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ABSTRACT OF THE THESIS

Uterine GPR&3 expression and GPR83 signaling during early pregnancy in the mouse

By NATALIYA PAROBCHAK

Thesis Director: Dr. Andy Babwah

The goal of this study was to characterize the expression and signaling of uterine
GPR&83 in vivo in the nonpregnant and pregnant mouse and in vitro in human endometrial
and non-endometrial cells. Expression of uterine Gpr83 was determined by quantitative
polymerase chain reaction throughout the estrous cycle and during early pregnancy in
ovarian-stimulated and non—ovarian-stimulated mice and pregnant and pseudopregnant
mice. Expression was also determined in ovariectomized mice after the administration of
oil, E2, P4, or E2 + P4 and in stromal cells following 6 days of in vitro decidualization.
GPR83 signaling was studied in human endometrial and embryonic kidney cell lines. Cells
were treated with PEN, a GPRS83 ligand, and PEN-induced extracellular signal-regulated
kinase (ERK) phosphorylation was assayed under conditions that blocked Gag/11 and/or B-
arrestin signaling. Results show that uterine Gpr83 is expressed throughout the estrous
cycle and during early pregnancy; expression increases dramatically at the time of uterine
receptivity, embryo implantation, and stromal cell decidualization. In the ovariectomized

mouse, hormone add-back reveals that Gpr83 expression is highly responsive to the



combined treatment of E2 and P4, and studies in the ovarian-stimulated mouse show that
expression is also very sensitive to changes in E2 and P4 and is therefore tightly regulated
by E2 and P4. At the implantation site, expression is elevated up to D6 of pregnancy and
then declines rapidly on D7 and DS, suggesting that if there is any involvement in
decidualization, it is likely associated with primary but not secondary stromal cell
decidualization. This premise was supported by the observation that stromal cell
decidualization in vitro progresses with a decline in Gpr§3 expression. In ERa/PR-
expressing endometrial Ishikawa cells, GPR83 mediates PEN signals in a Gog11-dependent
manner, and studies conducted in HEK 293 cells lacking B-arrestin revealed that GPR83
also signals via a B-arrestin—dependent manner. When signaling by either one or both
pathways is downregulated, cells exhibit a major reduction in responsiveness to PEN
treatment, demonstrating that signaling by both pathways is significant. Based on our
findings, we hypothesize that PEN/GPR83 signaling regulates uterine receptivity, embryo
implantation, and primary stromal cell decidualization by coupling to Gagii- and B-

arrestin—dependent pathways.
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INTRODUCTION

Human Pregnancy

Pregnancy, which is also known as gestation, is the term used to describe the
events in which a fetus develops inside a woman’s uterus following sexual intercourse or
assisted reproduction. A healthy pregnancy lasts about 40 weeks based on gestational age
(Abman, 2010, p. 46-47). Gestational age is defined to as the age of an embryo or fetus
from the first day of the woman's last menstrual period (Abman, 2011). The term embryo
refers to the developing offspring during the first 10 weeks of gestation while the term
fetus applies to the rest of gestation. Clinically, pregnancy is confirmed following the
detection of the B subunit of the human chorionic gonadotropin (hCG) hormone in the
blood or urine (Cole, 2010). hCG is produced by the syncytiotrophoblast of the implanted
embryo and typically urine tests will show a positive result around the fourth week of
gestation or just before when the next menstrual period is expected (Cole, 2010). Early
pregnancy can also be detected by obstetric ultrasonography. This technique detects the
early gestational sac and/or yolk sac which can be visualized by the fifth week of
gestation. A viable pregnancy is confirmed via the ultrasound detection of the heartbeat

which can occur by the sixth week of gestation.

My research is focused on better understanding molecular uterine events that
occur early in pregnancy and which are critical for the establishment of a healthy and
successful pregnancy. Specifically, these molecular events are required for the acquisition
of uterine receptivity, embryo implantation and decidualization. In women, the

acquisition of uterine receptivity, embryo implantation and the early stages of



decidualization are accomplished by the time the woman recognizes she is pregnant
based on a positive hCG test. Disruption of any of these three early pregnancy events

leads to infertility and early pregnancy loss.

Infertility and Early Pregnancy Loss

Infertility is characterized as the inability of a woman to become pregnant (as
determined by the inability to detect blood or urine B-hCG or a gestational sac and/or
yolk sac) after one year of unprotected sex (Cole, 2010). Infertility is a poorly understood
condition and according to the Centers for Disease Control and Prevention (CDC), in the
United States, about 10% of women (6.1 million) of reproductive age (15-44) have
difficulty getting pregnant or staying pregnant. Infertility can arise due to unhealthy
sperm, eggs and/or embryos (CDC, 2019). An unhealthy embryo accounts for one-third
of failed implantation events, while an unreceptive uterus accounts for the remaining
two-thirds failed embryo implantation events (Simon et al., 1998; Ledee-Bataille et al.,
2002). An unreceptive uterus can arise because of anatomical and/or molecular defects.
Anatomical defects include congenital (septate uterus) and acquired (myomas and
synechiae) diseases which are easily detected and often effectively treated surgically
(Okada et al., 2018). Uterine molecular defects are wide-ranging and are more difficult to
identify and treat. Even with successful implantation, early pregnancy loss can still occur,
which can be due to an unhealthy embryo and/or defect in decidualization of endometrial
stromal cells (ESCs) (Okada et al., 2018). Decidualized ESCs provide an early source of
nourishment for the developing embryo, regulate the depth of penetration of the embryo

into the endometrium and contribute directly to placenta development. Abnormalities in



decidualization have been linked to recurrent miscarriages, utero-placental disorders and
early pregnancy loss. It is therefore very important to understand and keep all these

factors in mind when dealing with infertility issues.

The Uterus

In humans and most other mammals, the uterus is a major female hormone-
responsive secondary sex organ of the reproductive system. In a woman, the uterus is
divided anatomically into four regions known as the fundus, which is the uppermost
rounded part of the uterus and is connected to the fallopian tubes, the corpus (the body),
the cervix, which is the lower portion of the uterus and the cervical canal (D’ Amico and
Barbarito, 2015, p.645). Histologically, the uterus is made up of three layers and together
form what is known as the uterine wall. The innermost to outermost layers of the uterus
are as follows: the endometrium, myometrium and perimetrium (Tortora and Derrickson,
2011, p.1105). The endometrium consists of a single layer of columnar epithelial cells
and the underlying stroma. The stroma is made up of connective tissue that varies in
thickness due to hormonal influences. In the uterus, simple tubular glands, arising from
invaginations of the uterine epithelium, span from the endometrial surface through to the
base of the stoma. In a woman of reproductive age, functionally, the endometrium is
comprised of two layers, the basal layer and a functional layer (Franasiak and Scott,
2015). The functional layer is the layer that builds up from cellular proliferation in
response to increasing estrogen levels during the proliferative phase (first part) of the
menstrual cycle. At the end of the menstrual cycle, in response to declining progesterone

levels, the functional layer is shed. In contrast, the basal layer, which lies next to the



myometrium and below the functional layer, does not shed during the menstrual cycle.
The myometrium is the middle layer of the uterine wall and is made up of smooth muscle
cells. The myometrium stretches during pregnancy to allow the uterus to expand and one
of its important functions is to induce uterine contractions (Aguilar et al., 2010). Finally,
the perimetrium is the outer serous layer of the uterus. The main function of the
perimetrium is to protect the uterus from friction from muscle movements by forming a
smooth layer of simple squamous epithelium along its surface and by secreting a

lubricating fluid (Aguilar et al., 2010).

In mice, unlike humans, the uterine fundus splits into the right and the left uterine
horn that converge at the cervix. Thus, the mouse uterus is referred to as bicornuate whereas
in human, the uterus is pyriform (Ratajczak, et al., 2010). The uterine horn is referred to
having a mesometrial side (or pole) and an anti-mesometrial side. The mesometrial side is
the side where the horn is attached to the mysentery, a membrane that secures the horn to
the abdominal wall and through which arteries and veins connect the uterus to the rest of
the peripheral circulation (Ratajczak, et al., 2010). Histologically, the mouse uterus is very
similar to the human uterus, which the exception that mice do not undergo menstruation
(Supp. Fig. 6). It too is made up of the endometrium which consists of the epithelium and
the stroma layers and these are surrounded by the myometrium (Das, 2010). During early
pregnancy in the mouse, stromal cell decidualization is first initiated at the antimesometrial
pole where the blastocyst implants and then spreads to the mesometrial pole where the
placenta develops (Das, 2010). Because of their physiological similarities to humans, the
ease of breeding and maintaining them in research laboratories, the pregnant mouse has

long served as a major animal model of human reproduction.



Estradiol and Progesterone Signaling The acquisition of uterine receptivity,
embryo implantation and stromal cell decidualization are complex early pregnancy events
regulated by numerous factors. Two major factors are ovarian estradiol (E2)- and
progesterone (P4) which signal via their uterine receptors (Pawar et al., 2014). The correct
balance of hormones is essential for a successful pregnancy. Together, E2 and P4 signaling
in the uterus regulate the expression of a multitude of uterine factors that control early
pregnancy events. These factors include transcription factors and a wide array of secreted
signaling molecules (ligands) and their cognate receptors. Among these receptors are the
G protein-coupled receptors (GPCRs), the largest protein superfamily in mammalian
genomes. While not very common, early pregnancy is also regulated by molecules whose
expression is independent of E2 and P4; this includes the well-studied muscle segment
homeobox (MSX) 1 and MSX2 (Pawar et al., 2014). These molecules regulate epithelial
proliferation and differentiation by controlling epithelial-stromal cross talk (Pawar et al.,
2014). Studies have shown that conditional ablation of Msx/ and Msx2 in the uterus
resulted in female infertility because of failure in implantation (Pawar et al., 2014).
Although there are many aspects of infertility and the underlying issues associated with it,
my research is specifically focused on better understanding how GPCRs regulate early
pregnancy (to be discussed later). Very little is known about GPCRs as regulators of early
pregnancy and their regulation by the steroid hormones, E2 and P4. Thus, an important
goal of my studies is to identify novel uterine GPCR regulators of early pregnancy and to

determine how their expression and signaling are regulated.



E2 and P4 signal via both membrane and intracellular receptors but studies using
knockout mouse models have shown that it is signaling via specific intracellular receptors
that regulates the acquisition of uterine receptivity, embryo implantation and
decidualization (Bagchi et al., 2001). The uterus expresses two intracellular estrogen
receptors, ERo. and ERp, and two intracellular progesterone receptors, PR-A and PR-B
(Cha et al., 2012). Studies have shown that mice lacking ERa, but not ERf, are infertile

concluding that ERa is essential for uterine receptivity and implantation (Lubahn et al.,
1993). Another study determined that while loss of PR-A and PR-B resulted in infertility
(Lydon et al., 1995), loss of PR-B only was not sufficient to trigger infertility revealing
that it is PR-A which is important for uterine receptivity and implantation (Mulac-Jericevic

et al., 2000). From here on, PR-A is simply referred to as PR.

In preparation for embryo implantation, when P4 levels are still low, the uterus is
under the control of E2 and E2 acts to prepare the luminal epithelium for embryo
implantation. Since the blastocyst attaches to the epithelium, the major role of E2 is to
create an intact epithelial lining. E2 signals via stromal and epithelial ERa to trigger the
proliferation of the luminal epithelial cells which are tightly packed and connected by tight
junctions (Bhurke et al., 2016). At the same time E2 induces the expression of PR allowing
P4, which is increasing in levels, to start signaling. The major action of P4 signaling is to
inhibit the E2-dependent proliferation of the uterine epithelium while undergoing
differentiation (Bhurke et al., 2016). Upon differentiation, the luminal epithelium
undergoes an epithelial-mesenchymal transition, loses its tight junctions between the cells

and this facilitates embryo attachment.



Uterine Receptivity Uterine or endometrial receptivity refers to a brief ovarian
steroid-dependent period when the endometrium attains the functional capacity to permit
blastocyst implantation (Zhang et al., 2013). The acquisition of uterine receptivity is E2-
and P4-dependent and in both humans and rodents, depending on E2 and P4 levels, the

uterus cycles between a pre-receptive, receptive and refractory phase.

In women, ovarian E2 levels rise during the first 14 days of the menstrual cycle and
upon peaking mid-cycle it triggers the (luteal hormone) LH surge and ovulation
(Georgadaki et al., 2016). Upon ovulation, the empty ovarian follicle is transformed into
the corpora luteum (CL) which then produces P4. In women, the pre-receptive uterine
phase corresponds to the first five days after ovulation during the rise in P4 levels. Uterine
receptivity is achieved around day (D) 20 of the menstrual cycle and remains maximally
receptive to embryo implantation for about five days; this period corresponds with peak P4
levels and is referred to as the window of implantation (Georgadaki et al., 2016). If embryo
implantation does not occur (for example, due to the absence of an embryo from the egg
not being fertilized), the CL regresses, P4 levels decline and the uterus transitions into a
non-receptive or refractory phase and this leads into menstruation (Dey et al., 2004). In the
mouse, the preovulatory E2 is high during the first two days after ovulation and during this
period P4 levels rise rapidly. On the fourth day after ovulation, the uterus becomes
receptive to embryo implantation for a brief period and on the fifth day it enters the

refractory phase.

Although female sex steroid hormones are the primary regulators of the cellular

and molecular mediators of implantation, numerous other molecules play an important role.



Most of these molecules are directly or indirectly regulated by E2 and/or P4. Among the
major regulators of uterine receptivity are the E2-induced fibroblast and insulin-like growth
factors, FGF1, FGF2, FGF9, FGF18 and IGF-1, the P4-induced heart- and neural crest
derivatives-expressed protein 2 (HAND?2) (Pawar et al., 2014). It has been shown that the
fibroblast and insulin-like growth factors are produced by stromal cells and act in a
paracrine manner to mediate E2-driven uterine epithelial growth via FGF and IGF-I
receptors located on the luminal and glandular epithelia (Pawar et al., 2014). It was also
shown that in the mouse endometrium, these growth factors are negatively regulated by
P4-induced stromal HAND2 (Pawar et al., 2014). This was determined in mice bearing a
conditional deletion of Hand? in the uterus. These knockout mice showed persistent FGF
expression and luminal epithelial cell proliferation on D4 of pregnancy coupled to embryo
implantation failure. These findings revealed that in the pregnant uterus HAND?2 is a major
mediator of the antiproliferative effects of P4 in the latter part of the pre-receptive phase

and is required for the uterus to achieve a receptive state.

Another major regulator of uterine receptivity is the E2-induced leukemia
inhibitory factor (LIF), an IL-6 family member, which signals via the LIF receptor (LIF-R
B) (Kimber, 2005). It is expressed in various embryonic and adult tissues with particularly
high levels in the uterus. In LIF knockout mice, embryos fail to attach to the luminal
epithelium and studies indicate that LIF mediates the final step in the acquisition of uterine
receptivity (Stewart et al., 1992, Cheng et al., 2002). Just before implantation begins on the
afternoon of D4, in response to a surge in E2 secretion on the morning of D4, LIF is
secreted by the endometrial glands. LIF then acts on the LIF receptors in the luminal

epithelium and activates the Janus tyrosine kinase-Signal transducer and activator of



transcription 3 (JAK-STAT3) pathway (Yoo et al., 2019). This pathway suppresses the
expression of tight and adherens junction complexes in the luminal epithelium and disrupts
cell-cell linkages triggering a loss of epithelial polarization. These are all essential steps in
luminal epithelial cells adopting a final phenotype to accommodate embryo implantation,
establishing LIF as a critical regulator of uterine receptivity. LIF most likely plays a role
in endometrial function in humans as well. In humans, LIF mRNA and protein are highly
expressed in the endometrial glands during the luteal phase of the menstrual cycle, the time
when implantation would occur (Yoo et al., 2019). Defects in LIF expression in some
studies have been associated with recurrent miscarriages and unexplained infertility thus
possibly implicating LIF as one of the important factors involved in achieving a successful

pregnancy in humans.

Embryo Implantation Embryo implantation is a critical aspect of
viviparous birth and it is the process where the blastocyst attaches to the uterine epithelium
and invades the underlying stroma cells to an extent that is species specific (Lee and
DeMayo, 2004). Successful implantation requires a receptive uterus, a healthy embryo and
synchronized communication between the embryonic and maternal tissue (Simon et al.,
2000). Implantation is divided into three stages: apposition, adhesion and invasion (Enders,

1967).

In mice, upon blastocyst formation in the luminal horn, the zona pellucida yields to
physical stress that is coupled to localized lysis and it is through the ruptured zona pellucida
the blastocyst hatches allowing the embryonic trophectoderm to make physical contact

with the luminal epithelium (Ruane et al, 2017). Within the luminal horn, the blastocyst
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undergoes apposition. During apposition, the blastocyst adopts a specific orientation
relative to the luminal epithelium. In humans following successful apposition, the inner
cell mass of the blastocyst faces the epithelial cells. In mice, the blastocyst localizes to
special evaginations of the luminal epithelium called implantation chambers (Ruane et al,
2017). Implantation chambers form along the mesometrial pole of the luminal epithelium
and embryos undergo apposition with their inner cell mass directed towards the
mesometrial pole (Ruane et al, 2017). In the process of apposition, the blastocyst interacts
with the epithelium using adhesion molecules, including cadherins, integrins, selectins and
immunoglobulins. These molecules are expressed on the surface of the trophectoderm and

interact with ligands expressed on the epithelial cells.

It is reported that the expression of integrins, which are transmembrane
glycoproteins, are up-regulated during the window of implantation, implicating them as
important markers of implantation. E-cadherins present in both the trophoblast and
endometrial epithelium may also play a crucial role in the initiation of attachment and
implantation (Rowlands et al., 2000). In addition, selectins are a group of carbohydrate-
binding proteins. Specifically, L-selectin expressed by trophoblast cells was shown to be
important during implantation process. Blocking L-selectin using specific antibodies leads
to impaired adhesion of the trophoblasts to the endometrial epithelium, further implicating

their importance during embryo implantation (Genbacev et al., 2003).

This interaction between the adhesion molecules and their ligands ushers in the
adhesion stage of implantation, during which the polarized interaction between the

blastocyst and endometrium is established and becomes stronger, securing the embryo to
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the uterine lining. Once adhesion to the epithelium is initiated, the trophectoderm
differentiates into the cellular cytotrophoblast which then gives rise to the overlying and
invasive syncytiotrophoblast (Cohen et al., 2006). In the mouse, luminal epithelial cells
interacting with the embryo within the implantation chamber undergo entosis, allowing the
syncytiotrophoblast to interact with the stromal cells. Adhesion molecules expressed on
the surface of the invasive syncytiotrophoblast interact with ligands expressed by the
stromal extracellular matrix (Cohen et al., 2006). Once this is achieved, the invasion stage
of implantation begins. Syncytiotrophoblast invades the stroma thus completing the
implantation process. In mice this occurs on the fifth day after ovulation and is a critical

step that precedes stromal cell decidualization and placentation.

Decidualization During the process of murine embryo implantation, stromal
cells undergo E2-dependent proliferation and following implantation, in the mouse,
stromal cells surrounding the implanting embryo undergo stromal—epithelial transition in
a process referred to as decidualization. In women, localized decidualization begins in the
uterine secretory phase even before an implantation has occurred. However, upon
implantation, the decidualization reaction spreads beyond the implantation site to adjacent
stromal regions. Decidualization involves biochemical, vascular and morphological
changes that are driven by E2 and P4 (Ramathal and Bagchi, 2010). These changes lead to
the formation of a differentiated maternal tissue called the decidua which supports

embryonic growth and the maintenance of early pregnancy (Ramathal and Bagchi, 2010).

In the mouse, stromal cell decidualization begins on the afternoon of D5 in cells

surrounding the implantation chamber in the antimesometrial region of the uterus; this
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forms the primary decidual zone (PDZ), a transient tissue that is well developed by D6 but
has undergone demise by D8 (Parobchak et al., 2020). The PDZ is avascular and is enriched
in intercellular tight junctions, gap junctions, and adherens junctions. It creates a
permeability barrier around the implantation chamber, isolating the embryo from immune
cells and harmful molecules present in the maternal circulation (Parobchak et al., 2020).
Decidualization progresses from around the PDZ towards the myometrium in the
antimesometrial and mesometrial regions, where it gives rise to the secondary decidual
zone (SDZ). In the antimesometrial region, the SDZ is comprised of the antimesometrial
decidua while in the mesometrial region it forms the mesometrial decidua that eventually
gives rise to the decidual basalis during placentation. Development of the secondary
decidua peaks on D8 with its decline corresponding to the development of the placenta

(Parobchak et al., 2020).

More specifically, the process of decidualization is characterized by morphological
changes in the endometrial stromal cells (ESCs). ESCs are elongated, fibroblast-like
mesenchymal cells that differentiate into rounded, epithelioid-like cells (Coulam, 2016).
Decidualization is also characterized by an influx of resident and peripheral uterine natural
killer cells (uNK) and vascular remodeling in order to supply blood to the developing
embryo (Schatz et al., 2016). Decidualized ESCs are the main cell types in the decidua and
they provide nutrients for the implanting blastocyst. In women, decidualization begins
around six days after ovulation in the mid-secretory phase of the menstrual cycle, or
approximately at the onset of the window of implantation (Gellersen and Brosens, 2014).

This process continues with the stromal cells surrounding the spiral arteries in the upper
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endometrium regardless of the presence or absence of an embryo. In mice, decidualization

is stimulated by the blastocyst (Cha et al., 2012).

Decidualization is regulated by many E2 and P4-regulated factors. Some important
factors include the bone morphogenetic protein 2 (Bmp2). Bmp?2 is a P4-regulated gene and
deletion of Bmp?2 in the uterus is associated with infertility in mice primarily due to
decidualization failure (Lee et al., 2007; Lim et al., 1997). Since Bmp? is expressed in the
underlying stroma, uterine deletion of the gene in mice was consistent with a failure in
decidualization (Lee et al., 2007). Another important regulator of decidualization is the
Abdominal B-like homeobox gene (Hoxal(0), another P4-regulated gene expressed in
stromal cells during decidualization (Bhurke et al., 2016). An important role for Hoxal0
in stromal cell decidualization was established through studies showing that Hoxa 0 null
mutations in mice are associated with defects in decidualization and infertility (Benson et

al., 1996; Das et al., 2010).

G Protein-Coupled Receptors (GPCRs)

As stated earlier, there are many factors that regulate early pregnancy and most of these
factors are regulated by E2 and/or P4. These include transcription factors and a wide array
of secreted signaling molecules (ligands) and their cognate receptors. Among these
receptors are the G protein-coupled receptors (GPCRs), the largest protein superfamily in
mammalian genomes. Very little is known about GPCRs as regulators of early pregnancy
and their regulation by E2 and P4. Thus, an important goal of my studies is to identify
novel uterine GPCR regulators of early pregnancy and to determine how their expression

and signaling are regulated.
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Introduction to GPCRs GPCRs, also referred to as seven-pass-
transmembrane domain receptors (7TMRs), form the largest protein superfamily and are
involved in a variety of pathophysiological processes. In humans, there are about 800
GPCRs representing about 3% of the encoded genome (Babwah, 2020). Of the
approximately 800 human GPCRs, about 440 are sensory receptors, of which the majority
(about 390) are olfactory receptors. The primary function of a GPCR is to transduce
extracellular stimuli into intracellular signals. G proteins play important roles in
determining the specificity and temporal characteristics of the cellular responses to signals
being transmitted (Hamm, 1998). GPCRs are found in eukaryotes, including flagellate
eukaryotes, bacteria, yeast, plants, nematodes, amphibians, reptiles and vertebrates

including mammals (King et al., 2003).

GPCRs are made up of extracellular (ECL) and intracellular (ICL) loops within the
cells’ plasma membrane. The extracellular environment contains the NH; terminus and the
intracellular part contains the COOH terminus. The intracellular loops and domains
regulate the interaction between the receptor and G proteins (Gether, 2000). GPCRs are
activated by many extracellular ligands which include light-sensitive compounds,
pheromones, hormones, neurotransmitters, ions, amino acids, peptides and lipids. GPCRs
are ubiquitously expressed in the body and therefore regulate almost every physiological
and cellular process (Babwah, 2020). Since they are intimately associated with human
pathophysiology, pharmacologically complaint and readily targeted at the outer cell
surface, they represent major drug targets where to date about 475 drugs or approximately
35% of the drugs approved by the US Food and Drug Administration target over 100

GPCRs (Babwah, 2020).
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GPCRs interact with G proteins at the plasma membrane. When an exogenous ligand binds
the receptor, the binding changes the conformation of the intracellular domains of the
receptor. Such changes support the association of the receptor with a variety of
heterotrimeric G proteins, leading to the activation of a G protein. When the GPCR is in
its inactive state, the receptor is bound to a heterotrimeric G protein complex comprised of
the Ga,, Gf} and Gy subunits (Hamm, 1998). In the inactive state, the Gou subunit is bound
to GDP. When a ligand binds the receptor, this triggers the exchange of GDP for GTP on

the Ga subunit and the disassociation of the Ga subunit from the Gfy dimer.

The disassociated Ga and Gy subunits will go on to interact with other
intracellular proteins to continue the signal transduction cascade. Signal transduction is
terminated with the hydrolysis of GTP and the re-association of Ga and Gy subunits. It
is understood that the Gf3 and Gy subunits function as a dimer and activate numerous
signaling molecules such as lipid kinases, phospholipases and ion channels (Neumann et
al., 2014). In addition to the regulation of these secondary-messenger systems mentioned
above, the Go. and Gy subunits have also been reported to regulate the activation of major
key intracellular signal-transducing molecules such as GTP-binding proteins of Ras and
Rho families as well as members of the mitogen-activated protein kinase (MAPK) family

of serine-threonine kinases which includes the extracellular signal-regulated kinase (ERK)

(Neumann et al., 2014; Tuteja, 2009).

While the heterotrimeric G-protein is made up of three subunits, the Ga, G and
Gy subunit, it is the o subunits that defines the basic functional property of the protein. At

least 23 a-subunits derived from 17 different genes have been identified and are classified
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into four main classes which include Gai, Gatio, Gotiz13, and Gog11 (Gautam et al., 1998).
Once disassociated from the heterotrimeric complex, the Go subunits interact with various

effector enzymes in a very specific manner.

For example, Ga, stimulates the cAMP-dependent pathway by activating adenylyl
cyclase (AC) and thus increases cyclic AMP (cAMP) levels, which in turn activates the
cAMP-dependent protein kinase (PKA) pathway. The Ga, subunit primarily inhibits the
cAMP dependent pathway by inhibiting AC, thereby decreasing the production of cAMP
from ATP which in turn results in a decreased activity of cAMP-dependent protein kinase

(Wettschureck and Offermanns, 2005).

The Gaz3 subunit activates Rho and further downstream signals. In addition,
studies have shown that Ga12/13 can induce a variety of signaling pathways which lead to
the activation of numerous downstream effectors including Na'/H' exchanger,

phospholipase A, and/or c-jun NHj-terminal kinase, as well as the formation of

diacylglycerol (DAG) (Wettschureck and Offermanns, 2005).

The Gaq and Gouyy subunits are ubiquitously expressed and those receptors that bind
to Gog and Gay; do not seem to discriminate between Gog and Gayp (Wettschureck and
Offermanns, 2005). The major function of Goy and Gay; is to couple receptors to the -
isoform of phospholipase C (PLC). PLC cleaves phosphatidylinositol bisphosphate (PIP,),
a plasma membrane phospholipid, into diacylglycerol (DAG) and inositol 1,4,5-
triphosphate (IP;) (Wettschureck and Offermanns, 2005). While DAG remains bound to

the plasma membrane, IP; is released into the cytosol. In the cytosol, IP; binds to the IP3
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calcium channel receptors on the endoplasmic reticulum (ER) leading to the release of
calcium. Cells actively sequester calcium in the ER in order to maintain low cytoplasmic
levels. When released, increased cytosolic calcium concentrations cause a cascade of
intracellular changes in activity via the calcium binding proteins and calcium-dependent
processes. In addition, DAG works together with the released calcium to activate the
function of PKC, inducing the phosphorylation of other molecules and further altering cell

activity (Skiba et al., 1996; Hamm, 1998).

Besides signaling via G proteins, GPCRs can also activate G protein-independent
signaling pathways. This is mainly accomplished through the multi-functional adaptor
proteins referred to as arrestins (Bologna et al., 2017). The arrestins are a small family of
proteins that were discovered in the visual system. They include arrestin-1 and arrestin-4
expressed in retinal cones and rods, and arrestin-2 (B-arrestinl) and arrestin-3 ([3-arrestin2)
which are expressed in almost all cells in the body (Shukla et al., 2011; Letkowitz, 2013).
In an unstimulated cell, arrestins are localized in the cytoplasm in an “inactive”
conformational state, however, upon GPCR activation, arrestins translocate to the plasma
membrane where they block GPCR coupling to G protein in two ways. First, arrestins
physically disrupt GPCR-G protein coupling and then link the receptor to the
internalization machinery. This promotes receptor internalization via clathrin-coated pits,
following transport to internal compartments known as endosomes (Bologna et al., 2017).
In this way, the receptor can either be directed for degradation or recycled back to the

plasma membrane where it can once again signal.
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In addition to its roles in GPCR desensitization, $-arrestins have been found to play
an important role in signaling, trafficking and ubiquitination of receptors (Shenoy et al.,
2001). Studies have shown that internalized receptor-f-arrestin complexes can form a
framework for MAPKs including ERK1/2 and many others to generate signalosome (a
group of proteins which are involved in protein degradation), which may facilitate long
lasting cell signaling in the cytosol (Luttrell et al., 1999; McDonald et al., 2000; Gong et
al., 2008; Song et al., 2009). The role of f3-arrestins in the regulation of MAPK cascades is
the most studied mechanism. The first signaling function of B-arrestin was described in
1999, when Luttrell and colleagues reported that 32-adrenergic receptor-bound f-arrestin
triggered Src-dependent activation of MAP kinases ERK1 and ERK2 (Luttrell et al., 1999).
This finding demonstrated that in addition to activating MAPKSs via the G protein-coupled
pathway, GPCRs can also activate MAPKSs via the -arrestins (Ma and Pei, 2007). Recent
work revealed that B-arrestins can also translocate from the cytoplasm to the nucleus and
associate with many different cofactors such as p300 and cAMP-response element-binding

protein (CREB) at the promoters of target genes to regulate transcription (Ma and Pei,

2007).

GPCR Regulators of Early Pregnancy

Based on a molecular screen conducted in the Babwah laboratory, it was
determined that in the mouse on the day of embryo implantation, the uterus moderately or
strongly expresses about 15 GPCRs, of which about 10 have known ligands while the rest
are classified as orphan receptors (receptors for which there are no well-established

endogenous ligands). Among the GPCRs with known ligands, only a small number has
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been shown, through direct and detailed investigations, to be major regulators of uterine
receptivity, embryo implantation and/or stromal cell decidualization. Some of these
GPCRs include lysophosphatidic acid receptor 3 (LPAR3), leucine-rich repeat-containing
G protein-coupled receptor 4 (LGR4) and the kisspeptin receptor (KISS1R). Other GPCRs
that might also be important regulator of early pregnancy include the oxytocin, prostanoid

and calcitonin receptors.

Lysophosphatidic acid receptor 3 The Lysophosphatidic acid receptor 3
(Lpar3) couples to both Gaiy, and Gag/11 downstream signaling pathways that regulate cell
proliferation, differentiation and survival. Studies in female mice in which the LPA
receptor was deleted identified important roles for the receptor-mediated LPA signaling in
fertility. These include ovarian function, fertilization, decidualization, embryo
implantation and development, pregnancy maintenance and parturition (Ye and Chun,
2010). Based on studies conducted on the Lpar3 knockout mouse during early pregnancy,
Lpar3 was shown to be important in the attainment of uterine receptivity and embryo
implantation. (Pandy-Szekeres et al., 2018). Lpar3 knockout female mice displayed
delayed embryo implantation with reduced cell proliferation in the stroma as well as
uneven embryo spacing and reduced litter size (Ye et al., 2005). In addition, deletion of
Lpar3 in the uterus disrupts the balance between E2 and P4 and causes persistent
progesterone signaling, resulting in the inability to exit the pre-receptive phase during early
pregnancy (Diao et al., 2015). This is critical because prolonged PR expression in the
uterine epithelium beyond the expected implantation window is detrimental to embryo
implantation. In addition to data from non-human species, recent data show that LPAR3

might also play an important function in human reproduction. One study has shown that
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LPAR3 levels decrease in the middle-and later-secretory endometrium (note implantation

occurs in the secretory phase) of patients with endometriosis (Wei et al., 2009).

Leucine-rich repeat-containing G protein-coupled receptor 4 The leucine-rich
repeat-containing G protein-coupled receptor 4 (LGR4) is a Gos-coupled receptor (Pandy-
Szekeres et al., 2018). Studies showed that LGR4 plays a critical functional role in
embryonic development (Mohri et al., 2010; Sone et al., 2013). More importantly, mice
lacking Lgr4 expression in the epithelial tissues exhibited reduced fertility and the embryos
had impaired development (Mohri et al., 2010). Additionally, uterine Lgr4 knockout mice
displayed altered epithelial differentiation, evident by the reduction in the number of
uterine glands. Furthermore, the uteri of mice that lacked Lgr4 expression lost the ability
to undergo induced decidualization (Sone et al., 2013). Therefore, Lgr4 expression in the
uterine epithelium is required for healthy gland development and decidualization in mice.
In mice that lacked Lgr4 expression, P4 failed to inhibit luminal epithelium proliferation
and P4 signaling was significantly down-regulated, again suggesting that the LGR4 is an
important uterine GPCR that is required for the acquisition of endometrial receptivity (Kida

et al., 2014).

Kisspeptin receptor The kisspeptin receptor (KISSIR) is a Gogii-coupled
receptor (Pandy-Szekeres et al., 2018). The kisspeptin/KISSIR signaling system is an
important regulator of reproduction through its direct actions along the hypothalamic-
pituitary-gonadal (HPG) axis (reviewed in Radovick and Babwah, 2019). Accumulating
evidence has shown that kisspeptin signaling is involved in the regulation of trophoblast

invasion, placentation and most importantly, the process of implantation (Radovick and
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Babwah, 2019). In the mouse uterine luminal epithelium, kisspeptin was shown to trigger
phosphorylation of p38 and ERK1/2 on day 4 of pregnancy thus implicating epithelial
KISS1R in embryo implantation (Fayazi et al., 2015). Studies in female Kiss/» knockout
mice showed uterine defects and infertility (Calder et al., 2014; Leon et al., 2016). Uterine
kisspeptin and KISS1R regulate embryo implantation by controlling the availability of
endometrial glandular secretions needed for embryo adhesion to the uterine epithelium
(Calderetal., 2014; Leon et al., 2016; Radovick and Babwah, 2019). It has also been shown
that decidual kisspeptin and KISS1R signaling may be involved in regulating decidual

function in humans (Radovick and Babwah, 2019).

Prostanoid receptors The prostanoid receptors are G protein-coupled
receptors activated by the endogenous ligands prostaglandins PGD,, PGE,, PGE,, PGF,,,
PGH,, prostacyclin [PGI,] and thromboxane A, (Niringiyumukiza et al., 2018). The most
common type of PG found in animal species is PGE,. Studies with PGE,, specifically
subtype-2 or EP,, have shown that mice that are EP, deficient displayed problems with
ovulation, fertilization, implantation and embryo development (Chakraborty et al., 1996;
Matsumoto et al., 2001). PGs play a crucial role in embryo implantation. For instance,
PGE,S and PGF,aS localize in the human endometrial epithelia with a significantly
noticeable increase in both concentrations in the uterine fluid during the implantation
window period (Vilella et al., 2013). The expression of cyclooxygenase 1 and 2 (COX-1
and COX-2) is also important during early pregnancy. COX is an important enzyme in the
PG biosynthesis. In humans, COX-1 is expressed in the luminal and glandular epithelia
while COX-2 is mostly expressed in the luminal epithelia and perivascular cells during the

implantation window. Female mice lacking COX-2 were infertile with decidualization and
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implantation defects (Lim et al., 1997). Most importantly, however is that, mice deficient
in the PG receptor specifically EP, have been shown to exhibit impaired reproductive

functions (Tilley et al., 1999).

Calcitonin receptor Another GPCR implicated in regulating early pregnancy is
the calcitonin receptor (CT) that binds the peptide hormone calcitonin. This receptor
couples to Gos and Gog 1, thus, the CT receptor couples to and activates both adenylyl
cyclase and phospholipase C and is involved in the maintenance of calcium homeostasis
(Purdue et al., 2002). However, direct studies have not been conducted on the receptor
itself but instead most of the studies have been on its ligand. Therefore, the importance of
this receptor has only been implied through a detailed analysis of its ligand, calcitonin.
Calcitonin has been shown to play an important role in calcium homeostasis in many
tissues and its expression levels are dramatically increased in the glandular epithelium of
rat uterus between days 3-5 of pregnancy (peri-implantation period). It appears that
calcitonin functions as a regulatory signal in the uterus during the pre-implantation period

and is critical for successful pregnancy. (Zhu et al., 1998).

Oxytocin receptor Another GPCR implicated in regulating early pregnancy is
the Gog11-coupled oxytocin receptor (OXTR) (Gimpl and Fahrenholz., 2001). To date,
only limited evidence suggests that OXTR plays an important role in achieving successful
pregnancy. For instance, the differential expression of the Oxtr in a mouse uterus during
embryonic apposition and invasion period suggests a potentially important role of oxytocin

in embryo implantation process (Beretsos et al., 2007). It has also been demonstrated that
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oxytocin antagonists improve uterine receptivity during in vitro fertilization (IVF)

treatments which leads to improved pregnancy rates (Pierzynski et al., 2007).

G protein-coupled receptor 83 As stated earlier, a molecular screen
conducted in the Babwah laboratory determined that in the mouse on the day of embryo
implantation, the uterus moderately or strongly expresses about 15 GPCRs, of which about
10 have known ligands. Among the GPCRs with known ligands is G protein-coupled
receptor 83 (GPRS83). Just recently, GPR83 was classified as an orphan receptor, but in
2016 research from the Devi laboratory identified GPR83 as a major receptor for the
proSAAS-derived peptide called PEN (Gomes et al., 2016). It is worth noting that
according to a primary recommendation of the International Union of Basic and Clinical
Pharmacology Committee on Receptor Nomenclature and Drug Classification (NC-
IUPHAR) [Babwah, 2020], an orphan GPCR is only “deorphanized” when two or more
peer-reviewed papers from independent research groups demonstrate activity of the ligand
at the receptor, with a potency that is consistent with a physiologic function. Based on this
criterion, our findings (Parobchak et al., 2020), the basis of this thesis, that provides the

evidence to officially deorphanize GPR&3.

GPR&83 is novel GPCR widely expressed in the brain and immune system in humans
and mice. In-depth in situ hybridization analysis revealed high expression levels in
hypothalamus, amygdala and hippocampus regions on the brain. These discrete areas in
the brain are known to be involved in anxiety, depression, stress modulation and memory.
Gpr83 mRNA was first identified as a glucocorticoid/cAMP-induced gene in a mouse T-

lymphocyte cell line (Harrigan et al., 1989; Harrigan et al., 1999) and later was shown to
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be highly up-regulated in regulatory T (Treg) cells (Fontenot et al., 2005; Sugimoto et al.,
2006). In the uterus, both glucocorticoid signaling and T cells are reported to play an
important role in pregnancy, such as stimulating immune tolerance at the maternal-fetal
interface. Although the underlying mechanism of this tolerance is not fully understood, it
can potentially involve GPR83. Previous studies have reported that GPRS83 is regulated by
the stress hormone corticosterone and that GPR83 knockout mice are resistant to stress-
induced anxiety (Lueptow et al., 2017). Newly emerging evidence reveals roles for the
centrally located GPR83 in regulating dopamine release and morphine reward-learning in
the brain (Fakira et al., 2019). This is important because it appears that GPRS83 is a
functionally versatile molecule that might have a significant role in regulating early

pregnancy events.

Preliminary data from the Babwah laboratory show that GPRS3 mRNA is
expressed in the endometrial scrapings from healthy women throughout the menstrual
cycle (Parobchak et al., 2020). Thus, it appears that uterine GPR83 is a potentially
promising regulator of human pregnancy. Prior to my research, there were no reports on
the expression of uterine GPR83 and for that reason my research is focused on
characterizing uterine Gpr83 expression during early pregnancy and to identify the
mechanisms by which GPRS83 signals in the endometrium using mouse models of human

pregnancy and human endometrial and non-endometrial cell lines.

PEN is Derived from ProSAAS
PEN is one of the most abundant hypothalamic neuropeptides and is derived from

the processing of the precursor protein called proSAAS (named because it contains a Ser-
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Ala-Ala-Ser motif) (Fricker et al., 2000). ProSAAS is a 26-kDa (~260 amino acid) protein
that is encoded by the PCSKIN gene (chromosomal localization Xp11.3 in humans) and is
widely expressed in a number of species including humans and mice. The human form
shares 84% homology with mouse and rat while the mouse and rat form share 97%

sequence homology (Mzhavia et al., 2001; Sayah et al., 2001; Feng et al., 2001).

Some of the most abundant intermediary peptides were discovered to be derived
from proSAAS. For instance, the N-terminal region of proSAAS is cleaved to yield GAV,
littleSAAS, and KEP peptides. Meanwhile, the C-terminal region yields PEN and bigLEN
(Mzhavia et al., 2002; Mzhavia et al., 2001; Wardman et al., 2014). In order to better
understand some of these peptides, researchers were able to gain more information by
conducting either overexpression or knockout studies of proSAAS. Additional information
about the physiological role of proSAAS derived peptides has come from genetically
modified mice. For instance, mice overexpressing proSAAS exhibited obesity when
compared to wild-type, while those that lacked proSAAS yielded slightly underweight
mice (Morgan et al., 2010 and Wei et al., 2004). Mice that had a proSAAS-knockout,

displayed an anxiety phenotype (Morgan et al., 2010).

To date, not much is known about the specific roles of individual proSAAS derived
peptides except for littleSAAS, BigLEN and more recently, PEN. Evidence for a role for
PEN has been linked to metabolism regulation and food intake.

Location of PEN Expression In humans, the precursor proSAAS is highly
expressed in the brain, pituitary, adrenal glands and pancreas (Fricker et al., 2000). Since

proSAAS mRNA is widely expressed in brain regions such as the hypothalamus,
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hippocampus and amygdala these peptides, including PEN, have been proposed in the

regulation of the neuroendocrine system (Fricker et al., 2000).

While it remains to be determined whether PEN is also available in the uterine
environment, it was clearly shown that Pcskin, the gene encoding ProSAAS (the PEN
precursor), is expressed in the mouse uterus during the peri-implantation period (Decaillot
et al., 2006). Therefore, it is likely that PEN is produced in the uterus and exerts uterine

functions at the time of embryo implantation.

Location of GPR83 Expression PEN neuropeptide has been identified as an
endogenous ligand for GPR83 (Gomes et al., 2016). In mice, Gpr83 mRNA is found to be
expressed in limbic structures in the forebrain, in the striatum, in some regions of the
hypothalamus and low levels in the periphery (Pesini et al., 1998). In contrast, in humans,
GPR83 mRNA is highly expressed in the brain and spinal cord and low levels in the thymus
and other tissues (Brezillon et al., 2001). Specifically, within the brain, GPR83 is found to
be highly expressed in the hypothalamus, striatum, hippocampus, amygdala and prefrontal
cortex (Lueptow et al., 2018). Human GPR&83 shares 89.5% sequence homology with mice

and 88% homology with rats (Harrigan et al., 1991 and De Moerlooze et al., 2000).
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MATERIAS AND METHODS

Animal studies Animal studies were approved by Rutgers University according to
guidelines established by the Institutional Animal Care and Use Committee. Studies were
conducted on C57 Bl/6 WT mice. All data presented in this study are based on data

generated with the C57 Bl/6 mice.

Non-pregnant cycling females Estrous staging (proestrus, estrus, or metestrus and
diestrus) of adult females (10 weeks old) was done as previously described (Caligioni,
2009). Mice, at each estrous stage were euthanized between 1:00 and 3:00 PM and uteri

collected and stored in RNAlater (Life Technologies Inc., Burlington, ON, Canada).

Unstimulated pregnancy  Females (8-10 weeks old) in proestrus were mated to either
stud or vasectomized males and the day of mating is defined as day 0. Only females that
showed a copulatory plug (evidence of successful mating) on the morning of D1 were
studied further. Mice were euthanized between 8:00-9:00 AM on D1, D4-8 of pregnancy
and uteri collected and stored in RNAlater (Life Technologies Inc., Burlington, ON,
Canada). Based on the visibility of implantation swellings, D6-8 uteri were cut and

separated into implantation sites (IS) and inter-implantation sites (IIS).

Ovarian-stimulated pregnancy Females (8 weeks old) were administered 7.5 U
pregnant mare serum gonadotropin (PMSG; Folligon; Intervet) i.p. followed 48 hours later
by 7.5 IU human chorionic gonadotropin (hCG; Chorulon; Intervet) i.p. Immediately after
the hCG injection, mice were mated to stud males and subsequently analyzed as described

for the unstimulated females (see above).



28

E2, P4 or E2 + P4 regulation of gene expression Two weeks following ovariectomy,
mice (8 weeks old) were administered either peanut oil (100 pul), E2 (100 ng in a final
volume of 100 pl), P4 (1 mg in a final volume of 100 pul), or E2 (100 ng) + P4 (1 mg) (in
a final volume of 200 pl) by s.c. injection (Jeong et al., 2010). Twenty-four and forty-eight
hours after hormone administration, mice were euthanized and uteri were collected and
stored in RNAlater (Life Technologies Inc., Burlington, ON, Canada). E2 and P4 were

purchased from Tocris Bioscience (Minneapolis, MN).

Uterine cellular fractionation D4 pregnant uteri from unstimulated pregnancies
were enzymatically processed to yield epithelial, stromal only and stromal + myometrial
fractions (Li et al., 2011). Day 4 unstimulated pregnant uteri were suspended in Trypsin
which broke down the epithelial layer into single cells. The remaining fraction, stromal and
myometrial was collected. To separate the stromal fraction, collagenases were added to the
stromal and myometrial fraction. This was filtered in a 40 micron filter which allowed the
stromal cells to flow through thus yielding the stromal fraction. Tissue fractions were

rapidly frozen until used for RNA isolation.

In vitro decidualization Mouse uterine stromal cells were collected on day 4 of
pseudopregnancy and grown on glass cover slips in DMEM/F-12 (1:1), plus 10% charcoal
stripped serum and antibiotic. Following 1 hr of attachment, cells were washed thoroughly
in HBSS and re-incubated in fresh medium for 24 hr. The medium then was replaced with
the decidualization medium composed of DMEM/F-12, 1% charcoal-stripped FBS, 1 uM
P4, 10 nM E2, 0.5% HB-EGF and antibiotic, and cells were grown for an additional six

days before being analyzed for Gpr83 expression.
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qPCR analysis of gene expression RNA was prepared from uterine horns and uterine
tissue fractions using the Qiagen RNeasy mini kit (Qiagen, Hilden, Germany). Gene
expression studies were conducted using mouse Gpr83, human GPRS3, mouse Rpll3a and
human RPLI3A PrimePCR Assays (Bio-Rad Laboratories). Gene expression was
determined on total RNA. Gene expression was calculated as relative expression to the

housekeeping gene (RplI3a), using the 27 method (de Oliveira et al., 2019).

Cell line studies The Ishikawa cell line (human Asian endometrial adenocarcinoma)
was purchased from Sigma-Aldrich (ECACC 99040201) (St. Louis, MO, USA) and is part
of the European Collection of Authenticated Cell Cultures (ECACC). Ishikawa cells were
cultured according to vendor’s instructions. Human Embryonic Kidney (HEK) 293 cells
(parental WT and Arrb1”"/Arrb2”") were generous gifts from Professor Graeme Milligan
(University of Glasgow, Glasgow, UK). The generation and characterization of the HEK
293 Arrb1”"/Arrb2”" line is described in (Alvarez-Curto et al., 2016; Milligan and Inoue,
2018). The HEK 293 cell lines were cultured as described in (Alvarez-Curto et al., 2016).
The human endometrial stromal cell line (SHT290) was purchased from Kerafast (Boston,

MA, USA) and cultured as described in (Barbier et al., 2005).

CaPO, transfection of HEK 293 cells The HEK 293 cell lines were transfected with
C-terminal FLAG epitope (DDK)-tagged human GPR83 cDNA (Origene, Rockville, MD,
USA) using the CaPQOy, transfection kit (ThermoFisher Scientific, Branchburg, NJ, USA)
according to the manufacturer’s recommendations. Transfected cells were analyzed 48
hours later. GPR83-FLAG expression was quantified by SDS-PAGE and western blotting
using the rabbit polyclonal anti-FLAG antibody at a 1:1000 dilution (Sigma-Aldrich, St.

Louis, MO, USA).
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PEN-triggered ERK1/2 phosphorylation in Ishikawa and HEK 293 cell lines Ishikawa
and GPR83-FLAG expressing HEK 293 cells were either treated with PEN (100 nM) or
left untreated. Cells were then lysed, and pERK1/2 levels were quantified by SDS-PAGE
and western blotting. In some studies, cells were treated with the cyclic depsipeptide and
selective Gogi1 inhibitor YM-254890 (Takasaki et al., 2004). (FUJIFILM Wako Pure
Chemical Corporation, Richmond, VA, USA). YM-254890 was reconstituted in DMSO
and used at a final concentration of 1 uM (Ando et al., 2010). Cells were preincubated in

YM-254890 for 30 mins at 37°C before adding PEN (100 nM).

siRNA-mediated downregulation of GPRS3 in Ishikawa cells  Silence Select siRNAs
against human Gpr83 and negative control siRNA were purchased from ThermoFisher
Scientific (Branchburg, NJ, USA). Ishikawa cells were transfected with either the Gpr83
specific siRNA or control siRNA using Lipofectamine RNAIMAX Transfection Reagent
(ThermoFisher Scientific, Branchburg, NJ, USA). Forty-eight hours later, cells were
treated with PEN (100 nM) for 10mins. Non-treated WT cells served as an additional
control to establish basal pERK1/2 levels. Quantification of pERK levels in control and

experimental samples is described in this article.

SDS-PAGE and western blotting pERK1/2 levels in the Ishikawa and HEK 293 cell
lines were assayed by SDS-PAGE and western blotting. Briefly, cellular lysates were
prepared, and protein were fractionated by SDS-PAGE and transferred onto a
nitrocellulose membrane. Membranes were then probed for either GPR83-FLAG,
pERK1/2 and total ERK. The following day, blots were washed extensively and incubated
with the appropriate species-specific horseradish peroxidase-conjugated secondary

antibody. Blots were developed using an ECL detection system (ThermoFisher Scientific).
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cAMP assay cAMP levels were determined in Ishikawa cells treated with (i) PEN only
(serial dilutions: 1000-15.6 nM, shown as log values 3-1.19 in Figure 3C) for either 3 or
15 mins, or (ii) forskolin (40 uM), either in the absence of PEN or in the presence of varying
concentrations of PEN (serial dilutions: 1000-15.6 nM) for either 3 or 15 mins. cAMP
levels were measured using the Cyclic AMP XP Assay Kit (Cell Signaling Technologies,
Danvers, MA, USA) according to the manufacturer’s instructions. Adenylyl cyclase

activity was calculated according to the manufacturer’s instructions.

Statistics The differences between groups were determined using unpaired Student’s
t-test or one-way ANOVA followed by post-hoc Bonferroni test (GraphPad Prism
Software, Inc, La Jolla, CA). All values are expressed as mean+ SEM and a value of

p<0.05 was considered statistically significant. Each assay was performed 3 to 4 times.
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RESULTS

Uterine Gpr83 mRNA is expressed in the non-pregnant and pregnant mouse

Due to a lack of reliable antibodies to study GPR83 protein expression, the data presented
is based on Gpr83 mRNA quantification only. The expression of uterine Gpr83 mRNA
transcripts was quantified by qPCR and based on unprocessed cycle threshold (Ct) values
of approximately 24 (compared to the Rp/I3a Ct value of about 16) we concluded that
Gpr83 is expressed throughout the estrous cycle (Figure 1A). Expression was also
determined on D1 and D4-8 of pregnancy in the WT mouse. D1 is when the uterus is
unreceptive to embryo implantation, D4 is the day of uterine receptivity, D5 is when the
embryo implantation occurs followed by decidualization. On D6 to DS, implantation
swellings are visibly distinct, and this permitted the separation of the uterus into
implantation and inter-implantation sites. Based on the analysis it was observed that Gpr§3
mRNA expression increased about 25-fold from D1 to D4 (Ct values of about 24) and
remained unchanged on D5 (Figure 1B), strongly suggesting roles in early pregnancy. On
D6, expression increased further, and this was observed at both the implantation and inter-
implantation sites (Figure 1B). Interestingly, expression dropped significantly at the
implantation sites on D7 and D8 but remained elevated at the inter-implantation sites
suggesting that Gpr83 is involved in decidualization but particularly in the early parts of
decidualization because as decidualization continues at the implantation site, on D7 and

DS the expression decreases in the inter-implantation sites (Figure 1B).

Uterine Gpr83 mRNA is an E2/P4-responsive gene
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Observations that uterine Gpr83 mRNA expression increased dramatically on D4
suggested strongly that it could be both E2- and P4-responsive and the further increase in
expression on D6 during a heightened period of stromal decidualization strengthened this
possibility. To test whether this was the case, Gpr83 expression was assessed in females
that received either vehicle (oil), E2, P4 or E2 + P4 for 24 or 48 hrs, two weeks after
ovariectomy (OVX). The results revealed that Gpr83 expression was responsive to E2 but
unresponsive to P4 treatment when compared to vehicle (oil) (Figure 1C). However, when
E2 and P4 were co-administered, expression increased dramatically (about 65-fold) at 24
hours and while diminished at 48 hours it was still significantly greater compared to
vehicle. (Figure 1C). The dramatic E2 + P4 combined effect leads us to hypothesize that

Gpr83 may play an important role in the regulation of stromal cell decidualization.

Uterine Gpr83 mRNA expression is downregulated in the ovarian-stimulated

mouse during early pregnancy

Ovarian stimulation in IVF protocols results in supraphysiological levels of E2 and P4 and
a change in the E2:P4 ratio. These changes can have significant impact on uterine gene
expression and the acquisition of uterine receptivity, embryo implantation and
decidualization during early pregnancy and present a potential obstacle to increasing higher
pregnancy rates during assisted reproduction (Zhang et al., 2015). To determine whether
uterine Gpr83 expression was sensitive to changes in E2 and P4 following ovarian
stimulation, expression was assessed on D1 and D4-7 in ovarian-stimulated females
(Figure 1D). The results revealed that following stimulation, expression increased only
about 2.5-fold on D4 relative to D1, and the massive rise in expression observed in non-

stimulated females (Figure 1B) was strikingly absent. Furthermore, a significant change in
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expression, relative to D1, was not seen at any of the other time points analyzed (Figure

1D).

The preimplantation embryo does not modulate uterine Gpr83 mRNA

expression on D4 of pregnancy

For some genes, uterine expression is modulated by the preimplantation embryo (Das et
al., 1994). In the studies described thus far, Gpr83 mRNA expression was assessed in the
pregnant mouse. Therefore, to determine whether its expression is influenced by
unimplanted embryos in the uterine horn on the morning of D4, gene expression was
compared between the pregnant female (mated to a stud male) and the pseudopregnant
female (mated to a vasectomized male). The results revealed that the presence of

unimplanted embryos had no effect on uterine Gpr§3 expression (Figure 1E).

Uterine Gpr83 mRNA is highly expressed in the uterine stroma on D4 of

pregnancy

The spatial distribution of Gpr83 mRNA in the D4 pregnant uterus was determined by
cellular fractionation. The results revealed that on D4, expression was localized to the
stroma (Figure 1F) but not the epithelium (Figure 1F). Due to the technical difficulty in
isolating the myometrium as a separate fraction, a combined stromal/myometrial fraction
was prepared, and this was compared to the stromal fraction. This comparison revealed a
reduction in Gpr83 expression (resulting from a myometrial-diluting effect) indicating that
Gpré83 is not expressed in the myometrium (Figure 1F). Similar investigations were also
conducted on fractionated D6 and 7 uteri. However, due to the difficulty in fractionating

the epithelium and stroma as pregnancy progresses, only a preliminary assessment of
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Gpr83 mRNA expression was made at these time points and the findings were consistent

with the D4 data that Gpr83 is only expressed in the uterine stroma.

Stromal cells express Gpr83 and Gpr83 mRNA level declines following

decidualization in vitro

Data presented in Figure 1B showed that the expression of Gpr83 diminished significantly
at the implantation sites on D7 and D8 but remained elevated at the inter-implantation sites.
This suggests that if Gpr83 regulates decidualization, it likely only regulates the formation
of the primary decidual zone. To examine this further, stromal cells from D4 pregnant
females were isolated, attached to glass coverslips and then washed thoroughly with HBSS;
yielding a purified population of stromal cells. The stromal cells were then subjected to an
in vitro decidualization protocol as previously described (Ma et al., 2011; Deng et al.,
2016). As predicted based on the in vivo findings, after six days of decidualization, there
was a decline in Gpr83 expression. However, while the difference was not significant (n=3
for CTRL and experimental groups), a clear trend towards reduced expression was apparent

(Figure 1G).

The data presented in Figure 1G also strengthens the conclusion that Gpré3 is
expressed by uterine stromal cells. Since Gpr83 is expressed in regulatory T (Treg) cells
(Fontenot et al., 2005; Sugimoto et al., 2006) and Treg cells are abundant in the uterus
during early pregnancy (Sharma, 2014), it was important to demonstrate that Gpr8§3
expression was not only due to T-reg cells but also due to uterine cells. In the experiment
described above, following the removal of all non-adherent cells like T-reg cells by
thorough washing in HBSS, the purified D4 stromal cells were analyzed for Gpr8§3

expression and were found to express Gpr83 (Figure 1G). Furthermore, T-reg and other
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immune cells like the uterine natural killer cells accumulate in the decidua at the maternal-
fetal interface and myometrium at the implantation site (Sharma, 2014). In this study, it
was observed that on D7 and D8, while Gpr83 expression declined at the implantation site,
it remained elevated at the inter-implantation site further strengthening the evidence that

Gpré83 is highly expressed by uterine cells.

PEN triggers ERK phosphorylation in Ishikawa endometrial cells

Through the use of the Neuro2A mouse neuroblastoma cell line and the heterologous
Chinese Hamster Ovary (CHO) cell line, it was determined that GPR83 is a major receptor
for PEN and that PEN signals via GPR83 in a Go11-dependent manner. To build on these
important findings in an endometrium-specific context, GPR83 mRNA expression first
was determined in two cell models of the human endometrium. Here it was observed that
GPRS3 is highly expressed in the human Ishikawa endometrial adenocarcinoma cell line
but weakly in the human SHT290 endometrial stromal cell line (Figure 2A). This
potentially implies that GPRS3 regulates early pregnancy by regulating the epithelium in

an autocrine manner and/or the stroma in a paracrine manner.

Next, it was determined whether Ishikawa and SHT290 cells are responsive to PEN.
Cells were treated with 100 nM human PEN and lysates were assayed by SDS-PAGE and
western blotting for pERK1/2. Phosphorylation of ERK1/2 was selected as the readout
since numerous cell surface receptors, including GPCRs, rapidly trigger ERK1/2
phosphorylation. Results showed that in the continuous presence of PEN, PEN treatment
of Ishikawa cells induced a rapid rise in pERK2 levels with maximum phosphorylation
detected after 10 mins of treatment (Figure 2B and C). It was observed that, pERKI levels

were undetected or barely so. Following the maximum response, pERK?2 levels declined
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gradually (Figure 2B and C). In contrast, PEN failed to trigger a visible change in pERK
levels in the SHT290 cells (Supplementary Figure 1). These findings suggest that while
both cell lines express GPRS3, Ishikawa cells produce higher levels of functional GPR83
than the SHT290 cells and could serve as an ERa/PR-expressing endometrial cell model

to study PEN/GPR&3 signaling.

PEN triggers ERK phosphorylation in a GPR83-dependent manner in

Ishikawa endometrial cells

To determine whether the PEN-triggered ERK phosphorylation in Ishikawa cells occurred
via GPR83, GPRS83 mRNA levels were downregulated using GPR&3-specific siRNAs
(Figure 2D) and cells were subsequently treated with human PEN. Results showed that in
GPR83 downregulated cells, PEN-dependent ERK phosphorylation was greatly
diminished relative to PEN-treated WT cells and cells transfected with a negative control
siRNA (Figure 2E and F). These findings establish that in Ishikawa cells, GPR83 is a major

receptor for PEN (Figure 2G).

PEN triggers ERK phosphorylation in a Gog/1:-dependent manner in Ishikawa

endometrial cells

To determine whether GPR83 mediates PEN signals in a Gogii-dependent manner
Ishikawa cells were treated with PEN following pre-treatment with the cyclic depsipeptide
and selective Gog/1 inhibitor YM-254890 (dissolved in DMSO). A control group of cells
was pre-treated with DMSO only. Results showed in vehicle treated cells, as expected,
PEN triggered a maximum response in ERK phosphorylation after 10 mins and this

response subsequently desensitized (Figure 3A and B). However, in the presence of YM-
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254890, at most time points, PEN-induced ERK phosphorylation was significantly
diminished (Figure 3A and B). These findings confirm that in Ishikawa cells, GPR8&3

mediates PEN signals in a Goy/11-dependent manner.

PEN treatment of Ishikawa endometrial cells does not activate Go; or Go,

It was reported that PEN also activates Gaj-dependent signaling. Since Ga; and Go, have
opposite effects on adenylyl cyclase activity, it was determined whether PEN activates Ga
or Gos in Ishikawa cells. Cells were treated with PEN for either 3 or 15 mins and the results
showed that PEN failed to trigger an increase in cAMP levels suggesting that GPR83 is not
coupled to Go, (Figure 3C, 15 mins data shown). PEN treatment, for either 3 or 15 mins,
also failed to inhibit forskolin-induced cAMP formation (Figure 3C, 15 mins data shown),
suggesting that GPR83 is not coupled to Go; and therefore unable to block the direct
stimulation of adenylyl cyclase by forskolin. Overall, the data presented in Figure 3A and
B, reveal that in Ishikawa endometrial cells, GPR83 mediates PEN signals independently

of Ga; or Gos (Figure 3D).

PEN triggers ERK phosphorylation via GPR83 in a Gag:- and B-arrestin-

dependent manner in HEK 293

Since some GPCRs trigger ERK phosphorylation in a Gog11-independent manner via the
major regulatory molecules, B-arrestin-1 and -2 (11, 36), it was determined whether PEN
also couples GPR83 to B-arrestin. To determine this, human GPR83-overexpressing HEK
293 cells lacking B-arrestin-1 and -2 (KO) as a result of CRISPR/Cas9 genome editing
were used (generously donated from Professor Graeme Milligan, University of Glasgow).

Like CHO cells, HEK 293 cells have proven to be an excellent cell model for studying
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GPCR signaling. Additionally, like CHO cells, we found responsiveness to PEN was only
achieved following overexpression of a human GPR83 cDNA expression construct

(FLAG-epitope tagged on the C-terminal end).

Results showed that in WT HEK 293 cells, PEN triggered pERK formation and this
peaked after 10 mins of treatment (Figure 4A and B). When KO cells were treated with
PEN, a similar response was observed, but importantly, the response was significantly
diminished relative to the WT cells (Figure 4A and B). When KO cells were pre-treated
with YM-254890 and then administered PEN, ERK phosphorylation was also abolished
except at 10 mins (Figure 4A and B). The increased response at 10 mins suggests that non-
Gog11- and non-B-arrestin-dependent pathways have been activated that may nor may not
be PEN-triggered. The changes in pERK levels were independent of GPR83 expression
levels, as determined by western blotting using the anti-FLAG antibody (Figure 4B). These
results suggest that Gogi1- and B-arrestin-dependent pathways are major conduits of

PEN/GPR83-dependent ERK phosphorylation in HEK 293 cells (Figure 4G).
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Figure 1

Figure 1. Uterine Gpr83 mRNA is an E2+P4 responsive gene that is highly expressed
in the peri-and postimplantation period and diminishes in expression with
progressive decidualization at the implantation site. Gpr83 expression was determined
by quantitative polymerase chain reaction in the (A) nonpregnant mouse uterus during
proestrus (P), estrus (E), metestrus (M), and diestrus (D); (B) pregnant mouse uterus
during early pregnancy (D1-D8); a: P<0.05 vs. D1; b: P<0.05 vs. D4, D5, D7 IS, D8 IS;
(C) OVX mouse + oil, E2, P4, or E2 + P4 following 24 and 48 hour of treatment; a:
P<0.05 vs oil; b: P<0.05 vs. E2, ¢: P<0.05 vs. P4. (IS = implantation site; IIS =

interimplantation site).
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Figure 1. Gpr83 expression is highly expressed on D4 of mouse pregnancy. (D)
pregnant ovarian-stimulated mouse uterus during early pregnancy; a:P<0.05 vs. D1, D5,
D6-8 IS, and IIS (D1-D7); (E) pregnant and pseudopregnant mouse on D4 of pregnancy;
(F) fractionated D4 pregnant uterus; a:P<0.01 vs. S+M, b:P<0.0001 vs. Ep. and (G) in
purified stromal cells isolated on D4 of pregnancy (CTRL) and following 6 days of in
vitro decidualization. Except for data presented in (G), uteri were collected from five to
10 mice; in (G) data was collected from three mice in each group. Ep = epithelial
fraction; IS = implantation site; IIS = interimplantation site; S = stromal fraction; S+M =

combined stromal + myometrial fractions.
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Figure 2. PEN triggers extracellular signal-regulated kinase (ERK) phosphorylation
in a GPR83-dependent manner in Ishikawa endometrial epithelial cells. (A) GPRS3
expression was determined by qPCR in Ishikawa and SHT290 cells. (B and C) Time
course assay of PEN-triggered ERK phosphorylation in Ishikawa cells as analyzed by

western blotting and densitometric analysis of the blots.
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Figure 2. siRNA-mediated downregulation of GPR83 diminishes PEN-triggered
ERK phosphorylation in Ishikawa cells. (D) Effect of Gpr§3 siRNA transfection on
Gpr83 expression. (E and F) Effect of siRNA-mediated downregulation of GPRS83 on
PEN-triggered ERK phosphorylation in Ishikawa cells. a: P<0.01 vs. 0 min WT cells, b:
P<0.01 vs. GPRS3 siRNA downregulated cells. (G) An illustration showing PEN triggers
ERK phosphorylation in a GPR83-dependent manner. All experiments were repeated a

minimum of three to four times with P<0.05.
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Figure 3. PEN triggers extracellular signal-regulated kinase (ERK) phosphorylation
via GPR83 in a Gog/11 -dependent manner in Ishikawa endometrial epithelial cells.
(A and B). Effect of YM-254890 on PEN-triggered ERK phosphorylation in Ishikawa
cells as analyzed by western blotting and densitometric analysis of the blots. All

experiments were repeated a minimum of three to four times. (*P<0.05; **P<0.01).
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Figure 3. PEN treatment of Ishikawa endometrial cells does not activate Ga; or Gas.
(C) cAMP levels were measured in Ishikawa cells treated with PEN (filled red squares)
or in forskolin-treated cells in the presence or absence of PEN (filled black circles) to
assess GPR83 coupling to Gos and Ga; following PEN treatment. (D) Cartoon illustrating
PEN triggers ERK phosphorylation via GPR83 in a Gag/11 -dependent manner and
independently of Gas and Gai. All experiments were repeated a minimum three to four

times. (*P<0.05; **P<0.01).
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Figure 4. PEN triggers extracellular signal-regulated kinase (ERK) via GPR83 in a
Guag11 - and B-arrestin-dependent manner in HEK 293 cells. (A and B) Effect of the
loss of B-arrestin-1/2 (KO) and YM-254890 on PEN-triggered ERK phosphorylation in
GPRS83-FLAG overexpressing HEK 293 cells as analyzed by western blotting and
densitometric analysis of the blots. (C) An illustration showing that PEN triggers ERK
phosphorylation via GPR83 in a Gag - and B-arrestin dependent manner and
independently of Gaos and Go;. All experiments were repeated a minimum of three to four

times. (*P<0.05; **P<0.01).
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Supplementary Figure 1
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Supplementary Figure 1. PEN time course assay on ERK phosphorylation in SHT90
cell line. PEN failed to trigger a visible change in pERK levels in the SHT290 cells when
compared to Ishikawa cell line (Figure 2B). These findings suggest that while both cell
lines express GPRS3, Ishikawa cells produce higher levels of functional GPR83 than the
SHT290.
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Supplementary Figure 2. PEN dose response assay. Ishikawa cells were treated with
various concentrations of PEN (10-1000 nM) and 10 mins later, cell lysates were prepared,
and pERK was measured by western blotting. A representative western blot of pERK levels
is shown. It was found that among independent assays, the response in pERK formation
was variable at 10 and 50 nM PEN but consistent at 100 nM PEN and higher. For that
reason, we selected 100 nM PEN as the lowest PEN concentration that gave a consistent
and maximal response in pERK formation. Therefore, 100 nM PEN is used in all studies

presented in this thesis.
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Supplementary Figure 3. Pseudopregnant D1 vs Pseudopregnant D4 gene expression
profile: A molecular screen was done looking at various GPCR gene expression in
pseudopregnant WT female mice on D1 vs D4 of pregnancy. D1 is characterized as the
day that the uterus is “unreceptive” to embryo implantation and D4 is characterized as the
day the uterus is “receptive” to embryo implantation should there be one present.
Therefore, on D4 the progesterone regulated genes that are crucial for the attainment of
uterine receptivity should be elevated when compared to D1. The results revealed that
several GPCRs screened were elevated on D4 of pregnancy with Gpr83 being one of them.
This study was conducted by mating WT pseudopregnant female with vasectomized male
mice. Female mice that showed a copulatory plug were euthanized on D1 and D4 of
pregnancy. Uteri from each group were collected and stored in RNAlater. The tissues were
subjected to RNA Extraction. A screen for various GPCRs was performed via qPCR
analysis. It was found that the following progesterone regulated genes were observed to be
statistically significant between D1 and D4 of pregnancy: Ednrb, Ednl, Ptgfr, Ptger4,
Adipor2 and Gpr83. (P<0.05)
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Supplementary Figure 4. Superovulated Pseudopregnant D4 vs Superovulated
Pregnant D4: In this study, WT pseudopregnant female mice were mated with
vasectomized male mice that resulted in a pseudopregnancy. This was compared to WT
females mated to stud males that resulted in a pregnancy. Female mice that showed a
copulatory plug were euthanized D4 of pregnancy from both groups. Uteri from each group
were collected and stored in RNAlater. The tissues were subjected to RNA Extraction. A
qPCR analysis was performed to determine if the embryos in the reproductive tract
influence various GPCRs’ gene expression on D4 of pregnancy. The data revealed that for
majority of GPCRs, the embryo does not influence gene expression and no statistical

significance difference was seen in the pregnant vs pseudopregnant group. (P<0.05)



Supplementary Figure 5

5 Oil vs RU486

4

mRNA Relative Expression
(selected genes / Rpll3a)

.
- -

ﬂ' ii iﬁﬂﬁ

RU ol RU ol RU ol RlU o:l RU o:l RU o:l RU o:l RU o:l Rlu oll RU
Edn1 Edn2 Edn3 ptgfr ptgert piger2 ptger3 ptgerd

"
AN

T
RU oil RU
Lpar3 Lgrd

Oil vs RU486

4=

w
1

N
1

mRNA Relative Expression
(selected genes / Rpll13a)

-
1

RU
Adipor2 Bdkrb2

lﬂlﬂ



53

Supplementary Figure 5. Oil vs RU486 (pseudopregnant): WT female mice were mated
with vasectomized male mice to create a pseudopregnancy. Female mice were injected in
the morning of D3 of pregnancy with either oil (control) or RU486. Then 24 hours later,
on the morning of D4 the animals were euthanized and uteri were collected for RNA
Extraction. The qPCR analysis revealed that there were a number of GPCRs that had a
statistically significant change between the two groups analyzed. These genes were as

follows: Ednrb, Edn3, ptger2, ptger3, ptger4, Adipor2, Gpr83 and Lgr4. (P<0.05)
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Supplementary Figure 6 shows a transverse section of the mouse uterine horn stained with hematoxylin and eosin
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DISCUSSION

Ovulation on the evening of proestrus (DO of pregnancy) triggers changes in the
uterus that prepares it for embryo implantation on D4 of pregnancy in the event the eggs
are fertilized. These changes begin with E2-induced proliferation of the luminal epithelium
as seen on D1 and 2 of pregnancy (part of the pre-receptive phase). With the formation of
the corpora lutea, P4 signaling on D3 and 4 of pregnancy results in the inhibition of E2-
mediated luminal epithelial cell proliferation; this is required for the luminal epithelial cells
to differentiate and express a phenotype that can support embryo implantation from the
evening of D4 into the morning of D5 during a brief period called the receptive phase. On
D4, in the P4-primed uterus, E2 regulates new functions essential for embryo implantation;
these are the expression of glandular Lif which is viewed as the final step in the acquisition
of uterine receptivity and together with P4, E2 induces stromal cell proliferation and

decidualization (Calder et al., 2014; Dessauer et al., 2002; Kelleher et al., 2018).

Stromal cell decidualization begins on the afternoon of D5 in cells surrounding the
implantation chamber in the antimesometrial region of the uterus and this forms the
primary decidual zone (PDZ), a transient tissue that is well developed by D6 but has
undergone regression by D8 (Rosario and Stewart, 2016; Abrahamsohn and Zorn, 1993;
Welsh and Enders, 1985; Tan eta 1., 2002). This PDZ is avascular and is enriched in
intercellular tight junctions, gap junctions, and adherens junctions and creates a
permeability barrier around the implantation chamber isolating the embryo from immune
cells and harmful molecules present in the maternal circulation (Yuan et al., 2019; Tung et

al., 1986). Decidualization progresses from around the PDZ towards the myometrium in
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the antimesometrial and mesometrial regions where it gives rise to the secondary decidual
zone (SDZ). In the antimesometrial region, the SDZ is comprised of the antimesometrial
decidua while in the mesometrial region it forms the mesometrial decidua that eventually
gives rise to the decidual basalis during placentation. Development of the secondary
decidua peaks on D8 with its decline corresponding to the development of the placenta

(Parr and Parr, 1986).

While Gpr83 is expressed throughout the estrous cycle, its expression increases
dramatically on D4-6 of pregnancy suggesting roles in embryo implantation and
decidualization. While it remains to be determined whether PEN is also available in the
uterine environment at the time of GPR83 expression, it was clearly demonstrated that
Pcskln, the gene encoding ProSAAS (the PEN precursor), is expressed in the mouse uterus
during the peri-implantation period (Babwah, 2015). Therefore, during this period, it is
likely that GPR83 is actively signaling and transmitting PEN signals intracellularly. In the
ovariectomized mouse, Gpr83 expression is unresponsive to P4, suggesting it is not
involved in the P4-dependent inhibition of proliferation of the luminal epithelium.
However, since Gpr83 expression is highly induced following the combined treatment of
E2 and P4 in the ovariectomized mouse, it is more likely that Gpré3 regulates stromal cell
decidualization and perhaps even decidual function (Wu et al., 2016). This idea is further
strengthened by the observation that Gpr83 is highly expressed in the stroma. Interestingly,
maximal Gpr83 expression at the implantation site was only observed on D6, suggesting
that any roles in decidualization might be more pronounced during primary

decidualization.
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While Gpr83 mRNA expression declined rapidly at the implantation site on D7 and
D8, it remained elevated at the inter-implantation site. Gpr83 expression also declined in
stromal cells as they underwent decidualization in vitro. Thus, Gpr83 appears to be
involved in early but not late decidualization. In a transcriptomic analysis of the
implantation and inter-implantation sites of the mouse uterus on D5 of pregnancy, pathway
analysis found that genes expressed at the inter-implantation site mainly regulated
metabolic pathways that provide energy for embryo implantation (Pawar et al., 2015). In
contrast, genes expressed at the implantation site encoded proteins that support embryo
development and trophoblast invasion (Pawar et al., 2015). Based on the dynamic
expression pattern of Gpr83 during early pregnancy, it is possible that on D4-6 it plays a
role in regulating implantation and PDZ development and function while on D7 and D8 it
regulates metabolism, a role it also plays in the hypothalamus through its interaction with

the ghrelin receptor (Muller et al., 1968). These exciting possibilities await investigation.

It is now well established that in addition to signaling via G proteins, some GPCRs
signal via other molecules (Szereszewski et al., 2010). A major class of these molecules is
made up of the B-arrestins (Babwah et al., 2015). While B-arrestins terminate G protein-
dependent GPCR signaling and mediate receptor internalization, they can also act as
molecular scaffolds, coupling receptors to other signaling pathways. In this study, it was
demonstrated that the GPR83-Go,/11-and-B-arrestin-coupled pathways are major mediators
of PEN-induced ERK phosphorylation. These pathways might not necessarily represent
redundant signaling as it was previously demonstrated that downstream of the protease-
activated receptor-2 (PAR2), G proteins and [-arrestins regulate different pools of

cytoplasmic ERK, resulting in different downstream functions (Defea, 2008).
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As seen in Figure 3A and B, in Ishikawa cells at 15 mins YM-254890 did not reduce
ERK phosphorylation via the Gogii-coupled pathway. But in Figure 4A and B, it is
observed that in HEK 293 KO cells at 15 mins, in the absence of B-arrestin signaling, the
residual ERK phosphorylation that persisted and would be accounted for by Gogii
signaling was completely blocked by YM-254890. Taken together, the data suggest that
Gog11 signaling turns on first and begins to decline by 7.5 mins (as indicated by declining
ERK phosphorylation) but by 10 mins B-arrestin signaling has turned on resulting in an
increase in ERK phosphorylation before it begins to go back down again. These findings
are consistent with what is reported for many other GPCRs that signal via G proteins and
B-arrestin, that is, G protein signaling occurs first but is then desensitized by B-arrestin;
following desensitization, B-arrestin couples the receptor to ERK resulting in another wave

of ERK phosphorylation (Szereszewski et al., 2010).

We recently reported that uterine Goyg11 signaling is a major mechanism underlying
the acquisition of uterine receptivity and embryo implantation (de Oliveira et al., 2019). It
was that finding which led to this study and the identification of uterine GPR83 as a novel
Gog11-coupled receptor. This study provides the first report on Gpr83 expression in the
mouse uterus and GPR83 signaling in human endometrial cells. Future investigations will
be aimed at studying the function of uterine GPR83 and such studies would be greatly
aided through the development of robust antibodies that can be used to study GPR8&3
protein expression. Based on the current data regarding its expression profile, uterine

GPRS83 shows promise in emerging as an important regulator of early pregnancy.
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