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Abstract

Progesterone acts through the progesterone receptor to direct physiological adaption of the uterus
in preparation of and carrying out pregnancy. Genome-wide transcriptome and cistrome analyses
have uncovered new members and novel modifiers of the progesterone signaling pathway.
Genetically engineered mice allow functional assessment of newly identified genes /n vivo and
provide insights on the impact of progesterone receptor-dependent molecular mechanisms on
pregnancy at the organ system level. Progesterone receptor isoforms collectively mediate
progesterone signaling via their distinct and common downstream target genes, which makes the
stoichiometry of isoforms relevant in modifying the progesterone activity. This review discusses
recent advances on the discovery of the progesterone receptor network with special focus on the
endometrium at early pregnancy and myometrium during parturition.
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Roles of Progesterone Signaling in various uterine compartments during
Pregnancy

The uterus adopts structural and functional changes in response to hormonal stimulation to
prepare for and in support of pregnancy. The uterus is composed of two major
compartments, the inner endometrium for embryo implantation and fetal growth and the
outer myometrium for structural support and force generation during parturition. During
early pregnancy, estrogen promotes proliferation of both luminal and glandular epithelial
cells in the endometrium to initiate the preparation for pregnancy. Subsequently, increased
progesterone levels (Box 1) and decreased estrogen signaling cease epithelial proliferation
and change the composition of a mucinous layer on top of the luminal epithelium cells to
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allow incoming embryos to contact with the epithelium. At the window of receptivity, a
nidatory estrogen surge promotes expression of leukemia inhibitory factor (LIF) in
endometrial glands, which alters the cellular junctions between luminal epithelial cells and
permits embryos to invade the endometrium. Embryo implantation, in mice, then elicits the
proliferation and differentiation of endometrial stromal cells underneath the epithelium
around the implantation site to form the decidua that serves as the maternal interface with
embryos. Human endometrium, on the other hand, exhibits decidualization after ovulation
and embryo implantation stimulates further development of decidua (Box 2) [1].

BOX 1
Progesterone Synthesis and Metabolism

Progesterone is primarily synthesized in the ovary, the adrenal gland and placenta.
Ovarian follicles serve as the major source of peripheral progesterone from the late
follicular to luteal phase. Progesterone production from the corpus luteum, a luteinized
ovarian follicle, significantly raises the circulatory progesterone levels during the luteal
phase and is critical for establishing the uterine receptivity during early pregnancy.
Circulatory signals, such as prolactin, luteinizing hormone and insulin-like growth factor,
as well as paracrine signals, including activin, prostaglandin and endothelin, contribute to
corpus luteum development and steroidogenesis.

Progesterone is derived from cholesterol. Luteal cells in the corpus luteum receive
cholesterol from circulating lipoproteins, followed by transporting cholesterol, via the
steroidogenic acute regulatory protein, to the inner mitochondria membrane where the
steroidogenic enzymes are located. Cholesterol is first converted to pregneolone by
cholesterol side-chain cleavage enzyme CYP11A1 and further metabolized to
progesterone by 3p-hydroxysteroid dehydrogenase. Once diffused into the blood stream,
progesterone binds to plasma steroid-binding proteins such as aloumin and
corticosteroid-binding globulin traveling to the target tissues. Progesterone is metabolized
directly in the reproductive organs including the hypothalamus, ovary, and uterus while
the liver is the major site to catabolize circulatory progesterone. Progesterone is subject
to reduction by 5a.- and 5p-reductase, hydroxylation by 3a- and 20-hydroxysteroid
dehydrogenase, and conjugation of glucuronide and sulphate for excretion through urine.
Several drug-metabolizing cytochrome P450 enzymes such as CYP3A4, CYP2C19 and
CYP4BL1 that are abundant in the liver and other extragonadal tissues can also oxidize
progesterone to facilitate its hydroxylation. Notably, higher levels of progesterone and its
metabolites are found at implantation sites compared to inter-implantation sites in the rat
uterus [86], consistent with the pivotal role of active progesterone signaling in embryo
implantation.

BOX 2
Embryo implantation and uterine receptivity in early pregnancy

Embryo implantation refers to the process in which embryos establish physical contact
with the uterus and subsequent structural remodeling on both fetal and maternal sides of
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the interface. Successful embryo implantation involves a competent embryo, a receptive
uterus and complex coordination between them. For embryos to achieve competency,
blastocysts need to receive signals such as catechol estrogens, endocannabinoid
anandamide, and prolactin from a receptive uterus. The receptivity of the uterus is
defined as capable to activate an embryo, permit subsequent implantation events and
support fetal development. In most mammals, the uterus is receptive for a restricted time,
known as the window of receptivity, which lasts around 24 hours for mice and 2 to 3 days
for humans and is tightly regulated by ovarian hormones estrogen and progesterone.

The process of embryo implantation can be classified into 3 stages: apposition,
attachment/adhesion, and penetration. During the apposition stage, the embryo is closely
positioned at the implantation chamber (crypt or nidation). In mice, the embryo implants
at the antimesometrial side of the uterus, with inner cell mass (ICM) positioned at the
mesometrial side. In humans, the implantation occurs at the uterine fundus with the ICM
facing the uterine attachment site. While apposition is transient and reversible,
attachment/adhesion involves irreversible interactions between the embryos and uterus.
Accompanied with embryo attachment, the uterus exhibits increased vascular
permeability, invasion of embryonic cells trophaoblasts into the luminal epithelium, and
decidualization of the stroma around the implantation site.

In mice, embryo implantation is initiated at the fourth day after mating, while in humans,
it occurs in the mid-secretory phase of the menstrual cycle, about a week after ovulation.
It is a critical event during early pregnancy, as implantation failure is the main cause of
early pregnancy loss in natural pregnancy and assisted reproduction by /in vitro
fertilization and embryo transfer.

The uterine muscle also changes to meet the demands of pregnancy. Over the course of
pregnancy, the myometrium undergoes structural remodeling to accommodate a growing
fetus, followed by a functional switch from quiescent to contractile characteristics for
parturition. Studies on the mouse model indicate that the myometrium first increases the
number of cells through proliferation at the early stage of pregnancy and then further
expands in size via hypertrophy of the smooth muscle cells [2]. While uterine muscles
remain non-contractile until full-term in normal pregnancy, myometrial contraction rises in
response to increasing inflammatory pressure, fetal signals and reorganization of molecules
for coordinated muscle contraction during parturition [3, 4]. Parturition occurring before 37
weeks of pregnancy is defined as preterm birth that risks serious health complications on
under-developed babies. The fact that progesterone serves as an FDA-approved tocolytic
agent to prevent premature parturition reveals its physiological significance regulation of
uterine contraction [5]. Meanwhile, progesterone has also been shown to promote the growth
of muscle cells in myometrium [6, 7]. Collectively these evidence indicate an indispensable
role of progesterone in regulation of myometrial homeostasis. On the other hand, studies
also suggest that the effectiveness of progesterone on preventing preterm birth remains
inconclusive [5], which highlights the unknowns behind the action of mechanism of
progesterone.
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Progesterone action is primarily mediated by the progesterone receptor. In response to ligand
stimulation, the progesterone receptor (PGR) conveys extracellular signals to intracellular
regulation of gene expression via its transcription factor capacity as well as its nongenomic
activities [8]. The ability of the PGR to transduce progesterone signaling can be modulated
by several layers of control, including transcriptional regulation of the PGR gene, post-
translational modification of the PGR protein, stoichiochemistry of PGR isoforms, and
interaction of PGR and co-regulators on downstream targets [8, 9]. Here we discuss the PGR
dependent genetic pathways that mediate progesterone signaling in the uterus focusing on
intercompartmental crosstalk in the endometrium at early pregnancy and the functional
switch of PGR in the myometrium for parturition.

The PGR dependent pathway for epithelium-stroma interaction in

endometrium

Epithelium-stroma crosstalk prepares the endometrium for embryo implantation. In humans,
PGR is transiently expressed in the luminal and glandular epithelium, peaking in the late
proliferative and early secretory phase, followed by a sharp decease at the mid-secretory
phase [10]. In mice, PGR also exhibits a dynamic expression pattern in the uterine
epithelium where its messenger RNA levels start to rise at 1.5 days post coitum (dpc) and
the protein amount reaches to the maximum at 3.5 dpc [11, 12]. Similar to humans, mouse
epithelial PGR expression diminishes at 4.5 dpc before embryo implantation [11, 12].
Studies on mouse models further reveal that increased PGR levels in the stroma surrounding
implantation sites begin at the window of receptivity [11, 12], while transient stromal
expression of PGR is observed in the human endometrium during menstrual cycle [10]. The
temporal dynamics of PGR expression are critical to prime and establish a receptive window
for embryo implantation. Loss of or failure to decrease epithelial PGR expression in time
has been shown to impede embryo implantation in mouse models [12, 13]. Furthermore,
dysregulated progesterone signaling, either by excessive levels of progesterone or
constitutive PGR expression, have been shown to negatively impact the LIF pathway and
result in failure of embryo implantation [12, 14]. These findings collectively suggest that
dynamic PGR levels in endometria transduce the tightly orchestrated progesterone signaling
during early pregnancy in an evolutionarily conserved manner.

PGR regulation of epithelium-stroma crosstalk is proven by numerous studies that utilize
genetically engineered mouse models. Before embryo implantation, epithelial PGR mediates
the progesterone signal to transcriptionally increase the /// levels [13, 15]. Epithelial IHH
then activates the stromal hedgehog pathway to promote expression of the downstream
effector COUP-TFII (also known as NR2F2) [16]. In stromal cells, COUP-TFII suppresses
estrogen signaling and ceases epithelial proliferation, likely through the HAND2 mediated
reduction of FGF-ERK pathway [17-21]. While COUP-TFII directly promotes stromal PGR
expression and progesterone increases stromal HAND? levels [17, 20, 22], it is not clear
whether COUP-TFII regulates HAND?2 directly or through stromal PGR. Physiologically,
this epithelial PGR-initiated intercompartmental crosstalk shifts the epithelial cells from a
proliferative to a differentiated state, ready for subsequent embryo implantation (Figure 1).
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The epithelial PGR-IHH pathway also primes the stroma for decidualization through COUP-
TFII and in conjunction with stromal EGFR signaling (Figure 2). Mouse and ex vivo
cultured human endometrial cell (HESC) studies reveal that stromal COUP-TFII promotes
Whit4 expression to simulate decidualization [17, 22—24]. Results from uterine COUP-TFI/
deficient mice further indicate a positive regulatory role of COUP-TFII on BmpZ2 expression
[17]. Wnt4 has also been shown downstream of BMP2 and is positively regulated by PGR
and FOXOL1 [23, 25]. Signals transduced by the stromal EGFR converge with the PGR-IHH
axis at Bmp2and Whnt4, as evidenced by the impaired decidualization in uterine-specific
Egfrknockout mice and in EGFR knockdown HESCs [26].

EGFR also phosphorylates WNKZ1 [26] and WNKZ1 phosphorylation has been shown
essential for WNKZ1-mediated signal transduction [27]. WNKZ1’s function in HESCs was
further revealed by a knockdown experiment in which reduced WNK1 levels impaired
HESC decidualization [26, 28]. Downstream further, emerging evidence suggests that the
well-known WNK1-MAPK?7 axis acts downstream of the EGFR pathway for stromal
decidualization. However, the observation that MAPK7 knockdown affects just a subset of
decidualization marker genes renders the role of MAPK?Y in stromal differentiation unclear
[28].

Progesterone signaling modifiers for endometrial homeostasis at early

pregnancy

Gata2 dependent regulation of Pgr and lhh expression

Emerging evidence indicates that, in uterine epithelium, regulators other than PGR also
contribute to the expression of the /441 gene, the critical component of the progesterone
signaling pathway for epithelial-stromal crosstalk [13]. The pioneer factor GATA2 has been
shown as a progesterone signaling modifier by /n vivo mouse models and human
transcriptome analysis [29]. In mice, GATA2 expression resembles the temporal pattern of
PGR in uterine epithelium peaking before and sharply decreasing after entering the receptive
window [30]. Uterine Gata2 deficient and uterine epithelial Pgrknockout mice exhibit
similar phenotypes, including failed embryo implantation, defective decidualization and
reduced expression of PGR downstream genes [13, 29]. GataZ deficiency also results in
unresponsiveness in almost all of the progesterone regulated genes in the mouse uterus,
likely due to GATAZ2 being required to promote Pgrgene transcription and coregulate
expression of downstream targets along with PGR [29].

Enrichment of PGR motifs is observed among GATA2 occupying intervals in the genome of
the mouse uterus [29]. Taking /AA regulation as an example, GATA2 and PGR occupancy are
both mapped to a putative enhancer 19-kilobase upstream of the /A/ gene, and this enhancer
responds to PGR and GATA2 induction /n vitro [29]. In humans, correlation analyses
suggest that the progesterone-PGR-GATAZ2 signaling network is present in endometrial
biopsies, indicating that this is an evolutionarily conserved regulatory mechanism [29].
These findings collectively demonstrate that uterine GATAZ is an indispensable regulator for
the action of progesterone signaling (Figure 1).
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SOX17 as a co-regulator of PGR for Inh gene expression

The cis-acting element 19-kb upstream of the /A/ gene not only houses PGR and GATA2,
but also SOX17, a transcription factor that is capable of bending DNA and is essential for
normal fertility in female mice [29, 31, 32, 33]. SOX17 is expressed in epithelia and blood
vessels of the uterus and is responsive to progesterone induction. Furthermore, SOX17 is a
direct downstream target of PGR and GATAZ at the transcriptional level [29, 34]. Recent
studies show that haploinsufficiency or uterine-specific ablation of SoxZ7has a negative
impact on mouse fertility [32, 33]. SoxI7is also pivotal for postnatal uterine gland
development through the proposed WNT signaling pathway [32]. While the mechanism
underlying the SoxZ 7-dependent fertility phenotype remains unclear, results from J/n vitro
analysis of the 19-kb enhancer of the /A/ gene suggest that SOX17, together with PGR, may
synergistically regulate epithelial-stromal communication via /44 [34]. Moreover, SOX17
can also bind at and promote transcription of the uteroglobin promoter in endometrial cells
[35]. Given that SOX17 and PGR occupancy have been found in 147 progesterone
responsive genes in mice [34], SOX17 is likely one of the progesterone signaling modifiers
in the endometrium (Figure 1).

Impact of Epigenetic Regulators on Endometrial Progesterone Signaling

Interactions between epigenetic regulation and progesterone signaling have been shown in
the HESC model through observations that genome-wide redistribution of histone
modifications occur during hormone induced decidualization [36, 37]. Knocking down
EZH2, a histone writer that silences the chromatin by trimethylating the lysine 27 residue of
histone H3 (H3K27me3), decreases methylation and increases acetylation of H3K27 and
leads to augmented responses to progesterone stimulation on decidualization markers
IGFBPI and PRL [36]. Conversely, overexpressing EZH2 dampens progesterone-induced
marker gene expression [36].

These findings demonstrate EZH2 as a progesterone signaling modifier in the stroma that
negatively regulates progesterone responsive gene activities at the epigenetic level. EZH2
may also regulate expression of the PGR gene per se, as suggested by increased PGR
expression after knocking down EZH2 in MCF-7 cells [38]. EZH2 exhibits prominent
expression in the human uterine epithelium as well with a cycle-dependent manner [36].
Nonetheless, whether EZH2 has an impact on epithelial progesterone signaling remains
unclear. ARID1A, a member of the SWI/SNF complex for chromatin remodeling and
transcriptional regulation has also been shown to regulate progesterone signaling in the
uterus. Knocking out Aridlain Pgr-expressing cells results in decreased Pgrexpression,
unopposed estrogen activities in uterine epithelium and infertility [39]. While EZH2-
ARID1A interaction has been indicated for ovarian cancer cell survival [40], whether these
two factors function in a common epigenetic regulatory network in the uterus awaits further
investigation. Taken together, current data reveal that epigenetic regulators, such as EZH2
and ARID1A, have an important physiological role in modifying the progesterone signaling
for epithelial-stromal interactions through controlling expression of PGR and its downstream
targets.
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Maintaining Normal Endometrial Epithelia by Progesterone Signaling

Modifiers

Aberrant differentiation of stratified squamous endometrial epithelium is seen in long-term
disruption of progesterone signaling via progesterone antagonists [41]. Endometrial
squamous cell metaplasia is also observed in mutants that exhibit altered progesterone
signaling, including Wnt4, Ctnnb1 and GataZ2 conditional knockout mice, under estrogen
challenges [24, 29, 42]. Expression of TP63, a homolog of the p53 transcription factor for
epithelial stemness and a known driver of epithelial stratification, precedes the development
of metaplasia and persists in the squamous cells [24, 29, 42—44]. Moreover, ectopic TP63
expressing cells were also observed in endometrium of £zdZ-null [45] and constitutively
active SMO overexpression mice [46]. These observations highlight the pivotal role of
unperturbed endometrial progesterone signaling in maintaining uterine epithelial
homeostasis. Notably, TP63 protein is often found in human endometrial polyps and
metaplastic epithelia [47, 48]; and endometrial polyps are associated with aberrant menstrual
bleeding and infertility with rare occasions of malignancy. The findings that disrupted
progesterone signaling results in an increased number of TP63-expressing cells implicate a
potential mechanism for the development of endometrial polyps.

Progesterone Receptor Isoforms in Regulation of Myometrial Physiological

States

Functions of Progesterone receptor isoforms in the myometrium

Progesterone receptor variants are encoded by a single gene locus, while isoforms are
produced through alternative promoters, translation start sties, and exon splicing. In the
uterus, PGR-A and PGR-B are the two major isoforms, with a structural difference on the
AF-3 transactivation domain that is only present in the PGR-B isoform. These two isoforms
exhibit spatially and temporally dynamic expression patterns in both endometrium and
myometrium, in part under control of estrogen and promoter hypermethylation.
Functionally, PGR-A and PGR-B are both capable of transcriptional regulation of a common
and distinct set of genes but their downstream targets are context dependent. It has been
proposed that the final output of progesterone signaling comes from the summary effect of
the isoforms, which renders the stoichiometric ratio between the two isoforms a regulatory
mechanism of progesterone signaling (reviewed by Patel et al. [8]).

Progesterone receptor isoforms, together with a vast number of mechanisms including ligand
metabolism [49-53], fetal-maternal crosstalk [54], the NF-xB pathway [55], the ZEB-
microRNA regulatory circuit [53, 56, 57], the epigenetic modification [58, 59] and the
unfolded protein response [60], modulate and mediate the progesterone signaling in
myometrium. A series of recent studies address the impact of PGR isoforms on the switch
between quiescent and contractile states of the myometrium during pregnancy. Here we take
advantage of these latest findings in the myometrium to discuss the functional significance
of the progesterone receptor isoforms.

Trends Endocrinol Metab. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 8

Human myometrium expresses both PGR-A and PGR-B and both the mRNA and protein
ratios of PGR-A to PGR-B increase over the course of pregnancy, due to elevated PGR-A
expression [61, 62]. On the other hand, compared with the quiescent state, myometrium
during labor exhibits decreased local progesterone levels in the nuclei while that in the
cytosol remains unaltered [52]. Studies on cultured myometrial cells suggest that in the
quiescent state, high levels of local progesterone result in liganded PGR-B forming a
complex with JUN homodimers, which recruits transcriptional repressors to suppress
expression of GJAL, a gap junction protein that is required for uterine contraction and
subsequent parturition [52]. Moreover, ligand-bound PGR-B also suppresses trafficking of
GJAL from the endoplasmic reticulum and formation of gap junctions that function as
channels for intercellular communication [63]. During labor, low levels of nuclear
progesterone and increased expression of PGR-A may lead to the formation of a regulatory
complex consisting of unliganded PGR-A and FOSL2/JUND to the promoter of GJAZ in the
nucleus [52]. In the cytosol, liganded PGR-A is thought to promote production of a 20-
kilodalton GJA1 isoform, which in turn facilitates the trafficking of full length GJAL to the
plasma membrane forming gap junctions for coordinated muscle contraction [63]. Emerging
evidence further support a model in which PGR-A inhibits and PGR-B promotes the mTOR
signaling that suppresses production and forward trafficking of GJA1 isoforms via unknown
mechanisms [63]. In addition to the model gene G.JAZ, genome-wide expression profiling of
PGR-A and PGR-B expressing myometrial cells reveals that inflammatory response genes
are enriched in PGR-A stimulated and PGR-B repressed downstream targets, which supports
the association between elevated inflammatory pressure and increased PGR-A to PGR-B
ratio toward the labor state [64]. Taken together, these findings suggest that PGR isoforms
may exert differential functions through both genomic and non-genomic mechanisms by
associating with various sets of co-regulators to control gene transcription and via proposed
mTOR-dependent subcellular distribution of downstream effectors.

Evidence also suggests that PGR-A and PGR-B may regulate gene expression in a common
direction. In cultured, immortalized human myometrial cells ("nTERT-HM), both PGR-A and
PGR-B can suppress IL-1 induced PTGS2 (COX-2) and CXCL8 (/L-8) expression in the
presence of progesterone [65]. A recently identified PGR interacting protein GATAD2B has
been shown to occupy PTGSZand CXCL8 genomic loci, interact with both PGR isoforms
and mediate PGR dependent repression [65]. It is proposed that GATAD2B interacts with
the PGR DNA-binding motif and mediate the recruitment of co-repressor complexes to
suppress transcription of inflammatory genes such as P7TGS2and CXCL&[65]. These results
shed light on the similar functionality of PGR-A and PGR-B isoforms, in addition to their
differences mentioned above.

Regulators of progesterone receptor isoforms in myometrium

Studies have reported that the expression and activities of PGR isoforms are modulated
transcriptionally by transcription regulators, epigenetically by altering histone modification
marks, and post transcriptionally by protein modifications and turnover. Similar to human,
mouse myometrium also exhibits increased PGR-A isoform expression at parturition [66].
This surge of PGR-A levels and elevated expression of the PGR downstream target gene
Oxytocin receptor require the transcription factor KLF9; and the K7f9knockout mice exhibit
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delayed parturition [66]. Notably, the myometrium of late-term pregnancy patients greater
than 41 weeks exhibits lower levels of KLF9 protein and reduced PGR-A/PGR-B ratios,
suggesting a conserved KLF9-PGR-A regulatory axis present in both humans and mice [67].
The mechanism by which KLF9 regulates PGR-A expression is still unclear.

Epigenetic enzymes KDM5A and HDAC1 have both been suggested as modulators of the
PGR-A transcription. Higher levels of the activating histone mark H3K4me3, decreased
occupancy of the H3K4 demethylase KDM5A at the PGR-A promoter, and increased PGR-
A expression in human myometrium during labor implicate KDM5A as a negative regulator
for PGR-A transcription [61, 68]. Emerging evidence suggests that the histone deacetylase
HDAC1 serves as another negative regulator on PGR-A expression. An inverse correlation
between PGR-A and HDAC1 expression is found when comparing the quiescent and
contractile myometrium of human subjects at the full-term pregnancy [59].

Studies using cultured myometrial cells further support that HDAC1 binds to the PGR-A
promoter and reduces PGR-A mRNA levels without an impact on PGR-B expression [59].
The inhibitory role of the histone deacetylases on expression of pro-contraction genes PGR-
Aand GJAI conforms to an ex vivo finding that histone deacetylase inhibitors can reduce
myometrium contractility [69]. Increasing protein stability by progesterone and
proinflammatory stimulation, possibly via the 26 proteasome pathway, has also been
proposed as a mechanism to raise steady-state levels of PGR-A in myometrium [70]. An
increased abundance of phosphorylation at serine345 on PGR-A, possibly by MAPKSs, is
associated with myometrial labor and is required to relieve the PRB dependent reduction of
inflammatory marker IL-8 expression [71], which may serve as one of mechanisms behind
the repressive role of PGR-A on PGR-B’s transcriptional activities [64, 72]. In summary,
multiple layers of regulatory mechanisms have been identified which are able to affect
progesterone receptor isoforms” ability to transduce progesterone signaling in the
myometrium.

Concluding Remarks and Future Perspectives

The progesterone receptor is a versatile signal transducer that can command distinct
genomic and nongenomic programs to meet the demand of various physiological conditions.
Such functional plasticity is achieved by a combination of modulators on PGR levels and
activities, including ligand accessibility, isoform composition, transcription and post-
transcriptional modifications, subcellular distribution and interaction with co-regulators.
While the known pathways and progesterone signaling modifiers reviewed here and by
others have illuminated the complexity of this regulatory network [8, 73-75], the recent
discovery of GATAD2B as a novel progesterone interacting protein and the detailed
investigation of subcellular distribution of known PGR interacting transcription factor, AP-1,
highlight the importance of further expanding our knowledge on the scope of the
progesterone receptor work [65, 76]. New technologies such as immunoprecipitation/
chromatin immunoprecipitation followed by mass spectrometry have helped to identify
novel interacting partners of hormone nuclear receptors [65, 77]. Analyzing enriched motifs
of DNA-binding proteins in the PGR occupying intervals, obtained through the chromatin
immunoprecipitation (ChlP-seq) assay, can also identify candidate transcription regulators
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that co-regulate gene expression with PGR [29, 34, 78]. Given that PGR partners with
different transcription regulators in a context dependent manner, aforementioned unbiased
approaches would facilitate the decoding of key sets of factors, DNA-binding dependent or
independent, that are required to work with PGR for specific genomic programs in uterus.

Functional enhancers are often composed of binding motifs of multiple key transcription
factors to confer spatial and temporal regulation of genes in a certain context. In the uterus,
the difference between the number of genes that have associated PGR occupancy and that of
progesterone responsive genes implicates the need of additional transcription factors to drive
functional enhancers [29, 34]. Taking uterine expression of the /// gene as an example, an
outstanding question is how PGR specifically regulates /4 responsiveness to progesterone
in the epithelium given that Ihh is expressed in many tissues at various time points.
Emerging evidence suggests that a putative enhancer located 19 kilobases upstream of the
/hhtranscription start site can promote gene expression in response to progesterone
stimulation [29, 34]. Importantly, this enhancer is the only cis-acting element within 200-kb
vicinity of the /A gene body that exhibits co-occupancy of PGR, GATA2, FOXA2 and
SOX17 transcription factors in uterine tissues [29, 34, 79]. These observations collectively
implicate the potential of this enhancer as an uterine epithelium-specific enhancer with a
capacity to regulate expression in the uterus. /n vivo functionality assessment on this and
other enhancers by CRISPR/Cas9 mediated genome editing in mice could address this
question. It would also be interesting to investigate whether the core transcription regulators
that occupy the uterine-specific enhancers have the capacity to determine cell fate and be of
use to generate /n vitro uterine epithelial cell models, which are currently still lacking in the
field. Additionally, other members of the protein complex that occupy at the enhancer of
interest could be further identified by CRISPR-guided proteomic analysis at loci of interest
[80]. Moreover, interaction between the enhancer of interest and other non-coding genomic
elements can be explored by chromosome conformation capture or chromatin
immunoprecipitation-loop assays [81]. Lastly, emerging evidence demonstrates the impact
of hormone regulation on chromatin dynamics during stromal cell decidualization [82],
which adds an epigenetic layer of regulation to these functional enhancers. Integration of
results from these new assays would provide insights on the interaction of various regulatory
mechanisms for uterine-specific gene expression.

Outstanding Questions

What are the cell type-specific genetic codes that direct distinct compartment-
restricted molecular programs in uterus? Is it possible to use these genetic
regulators to create cell lines from human stem cells that mimic uterine epithelial
and stromal cells? The availability of stable cell lines that closely resemble /n vivo
uterine epithelium and stroma would facilitate investigation of molecular
mechanisms and discovery of novel agents that control and modify epithelium-
stroma crosstalk.

What are the physiological functions of PGR isoforms? What are the isoform-
specific molecular programs in various physiological contexts? How does
individual PGR isoform control expression of its unique downstream targets? How
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do different PGR isoforms regulate a common set of target genes? What are the
mechanism to regulate the stoichiometry of isoforms? Understanding the /n vivo
impact, the functional scope and the regulation of PGR isoforms would shed light
on how progesterone signaling is modulated at the receptor level.

Investigating model gene transcription and reintroducing progesterone receptors in cultured
human myometrial cells have greatly enhanced our understanding of the functional
differences and similarities of progesterone receptor isoforms. However, whether these
conceptual advancements are applicable at the genome-wide scale as well as the
physiological level remains to be addressed. Examining mice with myometrium-specific
alteration of isoform ratios by real-time monitoring of contractility would provide /in vivo
evidence to support current concepts [83]. Furthermore, analyses on transcriptome and
cistrome of PGR isoforms in ratio-altered mouse myometrium would help to reveal
functional characteristics of PGR isoforms. Notably, both PGR-A and PGR-B isoforms are
expressed in the endometrium and altered PGR-A levels have been noted in diseased
conditions such as endometriosis [84]. Functionality studies of PGR isoforms using human
endometrial stromal cells also support that PGR-A and PGR-B not only regulate common
genes but also have their own distinct downstream targets [85]. Since mouse models exhibit
preserved molecular pathway as human in early pregnancy, compartmental-specific
alteration of isoform expression would shed light on the physiological roles of PGR
isoforms in endometrium.
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Trends

Progesterone signaling modifiers GATA2 and SOX17 serve as co-regulators of
PGR to modulate expression of progesterone downstream genes, including Indian
Hedgehog.

Uterine progesterone signaling is modulated by epigenetic regulators, such as
EZH2, KDM5A and HDAC1, on the expression of progesterone receptor and its
downstream targets.

Progesterone signaling is transduced by the summary effect of PGR isoform
compositions at the target tissues. The two major uterine PGR isoforms PGR-A
and PGR-B exert distinct functionalities through differential ligand responses,
recruitment of co-regulators and modulation of specific sets of downstream target
genes.

Perturbed progesterone signaling, as demonstrated in multiple genetically
engineered mouse models, results in endometrial squamous cell metaplasia with
ectopic expression of TP63 that is often seen in endometrial polyps and
metaplastic epithelia.
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Figure 1.
Epithelium-stroma crosstalk mediated by the progesterone receptor dependent network.

Prior to embryo implantation, progesterone acts through the epithelial progesterone receptor-
Indian hedgehog axis to stimulate the hedgehog signaling in stromal cells which, in turn,
signals epithelial cells via FGFs to suppress estrogen dependent proliferation. Dash lines
denote hypothetical pathways that remain to be investigated.
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Figure 2.
Progesterone and EGFR direct differentiation of stromal cells. Stromal PGR and EGFR

signaling converge at Wni4to promote decidualization. WNK1 also mediates EGFR
signaling, partially through MAPK7. FOXO1 binds at majority of PGR occupying sites in
the genome of human endometrial stromal cells and is required for WNT4 expression.
NR2F2 modified both progesterone and EGFR signaling by regulating expression of Pgrand
Bmp?2.
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