforms arise from the alternate translation start sites in the Pgr gene. The human
PRA isoform differs from the PRB isoform in that it lacks the first 164 amino acids contained
in PRB, whereas the PRC isoform contains a truncated DBD and a full length LBD (Wei et
al., 1996).

Mechanism of Action

The mechanisms by which the Pgr regulates the transcription of target genes is an area of active
research. As shown in Figure 1, the steroid hormone receptors can be activated by several
mechanisms. In the ligand-dependent mechanism, receptors can be activated by the binding of
P4 to the LBD of P Pgr (Figure 1a). In the absence of ligand, the Pgr is associated with in a
large complex of proteins including Heat shock proteins (Hsp) and FK506-binding proteins
(FKBPs) in the cytoplasm and are transcriptionally inactive. Upon ligand binding, the receptors
undergo a conformational change, are released from the chaperone complex, and translocate
into the nucleus (Tsai and O'Malley, 1994). Another mechanism by which Pgr can be activated
is through a ligand-independent mechanism (Figure 1a) (Power et al., 1992). The ligand-
independent activation of the receptor results from crosstalk with membrane receptor signaling
that results in the activation of kinases and phosphorylation of the receptor. The ligand-
independent transcription of Pgr can be due to a variety of signaling pathways. The first study
to demonstrate ligand independent transcription of Pgr showed that cAMP (8-bromo-cAMP),
ina cCAMP-dependent protein kinase (PKA) dependent manner, can phosphorylate the receptor
and activate the gene (Denner et al., 1990). Subsequently, PKA has been implicated in Pgr
mediated endometrial functions, such as decidualization loss of uterine quiescence near term
(Brar et al., 1997,Ku and Sanborn, 2002). Dopamine can also activate Pgr in a ligand
independent manner both in cell transfection systems (Power et al., 1991), as well as, in vivo
in the mouse brain (Mani et al., 1994). Non-ligand bound Pgr has been shown to be critical
for a dopamine dependent lordosis response in female mice (Mani et al., 1996) Finally, cyclin
AJCyclin-dependent kinase-2 (Cdk2) has been shown to phosphorylate Pgr and potentiate
ligand independent signaling (Zhang et al., 1997,Pierson-Mullany and Lange, 2004). Since P4
is known to stimulate proliferation of the endometrium, these results may be important in
elucidating Pgr action in the uterus. Through either the ligand dependent or independent
mechanisms, phosphorylated Pgr translocates to the nucleus and is able to bind as a homodimer
to cis-acting progesterone response elements (PRES) that are usually present in the 5'-flanking
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region of specific genes to stimulate expression of target genes. Although the perfect inverted
repeat consensus sequence for a PRE was identified as AGGACA(nnn)TGTCCT, most
progesterone-responsive genes have imperfect palindromes or do not have recognizable PREs.
To date, only a few genes containing full inverted repeat PRE elements have been characterized
(Cheng et al., 2001,Gao et al., 2000,Matsui et al., 2002,Moore et al., 1997,Slater et al.,
1988,Lee et al., 2003). Many in vitro studies have shown that the Pgr may also regulate genes
through crosstalk with other transcription factors, such as Sp1, NF-xB , and C/EBP-B or half-
sites of the palindromic sequence (Tsuchiya et al., 2003,Gao et al., 2001,Tang et al.,
2002,Leonhardt et al., 2003,Christian et al., 2002,Mueller et al., 2003). Upon the binding of
the receptor to the PRE, the activated receptor then interacts with coactivators to accelerate the
formation or increase the stability of the pre-initiation complex to activate transcription.

The most recently discovered mechanism by which Pgr activates transcription is through its
ability to activate the Src/Ras/Raf/mitogen-activated protein (MAP) kinase signaling cascade
(Figure 1b). Cytoplasmic Pgr interacts directly with a proline rich motif located at the N-
terminus Src homology 3 (SH3) domain of Src tyrosine kinase of the receptor
(Boonyaratanakornkit et al., 2001). This mechanism may contribute to the central role that
Src kinases have in the regulation of cellular proliferation, differentiation, and motility. The
ability of Pgr to activate kinase cascades shows that Pgr is not only capable of acting as a
transcription factor, but can directly activating signaling pathways from the cytoplasm.

Animal models that affect Pgr signaling

A. Pgr Knockout Models—Genetic ablation of both PRA and PRB in mice (PRKO) results
in pleiotropic reproductive abnormalities, including behavioral defects, failure to ovulate,
failure of the uterus to support implantation (demonstrated by a lack of a decidual response),
and defects in mammary gland branching and glandular development (Lydon et al., 1995).
Subsequently, selective ablation of specific isoforms has demonstrated that the individual
Pgr isoforms are responsible for distinct and non-overlapping functions. The selective ablation
of PRA in mice (PRAKO) demonstrates that PRA is the major mediator of P4 signaling in the
mouse reproductive tract. Similar to the PRKO mice, these mice fail to undergo a decidual
reaction from the administration of exogenous hormones and have a greatly reduced ovarian
function (Mulac-Jericevic et al., 2003) Additionally, the PRAKO mice demonstrate that
selective activation of PRB in the uterus resulted in an abnormal P-dependent induction of
epithelial proliferation, in contrast to the customary P4 inhibition of E2-induced epithelial
proliferation. This gain of PRB-dependent proliferative activity by removal of PRA indicates
that PRA is required not only to inhibit E-induced hyperplasia of the uterus, but also to limit
potentially adverse proliferative effects of the PRB. Selective ablation of PRB (PRBKO)
showed no overt uterine phenotype, but resulted in reduced mammary gland morphogenesis
(Mulac-Jericevic et al., 2000). Therefore, PRA and PRB, are the predominant forms of Pgr in
the uterus and mammary glands, respectively, and have discrete and non-overlapping
functions. The role of a third isoform of Pgr, PRC, has not been fully investigated in the murine
uterus. The PRC isoform is proposed to be an inhibitory isoform since it contains a truncated
DBD and a full length LBD (Wei et al., 1996, Wei et al., 1997). Recent evidence has suggested
arole for PRC in parturition. Its upregulation by NF-xB on the Pgr promoter may inhibit
Pgr activity and lead to a loss of uterine quiescence (Condon et al., 2005).

B. Fkbp4—In the absence of P4, Pgr interacts with molecular chaperones in the cytoplasm.
This interaction is critical to maintain the functionality and competence of the receptors to bind
P4 and subsequently activate gene transcription. Fkbp4 belongs to a subclass of immunophillin
proteins (FKBPs) that was originally discovered as a component of the non-ligand bound

steroid receptor chaperone complex. Heat shock protein 90 (Hsp90) serves as an adapter protein
between Pgr and Fkbp4. Although the role of Hsp90 for maintenance of receptor function has
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been established, until recently, very little was known about the role of other chaperones.
Fkbp4 catalyzes conformational changes in protein structure with a peptidyl-prolyl cis-trans
isomerase domain (Davies and Sanchez, 2005). Several lines of evidence led to the discovery
that Fkbp4 null females are completely infertile due to the inability to attain uterine receptivity.
First, in vitro evidence demonstrates that Fkbp4 potentates Pgr transcriptional activity (Barent
et al., 1998). Additionally, Fkbp4 is regulated in a distinct spatiotemporal pattern during the
peri-implantation period. At 1 dpc, it is primarily expressed in the uterine epithelium, with
expression expanding into the stroma by 4 dpc. During implantation, Fkbp4 is localized in the
decidualizing stroma cells surrounding the newly formed implantation sites. Finally, in
Hoxal0~~ mice, which are known to have endometrial defects, Fkbp4 is decreased (Daikoku
et al., 2005). Fkbp4 null females exhibit reduced uterine Pgr transcriptional activity, and
reduced expression of known targets of Pgr including, Amphiregulin (Areg), Indian Hedgehog
(Ihh), and Hoxal0.(Tranguch et al., 2005) The functional dissection of the chaperone complex
holds further promise as the function of other FKBP family members, such as Fkbp5 which is
regulated by Pgr and modulates Pgr function (Hubler et al., 2003), Fkbp3 which associates
with histone deacetylases (Yang et al., 2001), and Frap1 which controls cell size and
proliferation (Murakami et al., 2004) has yet to be elucidated.

C. Src knockout mice—As previously mentioned, Pgr can directly activate kinase in the
cytoplasm by interaction with Src kinase. Src protein tyrosine kinases are 52—-62 kDa proteins
composed of six distinct functional regions: the Src homology (SH) 4 domain, the unique
region, the SH3 domain, the SH2 domain, the catalytic domain, and a short negative regulatory
region. Src has been shown to regulate multiple signaling pathways including proliferation,
differentiation, and angiogenesis, which are all critical processes for decidualization (Thomas
and Brugge, 1997). Additionally, immunohistochemical studies revealed that active Src kinase
is strongly expressed in the decidua. Src null mice showed no apparent decidual response, and
the uterus lacked expression of known decidual markers. This result clearly demonstrates that
Src activity is indispensable for an appropriate P4 induced decidualization (Shimizu et al.,
2005). Additionally, in human endometrial stromal cells, the kinase activity of c-Src was
increased during in vitro decidualization. These affects are clearly hormone dependent, as
withdrawal of E2 and P4 reduced c-Src kinase activity to the basal level and also changed the
pattern of tyrosine phosphorylation to the unstimulated state. These results further corroborate
the phenotype in the mouse and establish the importance of hormone mediated Src kinase
activation in decidualization across species (Maruyama et al., 1999).

lll. Coregulators

The identification of coregulators that form a functional link between the activated receptors
and transcription complex to affect transcriptional regulation is an active field of research. To
date, over 200 coregulators have been identified through genetic or biochemical screens as
reviewed by Mani (Mani, 2006). These proteins consist of coactivators and corepressors that
enhance or inhibit gene transcription. Because coactivators are often rate-limiting for receptor
activation, the relative expression level of coactivators and corepressors determines the
appropriate cell-specific response to the presence of ligand.

Mechanism of Action

Upon the binding of the receptor to the PRE, the activated receptor then interacts with
coactivators to accelerate the formation or increase the stability of the pre-initiation complex
to activate transcription. The coactivators do not serve as a functional link between the activated
receptor to the basal transcription machinery, but possess enzymatic activities that are
necessary for efficient gene expression. These include acetyltransferase proteins, such as CBP/
p300, pCAF, p160s; the steroid receptor coactivator [SRC] members, SRC1, SRC2, and SRC3;
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the ATP-coupled chromatin-remodeling SWI-SNF complex; methyltransferases, such as
coactivator-associated arginine (R) methyltransferase-1 (CARM1) and PRMT-1/2; and
ubiquitin ligases, such as E6-AP and Rsp5 as reviewed by Smith (Smith and O'Malley,
2004). Conversely, non-ligand bound receptors can repress basal transcription of target genes
through corepressors N-CoR (nuclear receptor corepressor) and SMRT (silencing mediator of
repressed transcription) (Wagner et al., 1998).

The coactivators of the steroid receptor (SRC) family were the first identified coactivators. In
a yeast two-hybrid system, SRC-1 was identified as a protein that interacts with and enhances
Pgr transcriptional activity, as well as, other nuclear receptors, without altering the basal
activity (Onate et al., 1995). Subsequently, two more SRC family members SRC-2
[transcriptional intermediary factor 2 (TIF2)/GR-interacting protein 1 (GRIP-1)] and SRC-3
[(ACTR/pCIP/receptor associated coactivator (RAC3)/TRAM-1/amplified in breast cancer 1
(AIB1)] have been identified (McKenna et al., 1999). This family of coactivators bind to a
coactivator-binding groove within the LBD of Pgr via an NR box motif (LxxLL, where L =
leucine and x is any amino acid) (Heery et al., 1997). The mechanism of action, physiological
affects, and identification of new coactivators remains an active area of research.

Coregulator Knockout models

A. SRC-1—SRC-1 null female mice are fertile and viable presumably due to the overlap in
function and expression patterns among coactivators. Additionally, expression of SRC-2 was
increased in the SRC-1 null mutant, partially compensating for the loss of SRC-1 function in
target tissues. However, the SRC-1-null females do exhibit partial hormone resistance in P4
target tissues; as manifested by a decreased growth in response to decidual stimuli when
stimulated with E2 and P4. Together, this data suggests that SRC-1 modulating the actions of
Pgr in the mouse uterus may be compensated by the presence of other coactivators.

B. SRC-2—1In contrast to SRC-1, SRC-2 is required during pregnancy. Although the SRC-2
null females are able to implant and the decidual reaction appears histologically normal, litter
sizes of SRC-2 null females are drastically reduced. The reduction is presumably due to the
marked increase of in utero embryonic resorptions observed between E12.5 and E18.5 if
pregnancy in SRC-2-null females. Accordingly, SRC-2 null females often displayed a marked
placental hypoplasia with decreased numbers of trophoblastic trabeculae and embryonic
capillaries in the labyrinthine region (Gehin et al., 2002).

C. Other Coactivators—Knockout studies of other coactivators have given inconclusive
results on their necessity for P4 mediated action in the uterus. The SRC-3 mouse has no apparent
defects in uterine phenotype. Other coactivator knockouts, such as CBP, P300, and CARM-1
are embryonic or perinatal lethal, thus precluding further study (Yadav et al., 2003). Disruption
of the maternal copy of E6-AP is correlated with Angelman syndrome, a genetic neurological
disorder (Jiang et al., 1998). Although E6-AP ablation has been shown to impair the response
of the uterus to exogenous estrogen, the effect on P4-mediated action has yet to be shown
(Smith et al., 2002). The corepressor knockouts have also given little information. Targeted
ablation of N-CoR leads to embryonic lethality (Jepsen et al., 2000), and expression of a
dominant negative Smrt leads to numerous abnormalities in other animal systems (Malartre et
al., 2006).

Identification of P4 Target Genes

Through candidate gene approaches, only a handful of P4-regulated genes had previously been
identified. Recently, high-density DNA microarray technology has accelerated our ability to
identify P4-regulated genes in the uterus. Various microarray approaches have been taken to
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identify P4 regulated genes including pregnancy, antagonist treatment, and exogenous P4
treatment.

Yoshioka et al. provided one of the first microarray based investigations of gene expression
around the time of implantation by attempting to identify genes with differential expression
between the preimplantation (d 3.5) and postimplantation (d 5.0) stages. Of the 6500 genes
examined, changes were detected in 399 genes. The expression of 192 genes increased and
that of 207 genes decreased in the transition from the preimplantation to the postimplantation
phase. In order to avoid contamination of uterine tissue with that of embryonic tissue, the
uterine lumen was washed with PBS and scraped with a scalpel blade (Yoshioka et al., 2000).

Reese et al. refined the microarray performed by Yoshioka, et al. This group compared gene
expression profiles between implantation and inter-implantation sites on 3.5 dpc, as well as,
the differences in the uterine gene expression profile of P4 treated, delayed implantation mice
against those in which delayed implantation was terminated by E2 treatment. In this manner,
they sought to determine which genes are expressed specifically at implantation sites, and under
maternal hormonal control. They reported 36 up-regulated and 27 down-regulated genes at the
implantation site and 128 up-regulated and 101 down-regulated genes upon termination of
delayed implantation by E2. Taken together, these results yielded up-regulation of 27 genes
both at the implantation site and during active implantation (Reese et al., 2001).

Taking another approach to identify P4 regulated genes, Cheon et al. performed microarray
analysis by treating female mice at 2.5 dpc of pregnancy with the antiprogestin RU486 and
investigated changes in gene expression 24 hours later. This approach identified the impact of
withdrawal of the P4 signaling axis on gene expression and identified 148 target genes (Cheon
etal., 2002).

Jeong, et al. took the most direct approach to define the molecular pathways regulated by the
P4-Pgr signaling axis. Wild-type and PRKO mice were ovariectomized and then treated with
vehicle or P4 every 12 h. Mice were Killed either 4 h after the first injection, to identify genes
that are directly regulated by the P4-Pgr axis, or after the fourth injection of P4 (40 hrs), to
find indirect targets of the P4-Pgr axis. By utilizing the PRKO mice, the effect of P4 and
Pgr both alone and in combination could be measured. At the 4 h time point, 139 genes were
found to be up-regulated by P4 and Pgr, while 96 genes were found to be down-regulated.
Earlier, this approach was used on a low density array and identified Indian Hedgehog (lhh)
as a Pgr target gene | (Takamoto et al., 2002, Jeong et al., 2005). Conversely, the major change
in gene expression after chronic P4 treatment was a down regulation of genes (Jeong et al.,
2005).

These microarrays have been useful in determining target genes of P4, as well as, genes
implicated in implantation. A significant amount of overlapping targets common to the
majority of the arrays, including with known P4 target genes, such as Areg, Muc-1, and Fst,
serves to validate the differential approaches taken by these investigators. However, these
various microarray approaches all have potential problems and pitfalls. Physical disruption of
the uterine epithelium to remove embryonic tissue, as performed by Yoshioka et al, would
likely result in different gene expression profiles. Reese et al. circumvented this problem, as
blastocysts are present both in the delayed implantation, as well as, in the E2 delay-terminated
group. However, in the study of implantation sites, since the implanting blastocysts were in
the implantation sites, but not in the inter-implantation sites, these genes may be of embryonic
origin. Further complications in interpretation occurs as further microarrays by this group
shows distinct differences between the gene expression of activated and dormant blastocysts
(Hamatani et al., 2004). Cheon et al. utilized RU486. Although RU486 is mostly known as an
antiprogestin, it is also an antagonist of glucocorticoid and androgen receptors. Additionally,
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this study is measuring the impact of P4 withdrawal, and not P4 gene activation, and therefore,
may omit targets transiently activated by P4. Validation of their results with the PRKO mouse
was necessary to address these issues. Finally, Jeong et al. directly tested P4-Pgr regulated
genes. However, the results of this array do not elucidate which genes are temporally correlated
with implantation.

The Ihh Signaling Axis

Indian Hedgehog (Ihh) has been identified as a rapidly induced target of P4 that is also
dependent on PR (Takamoto et al., 2002, Jeong et al., 2005). Ihh is a member of the Hedgehog
family of diffusible morphogens that have been shown to be critical regulators of development
in Drosophila (Lee et al., 1992) and in mammals. In mammals Hedgehog family members
include, Sonic hedgehog (Shh), 1hh, and Desert hedgehog (Dhh). Ihh is the only member of
this family expressed in the mouse uterus (Matsumoto et al., 2002). Ihh has been shown to
regulate the development of mammalian tissues including: bone and cartilage (Lanske et al.,
1996), the ovary (Wijgerde et al., 2005), the mammary gland (Lewis et al., 1999), the
gastrointestinal tract (Ramalho-Santos et al., 2000), the pancreas (Hebrok et al., 2000), the
sebaceous glands (Niemann et al., 2003), the retina (Perron et al., 2003), and blood vessels
(Dyer et al., 2001). The signaling pathway for Ihh is shown in Figure 2. Once secreted, lhh, as
do all Hedgehog proteins, undergo autocatalytic cleavage to form amino terminal peptides,
which are modified by the addition of a cholesterol moiety and palmitoylation, and participate
in both short- and long-range paracrine signaling (Pepinsky et al., 1998, Porter et al., 1996).
The amino terminal Hedgehog interacts with a 12-span transmembrane receptor protein,
Patched (Ptc) (Ingham et al., 1991). The interaction between Hedgehog and Ptc relieves Ptc-
mediated inhibition of the activity of a G protein-coupled seven-span transmembrane protein,
Smoothened (Smo). Smo then begins a signal cascade allowing factors, such as the Gli family
of transcription factors, to translocate to the nucleus to activate the transcription of target genes
(Alcedo et al., 1996). A number of components are necessary to integrate the signal from
Smo to the Gli transcription factors including the serine-threonine kinase Fused (Fu),
Suppressor of fused (Sufu), and the microtubule binding kinesin-like molecule Costal 2
(Cos2). Known downstream targets of Ihh signaling are Ptc-1, Glil, Gli2, and COUP-TF II,
(Takamoto et al., 2002, Matsumoto et al., 2002).

Expression of the lhh signaling axis in murine uterus

Since lhh is a diffusible morphogen, one must look at the cell specific expression of Ihh and
members of its signaling cascade in the endometrium to understand where Ihh may be acting
in the uterus. In the uterus, Ihh is expressed in the luminal and glandular epithelium (Takamoto
et al., 2002). Known downstream targets of Ihh signaling including Ptc-1, Gli1, Gli2, and
COUP-TF Il are expressed in the stroma, suggesting that Ihh may be involved in uterine
epithelial regulation of stromal cell function (Takamoto et al., 2002, Matsumoto et al., 2002).
Additionally, Gli3 is found in the epithelium on 0.5 dpc, and then strongly upregulated in the
subluminal stroma at 3.5 dpc (Matsumoto et al., 2002). Figure 2 summarizes the expression of
the Thh signaling axis during the pre-implantation period. The expression of the Ihh signaling
axis is also temporally coordinated in the mouse uterus during early pregnancy. Figure 3 shows
the Quantitative RT-PCR analysis of the expression pattern of Ihh, Ptc and COUP-TF Il in the
mouse uterus during pseudopregnancy, as well as, in the uterus during an exogenous hormone
treatment regimen that in conjunction with uterine trauma, mimics changes in the uterus during
the peri-implantation period. This hormonal regimen delivers high levels of E2, as found in
the proestrus/estrus junction, and then high levels of P4 with low levels of E2 to mimic the
effect of the developing corpus luteum during the pre-implantation period. During natural
pseudopregnancy, lhh peaks in expression at day 2.5 post coital with Ptc1 and COUP-TF Il
increasing 1day later. During artificial decidualization, Ihh peaks early, 6 hrs after the first
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injection of P4 and E2 (Figure 3), reconfirming the rapid induction of Ihh in response to P4.
As in the pregnant uterus, Ihh target genes, Ptcl and COUP-TF Il increase 1day later at the 30
hr time point (Figure 3). This temporal and spatial pattern of expression indicates that
Progesterone acts on the uterine epithelium to cause Ihh stimulation of uterine stroma cell in
preparation of the endometrium for implantation.

Genetic Mouse models Hedgehog signaling

The role of Ihh and members of its signaling axis have been investigated by gene ablation
studies using homologous recombination in embryonic stem cells. Ihh null mice either die
before birth presumably to defects in yolk sac vasculargenesis, or shortly after birth due to
considerable skeletal malformations (St-Jacques et al., 1999). Ptc1 null mice die during early
embryogenesis with overgrown neural tubes (Goodrich et al., 1997). Smo null animals arrest
at early somite stages with defects in heart development, an open gut, cyclopia, and an absence
of left/right asymmetry (Zhang et al., 2001). Mice homozygous for a disrupted Glil allele are
viable and appear to be normal (Park et al., 2000). Gli2 mutants have numerous abnormalities
including skeletal defects, abnormal lungs, and lack a floor plate and adjacent ventral
intermediate region cells in the spinal cord (Mo et al., 1997, Motoyama et al., 1998, Ding et
al., 1998, Matise et al., 1998). These phenotypes comprise a subset of the abnormalities found
in Shh null animals, demonstrating that Gli2 is a major mediator of Shh signaling. Mice
homozygous for a disrupted Gli3 allele die either embryonically or perinataly and demonstrate
a wide range of defects including polydactyl and dorsal nervous system defects that are
associated with ectopic Shh expression. Additionally, numerous studies using double mutants
of two Gli family members have shown that they have partially overlapping affects dependent
on the specific tissue and developmental time point. For example, studies utilizing double
mutants of Glil and Gli2 demonstrate that Glil and Gli2, but not Gli3, have extensive
overlapping functions in patterning the lungs and CNS (Park et al., 2000). On the other hand,
Gli2 and Gli3 serve redundant functions during skeletal development (Mo et al., 1997). The
clearly spatiotemporally controlled expression of the Gli family members in the uterus suggests
that Glil and Gli2, which have similar expression patterns, may have overlapping function,
while epithelial expression of Gli3 in the absence of Hedgehog signaling at ovulation may
serve as an additional mechanism to finely control Hedgehog signaling in the uterus.

Recently, null mutations of the genes that mediate the signal from Smo to the Gli family of
transcription factors have been made. Sufu knockouts are early embryonic lethal and show
strong similarities with Ptch1 knockouts including neural tube defects (Svard et al., 2006). On
the other hand, ablation of Fu leads to normal organogenesis during development, but early
lethality within the first weeks of life. Therefore, Fu is only required postnatally, and has been
implicated in the homeostasis of secretory and ciliated cells (Chen et al., 2005, Merchant et
al., 2005). Targeted disruption of COUP-TF Il gene results in early embryonic lethality due to
defects in angiogenesis and heart development (Pereira et al., 1999). Hedgehog signaling is
difficult to study in the murine uterus due to the early lethality exhibited by many of the null
mutant mice. Supporting the hypothesis that Ihh signaling may be critical for uterine function,
analysis of COUP-TF Il +/— females shows significantly reduced fecundity due to both ovarian
and uterine defects. Analysis of uterine function demonstrated a reduced response to an
experimentally induced decidual cell reaction indicating that the ability of the uterus to support
embryo implantation was reduced (Takamoto et al., 2005).

Genetic ablation of members of the Ihh signaling pathway have identified important
physiological processes, including cell proliferation, differentiation and vascularization are
regulated by this pathway. However, due to the embryo lethal nature of these knockouts, the
role of these factors in uterine biology make it difficult to investigate. In order to study the
function of these genes in the adult uterus, it will be necessary to create models that ablate gene
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expression in a tissue specific manner. A uterine specific Cre recombinase would make it
possible to ablate genes in the uterus. At this time, a uterine specific Cre recombinase has yet
to be developed. However, a mouse model in which Cre recombinase under the control of the
endogenous PR promoter allows the specific ablation of genes in tissues that express Pgr. This
mouse model demonstrates high levels of recombination throughout the uterus, in the corpus
luteum of the ovary, and selected cellular populations in the pituitary and mammary gland
(Soyal et al., 2005). Potential problems with this mouse model would include disruption of the
pituitary/ovarian axis that may affect uterine function.

Conclusion

Progesterone acting through its receptor is an important regulator of uterine function.
Identification of molecular pathways regulated by progesterone is important to understand the
molecular mechanisms regulating uterine function. One morphogen pathway, the Hedgehog
signaling pathway, has been identified as a potential pathway coordinating communication
between the epithelium and stromal components of the endometrium. Members of his pathway
have been shown to regulate proliferation, differentiation and vascularization in other tissues
and through development. Tissue specific ablation of members of this signaling axis would be
helpful in identifying the role of this cascade in uterine function.
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Figure 1.

Mechanisms of Pgr Action. (a) Ligand independent and ligand dependent activation of Pgr

(b) Pgr activation of kinase cascades through interaction with Src kinase.
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Figure 2.
Model of Ihh action mediating epithelial-stromal communication in the uterus.
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Figure 3.

Quantitative RT-PCR analysis of the expression of Ihh, Ptc and COUP-TF Il in
pseudopregnany and during an exogenous hormone treatment regimen. Pseudopregnancy:
Female mice were mated with vasectomized male mice and collected daily. Presence of the
vaginal plug after mating is 0.5dpc. The arrow represents the window of implantation.
Endocrine Stimulation of Decidualization: Ovariectomized mice treated with 3 daily injections
of 100 ng E2 per mouse. After 2 days rest, mice were then treated with daily injections of 1
mg P4 and 6.7 ng E2 per mouse for 3 days.,s.c. One uterine horn was traumatized by a needle
scratch on the anti-mesometrial lumen 6 hrs after the last injection. The contralateral horn was
not traumatized and served as a control. Mice were given daily injections of 1mg P4 and 6.7
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ng E2 per mouse each day following the trauma, s.c. 6hrs after each injection of 1 mg P4 and

6.7 ng E2, mice were sacrificed and uteri were collected. The arrow represents the time at
which the decidual trauma was given.
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