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ABSTRACT

The fate of all species relies on successful reproduction. An essential event of human and
rodent reproduction is successful embryo implantation into the uterine endometrium during early
pregnancy. Failed early pregnancy is a major contributor to the globally rising rate of infertility.
The uterus enters multiple transiently receptive states brought about by ovarian hormones estrogen
(E2) and progesterone to facilitate early pregnancy events. A major component of uterine
receptivity is the regulation of the uterine luminal epithelium (LE), to assist sperm transport for
fertilization and establish maternal-embryo contact for implantation. Although, how E2 signaling
regulates the uterine epithelial during early pregnancy remains a major knowledge gap. To
alleviate this knowledge gap, we generated a conditional knockout mouse model targeting the main
mediator of uterine estrogen signaling, estrogen receptor alpha (Esr/ / ERa), in the uterine
epithelium (Esr1”Wnt7a"*; epiERo’). epiERa’ females are infertile due to failed early
pregnancy. When generating early pregnant mice, control females mated more quickly than
epiERa”~ females. Comprehensive analysis revealed epiERa” mice had significantly longer
plugging latency (time of male pairing to first copulatory plug) and disrupted reproductive

cyclicity, discussed in chapter 2. In chapter 3, immunohistochemistry (IHC) revealed aberrant



expression of the pioneering transcription factor Forkhead box protein A2 (FOXAZ2) in the early
pregnant epiERo”” LE, but not prepubertal epiERa”” LE indicating epiERa is an important regulator
of the uterine epithelial differentiation. To map the temporal E2-ERa-dependent transcriptomic
changes in the early pregnant uterine epithelium we isolated and sequenced mRNA from control
and epiERa”" LE on day 0.5 post-coitum (D0.5) and D3.5. The resulting analysis in chapter 4
revealed major temporal differences in the D0.5 epiERo”" LE involved in processes like cell
signaling, uterine fluid homeostasis, and inflammation. We further investigated the aberrant
increase of inflammatory signaling in the D0.5 epiERa”~ LE in chapter 5 where we found enhanced
proinflammatory cytokines in the D0.5 epiERa”" uterine tissue and to an overabundant number of
neutrophils into the D0.5 epiERa” uterus. This dissertation provides novel information on the role

of estrogen in the uterine epithelium during early pregnancy.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

This dissertation focuses on the role of estrogen signaling in the reproductive epithelium during
early pregnancy. A transgenic mouse model targeting the main mediator of uterine epithelial
estrogen signaling, estrogen receptor alpha, is used to focus on their relationship in orchestrating
reproductive events. The first chapter will review available literature of the female reproductive
cycle, the events of early pregnancy, and role of epithelial estrogen receptor alpha in preparation

for chapters 2-5.

1.1 Overview

The mammalian female reproductive tract contains a pair of ovaries, fallopian tubes
(human)/oviducts (rodent), uterus, cervix, and vagina. The master regulator of the female
reproductive tract is the hypothalamic-pituitary-gonadal (HPG) axis, which uses cyclic endocrine
signaling to create the female reproductive cycle and periods of reproductive receptivity.
Deposition of sperm into the female reproductive tract during this period of reproductive
receptivity initiates the cascade of early pregnancy events. These events, sperm transport,
fertilization, embryo development and transport, and embryo implantation require coordination of
the entire reproductive tract.

Lining the reproductive tract is a continuous layer of epithelial cells that hold dynamic

structures and functions to support pregnancy events. These cells function as the liaisons between



luminal contents, i.e. sperm, oocytes, and embryos, and the maternal system. Therefore, as we will
come to know, the enabling of reproductive receptivity relies heavily on the ability to regulate
epithelial function. A major player in constructing female fertility is estrogen acting through
estrogen receptor alpha to spatiotemporally regulate reproductive function. Over the past few
decades, advanced research models like transgenic mice have proved invaluable tools in
elucidating the cellular and molecular mechanisms of estrogen signaling. In this section, the
literature surrounding the reproductive cycle, early pregnancy events, and use of estrogen receptor

transgenic mouse models will be described in the context of later chapters.

1.2 THE FEMALE REPRODUCTIVE CYCLE

1.2.1 Overview of the female reproductive cycle.

The initiation of the reproductive cycle is a defining moment of female puberty and a
momentous occasion in young women’s lives. Commonly signified by the first menarche, or
menstruation, it marks the onset of female fertility and represents the initiation of the complex
physiologic events of the female reproductive cycle (10). In adults, the normal reproductive cycle
is generally ~28 days in length and composed of a proliferative and secretory phase (11). These
phases are characterized by dynamic plasma hormone profiles, which are coordinated by the
central nervous system and peripheral organs like ovary and adipose tissues (12). In an organized
manner, these tissues orchestrate the cyclic processes like the maturation of the female gametes
(oocytes), ovulation (ovarian release of the oocyte), and preparation of the uterine endometrium to
maximize the window of female fertility. The primary tissues associated with initiating the events
of the reproductive cycle are the hypothalamus (H), the pituitary gland (P), and the ovaries (female

gonads; G) which are the three major components of the hypothalamic pituitary gonadal (HPG)



axis. To study the reproductive cycle and its regulatory components like the HPG axis, researchers
often use mouse models. Although the rodent reproductive cycle, termed estrous cycle, is shorter
in length, generally ~4-5 days, and composed of 4 stages, proestrus, estrus, metestrus, and diestrus.
It shares many characteristics and serves as a valuable tool for investigating the cellular molecular
mechanisms of female reproductive function. This dissertation includes topics of rodent
reproductive cycles, and their regulation by the HPG axis, as such, relevant literature of both
human and rodent reproductive cycle will be discussed.
1.2.2  Hypothalamic-pituitary-gonadal (HPG) axis

The HPG axis is the main regulator of female reproductive function (see Fig. 1.1). As we

currently know, the master regulator of the HPG
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Figure 1.1. Female HPG axis overview.
GnRH: gonadotropin releasing hormone;
LH: luteinizing hormone; E2: estrogen; P:
progesterone; Arc: arcuate nucleus; AVPV:
anteroventral periventricular nucleus (7).

mature, synthesize and secret gonadotropin-
releasing hormone (GnRH) giving rise to their
moniker - GnRH neurons (16). The coordinated

migration, development, and continued function of these GnRH neurons is the pilot light of



mammalian reproduction and holds responsibility for kickstarting the HPG axis signaling
cascades.

Upon migration into the hypothalamus, GnRH neurons send projections into the median
eminence, an area of the ventral hypothalamus adjacent to the portal vessels, which is in close
conjunction to the pituitary stalk (17). This juxtaposition requires such small amounts of GnRH
that it is not measurable in total serum hormone analysis and is only detectable in direct blood
sampling form the portal vessel. In females, there is bimodal GnRH secretion in either low
amplitude pulses or in high amplitude surges, compared to males which only have pulsatile action
(18). The possession of both mechanisms and ability to release relatively large amounts of GnRH
at once will prove essential in regulating the ovarian cycle. Feedback via ovarian hormones assists
in controlling the mode of secretion, and the frequency of pulses, which can range from every 60-
200 minutes in reproductive aged women (19). Although, the mechanism as to how and which
neurons are responsible for the dual action in females remains unclear. Tracing studies in rodent
and monkey models indicate as few as 50% of total GnRH neurons have projections into the
median eminence (20-22). Furthermore, depletion of rodent GnRH neurons to under 100, when
normally ~800, was still sufficient in establishing pulsatile nature (23,24). Individually, GnRH
neuron activity is sporadic and ranges from rapid bursts, to continuous activation, to quiescent,
although a functional significance is yet to be fully identified (25,26). Though, when stimulated,
their activity synchronizes to periodically release the GnRH pulse.

The hunt for a synchronizing pulse generator and regulator of GnRH neurons had been
tumultuous until the discovery of kisspeptin (Kiss/, rodent / KISS1, human). In fact, kisspeptin
was first discovered when human mutations in either KISS/ or its receptor, KISSIR, disrupted the

pulsatile release of gonadotropins from the pituitary leading to clinical cases of hypogonadotropic



hypogonadism (27,28). Since then, numerous studies have shown its ability to regulate GnRH
release (28-31). So far, there are two clusters of KISSI expressing neurons, found in all
mammalian species studied thus far, that innervate directly with GnRH neurons. Both are in
distinct nuclei of the hypothalamus: the arcuate nucleus (ARC) and the periventricular area of the
third ventricle (R3PV, also commonly known as the anteroventral periventricular nucleus
(AVPV)) (Fig. 1.1) (32).

Instead of acting directly on the GnRH neurons, endocrine feedback from peripheral
organs, like the ovary, act on the ARC and R3PV kisspeptin neurons for regulation of GnRH
release. Although it has been shown that other neurons are involved in regulation of GnRH neuron
activity (33), ARC and R3PV kisspeptin neurons hold irreplaceable importance. Stimulation of
ARC kisspeptin neurons is referred to as negative feedback and leads to “inhibition” of GnRH
release, but more accurately, decreases the frequency and lowers the magnitude of GnRH pulses,
which favors low gonadotropin release (34). Conversely, stimulating R3PV neurons leads to
positive feedback inducing large magnitude, high frequency GnRH pulses. With enough
stimulation, the R3PV neurons help give rise to the GnRH surge which is extended release of
GnRH and believed to be a different mechanism of secretion (35).

The release of GnRH into portal vessels stimulates its G-protein coupled receptor on the
membranes of pituitary gonadotrope cells to stimulate transcription and release of stored
luteinizing hormone (LH) and follicle stimulating hormone (FSH) into circulation (36,37). FSH
and LH dynamically regulate the processes of female steroidogenesis and gametogenesis in the
ovary (38). In response, the ovary sends positive and negative feedback via hormones estrogen

and progesterone that regulate ARC and R3PV kisspeptin neuron function. This ebb and flow of



pituitary-ovary communications results
reproductive cycle.

1.2.3 Events of the reproductive cycle

in the constant, cyclic feedback loop that is the female

The reproductive cycle is essential for normal female fertility. In adult humans, the cycle

lasts approximately 29 days,
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5 days, and is similarly impacted by confounding factors like BMI (40), exercise (41), and
endocrine disruption (42). The rodent estrous cycle is subdivided into four stages: proestrus, estrus,
metestrus, and diestrus with ovulation occurring on the evening of proestrus. The estrous cycle
similarly has a definitive hormone dominant stage, proestrus/estrus dominated by estrogens, while
diestrus by progesterone. Extensive hormone analysis of the estrous cycle in rats does indicate that
progesterone surges around the time of ovulation before rising again in diestrus (See figure 1.2).
Although, the histoarchitecture of the reproductive tract reflects one under the influence of
estrogen signaling. A progesterone surge has yet to be identified in humans, but serum hormones
analysis during periovulatory period indicates dramatic increase in progesterone in response to the
LH surge (43). This may highlight a species difference, although a mechanistic study on the origin
of the rodent periovulatory progesterone surge would need to be conducted.

Although the signaling from above the neck is considered the mastermind of female
fertility, the ovarian response is more widely recognized in shaping the events of the reproductive
cycle. The functional unit of the ovary is the ovarian follicle. In humans, there is an estimated
300,000-400,000 follicles in each ovary before puberty, but only a small percentage (300-400) will
ever mature to the point of ovulation (44). The basic structure of a follicle is centrally an oocyte,
or female gamete, housed within a layer of supporting granulosa cells. In the most basic stage,
primordial follicles have a single layer of granulosa cells surrounding the oocyte (45).

Through gonadotropin-independent mechanisms, follicles mature to the primary stage and
gain an additional layer of granulosa cells. Maturation to the secondary stage is denoted by
additional layers of granulosa cells and the emergence of theca cells that encapsulate the follicle
(45). Once in the secondary stage, the granulosa cells start expressing FSH receptor (Fshr / FSHR)

and theca cells the LH receptor (Lhcgr / LHR) for the gonadotropin-dependent growth phase.



Gonadotropin-directed interplay between the granulosa and theca cells is directly responsible for
steroidogenesis, estrogen-dependent granulosa cell proliferation, and feedback to the
hypothalamus (33).

Steroidogenesis is regulated by gonadotropins, where LH directly stimulates transcription
of cytochrome p450 1la (Cyplla) and Cypl7 both involved in the pathway that transforms

cholesterol into androstenedione (A4) (46). A4 is then transported to granulosa cells where FSH
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estradiol (E2), and estriol (E3) of which E2 is the most potent and most associated with estrogen
signaling.

Further maturation of follicles leads to the generation of the antrum, a fluid filled cavity
filled with signaling molecules and cell waste formed by granulosa cell secretions. Accompanying
antral follicle development is a marked increase in serum E2, which acts on KISS1 ARC neurons
to decrease the frequency and amplitude of GnRH pulse rate which lowers the mean amount of
serum LH (18). This action likely provides adequate time for follicle maturation to the
preovulatory stage (34). Eventually, the follicle production of E2 crosses a critical threshold,

where, through unclear mechanisms, it stimulates the action of kisspeptin neurons in the R3PV to



increase the magnitude and rate of GnRH pulses and eventually leads to the GnRH surge.
Alongside its actions on the hypothalamus, preovulatory E2 signaling also targets the uterus and
modulates the uterine endometrium, which will be further expanded upon in later sections. The
follicular phase, in humans, and proestrus stage, in mice, culminates with the LH surge caused by
GnRH-dependent excitation of pituitary gonadotropes. A fierce increase in serum LH is the trigger
for the events of ovulation, which is the release of the egg from the follicle and into the oviduct
(18). A few layers of adjacent granulosa cells are released with the oocyte forming the cumulous
oocyte complex (COC), and the remainder will stay in the ovary to undergo the process of
luteinization.

Luteinization describes the rapid differentiation of the remaining follicle into the transient
endocrine gland, the corpus luteum (CL). This process begins when granulosa cells exit the cell
cycle and terminally differentiate by altering their intracellular signaling networks, involving
cyclic adenosine monophosphate (cAMP) and calcium signaling pathways, leading to changes in
transcriptomic profile to include genes like progesterone receptor and cyclooxygenase-2 (48) —
both essential for luteinization. Importantly, the follicular envelope of theca cells dissipates
allowing invasion of pericytes that initiate the process of CL neovascularization (49,50). The fully
developed CL is one of the most highly vascularized tissues known to science with an estimated
50% of the gland comprised of endothelial cells (51). The chief function of the CL is to produce
progesterone (P4), and this action ushers in the beginning of the luteal phase or metestrus/diestrus
stages of the respective human and mouse reproductive cycles.

As purported in its name and discovery in 1929 (52), the actions of P4 on the reproductive

tract are pro-gestational, especially through the preparation of the uterine endometrium for embryo



implantation (53). Although P4 too can inhibit the pulses of GnRH leading to low serum LH which
concludes the reproductive cycle and begins preparation of the next cycle’s follicle (54).

Normally kept functioning by embryonic or copulation induced signaling, in a cycle
without copulation or initiation of pregnancy, there is no sustained LH receptor stimulation which
will begin the process of CL degradation known as luteolysis.

Luteolysis is most recognizably characterized by the reduction in size of the CL, decreased
expression of factors involved in P4 steroidogenesis, facilitated by prostaglandin F2a signaling,
and thus a reduction of serum P4 concentration (55). The vascular tissues in the CL are replaced
with collagen fibers and fibroblasts, a reason the ovary becomes more fibrotic with increasing
cycles, and the CL forms a scar known as the corpus albicans, although much of the corpus albicans
is eventually replaced by ovarian stromal cells (56).

A major deviation in the reproductive cycles of humans and rodents is the uterine response
to P4 withdrawal upon luteolysis, which coincides with the end of the luteal phase or the diestrus
stage in humans or rodents, respectively (See Fig. 1.2). In some species (primates, spiny mouse,
some bat species, and elephant shrews (57)), the abrupt drop in P4 leads to the shedding of the
inner lining of the uterine endometrium, known as menstruation. Normally, this process occurs
during the first few days of the follicular phase and is essential for the long-term health of the
reproductive system (58). Comparatively in laboratory rats and mice, the endometrial tissues are
resorbed during the cycle, although a similar process of endometrial shedding can be stimulated
by exogenous hormone treatment (59).

As mentioned previously, the oocyte is released by the ovary during ovulation. Shortly
thereafter, the COC is captured by the Fallopian tube/oviduct (Fig. 1.4). Like the rest of the

reproductive tract, the oviduct is an epithelial bound, tubal structure with subepithelial stromal
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cells and a layer of smooth muscle cells known as the myometrium. There are two main classes of

epithelial cells within the oviduct, secretory and ciliated. The specialized portion of the oviduct

that “cradles” the ovary,
the infundibulum (see Fig
1.4), has finger-like
projections with ciliated
epithelial cells that beat to
pull the ovulated contents
into the oviduct. Smooth
muscle contractility

further aids the capturing

Figure 1.4. Structure of the human fallopian tube (A) and mouse
oviduct (B). A. Cross section of the human infundibulum (A1),
ampulla (A2), and isthmus (A3) Courtesy of (5). B. Anatomical
and histological structure of the mouse infundibulum (Bl-1a),
ampulla (B2-2a), and isthmus (B3-3a). White scale bar: 1mm.
Black scale bars (Bla-3a): 100um. Courtesy of (9). Inf:
infundibulum; Amp: ampulla; Ist: isthmus.

process and transport of the oocyte to the site of fertilization, the ampulla. Without these oviductal

epithelial cilia, such as in cases of cilia dyskinesia where women have increased rate of infertility

(60) or transgenic mice, there is a reduced oviductal capture of oocytes, although some capture is

maintained possibly due to the muscular contractions (9,61).

Once captured by the infundibulum, the oocyte travels to ampulla, which is a swelling in the

oviduct and acts as the rendezvous point for sperm and egg. Secretory cells comprise a major

proportion of the ampullary epithelium, which hold a crucial role in providing a positive

environment for oocytes and later embryos by secreting nutrients, growth factors, and guidance by

chemotaxis and thermotaxis (62).

11



1.3 EARLY PREGNANCY EVENTS

1.3.1 Overview

As we will come to know, the success of early pregnancy events depends on the
multifaceted, transient readiness of the reproductive tract brought about by E2 and P4. Early
pregnancy can be broadly separated into four major events. Preovulatory E2 allows 1) sperm
transport through the reproductive tract to meet the oocyte for 2) fertilization. The
oviduct/Fallopian tube provides a conducive environment for 3) embryo development and
transport to the uterus. Early pregnancy culminates with 4) embryo implantation, which is widely
regarded as the rate limiting step of pregnancy. Clinicians following women trying to conceive
found 75% of all pregnancy failures occurred around the time of implantation, although many
causes of embryo implantation failure remain idiopathic (63). Since multiple chapters of this
dissertation rely on foundational knowledge of these events, they will be explained in detail in the
following.
1.3.2  Sperm transport through the reproductive tract

What demarcates early pregnancy from the previously stated events is the arrival of sperm
in the oviduct. This is a perilous journey for sperm as only a small fraction makes it to the site of
fertilization. Alongside the death of unfit sperm, the maternal environment will employ multiple
mechanisms of sperm selection leaving only a few remaining in the oviduct compared to the
roughly 200 million sperm (in humans) initially deposited into the vagina (64-66). Sperm are
ejaculated into the female reproductive tract in a medium known as seminal plasma, which has
evolved special characteristics to combat the maternal obstacles and maximize the rate of sperm
transport and survival. This is achieved by the array of cytokines, innate immune cells, and

extracellular vesicles that modulate the maternal reproductive tract and its immune components
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for the protection of exogenous sperm and later conceptus (67,68). Interestingly, freshly ejaculated
sperm are not able to fertilize the oocyte but only acquire this ability following a series of
molecular and physiological changes during their transport through the female reproductive tract,
which can be simulated in vitro, known as capacitation (69-71).

Since the vagina is the connection of the reproductive tract to the external environment, it
is subject to a host of pathogens. Therefore, it employs defense mechanisms to repel invaders like
an acidic environment, immune cell infiltration, and fluid flow towards the vaginal opening
(72,73). Because of this, it is in the best interest of sperm to quickly ascend to the cervix.

The cervix is the dividing barrier between the upper and lower reproductive tract and the
regulation of the cervical mucosal layer acts as the first major checkpoint for sperm transport (74).
The dominant component of the gel-like cervical mucosal layer, other than water, is the
glycoprotein family, mucins (Muc / MUC), that are produced by secretory epithelial cells within
the endocervical glands (75,76). MUCSB is regarded as a key component of regulating mucus
viscosity due to its highly dynamic expression during the reproductive cycle (peaking around the
time of ovulation) and regulation by E2 signaling (77,78). Alongside MUCBS, the characteristics,
like volume, pH, ion and protein profile, and extracellular vesicle content, of the cervical mucus
changes dramatically during the menstrual cycle (79). Under the influence of estrogens, during the
periovulatory period in humans and rodents, the cervical mucus becomes watery, low
viscoelasticity, and is plentiful, acting as a medium for sperm to swim through into the uterus (80).
In humans, there is also inflammatory cytokine production and innate immune cell recruitment,
which protects the upper reproductive tract from pathogenic invasion (81). Although some studies
indicate these innate immune cells, primarily neutrophils, initially leave sperm relatively

unharmed, but could eventually assist in the clearance of excess sperm from the reproductive tract
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(82,83). During the luteal phase or diestrus, P4 increases cervical mucosal viscoelasticity, reduces

volume, and creates a hostile immune environment leading to low permeability of sperm or

pathogens (80,81).

Interestingly, there are key differences in the cervical admittance of sperm into the uterus

between humans and rodents (84). In the human cervix, there are grooves that act as channels to

favor healthy motile sperm and selectively filter out sperm with poor fitness and unwanted

pathogens. These grooves only permit a few
motile sperm into the human uterus (in the 100s)
and little seminal plasma  (2,85,86).
Comparatively, in rodents, within minutes a
large amount of sperm and seminal plasma is
quickly swept through the cervix and into the
uterus (87,88). These differences constitute a
delineation of the tissue-specific immune
response of the cervix and subsequent need for
the clearance of sperm in the rodent uterus to
prepare for embryo implantation.

known about the
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Figure 1.5. The stages of sperm transport in the
human female reproductive tract. (A) Sperm
entering cervical mucus. The mucus fills the
upper half of the inset. (B) Sperm interacting
with epithelium in Fallopian tube. (C)
Hyperactivated motility of sperm in Fallopian
tube. (D) Oocyte in cumulus within a transverse
section of the tubal ampulla. Artwork by C. Rose
Gottlieb. Courtesy of (2).

transport of sperm through the human uterus. Partly due to the invasive nature of study and the

required proximity of study immediately after intercourse. Although aspects of sperm transport

through the rodent uterus are well-characterized, due to species differences mentioned previously,

findings must be carefully applied to human physiology.
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Once in the uterus, sperm must ascend to the uterine tubal junction (UTJ), which is assisted
by the maternal environment at first. Under the influence of estrogens, the mouse uterus lumen
swells with fluid that’s comprised of proteases, like kallikrein-related peptidase (K/ks) involved in
breakdown of gel-like seminal proteins, a process once thought only paternally regulated (89).
Maternal influence on semen liquefaction and preparation of a conducive transportation medium
(i.e. high uterine fluid volume) allow rapid freeing sperm from seminal plasma to quickly make it
to the UTJ. Support of the maternal regulation of semen liquefaction comes from epithelial
estrogen signaling deficient mice, which lack uterine fluid accumulation and have un-liquified
semen resulting in less freed sperm in the uterus (89). Although, there is a lack of proper
investigations into the molecular mechanisms associated with maternal regulation of semen
liquefaction. These findings will be expanded upon in Chapter 1.4.

It may be that the beating of sperm flagella is not the only mode of transportation through
the uterus. In two separate studies inert particles were deposited into the uterus of mid-proliferative
phase women. Not only were these particles quickly transported to the UTJ and into the isthmus,
but one study observed higher amounts of particles in the isthmus of the ovulating ovary (90,91).
The uterus is surrounded by a myometrial layer, which has bidirectional contractility. Using
ultrasonography, cranially directed contractile waves were found to increase in intensity
approaching the late follicular phase of women (91). Although, there was no intercourse involved,
which drastically alters the contractility of the rat uterine myometrium (92). In post-copulatory
rats, there are strong cranial and caudal contractions, which could assist sperm in arriving at and
continuously cycle new sperm to the UTJ. These muscular contractions are likely stimulated by
seminal components since uterine contractility was severe dampened in post-copulatory female

rats mated with males lacking seminal vesicles (92). There is evidence that muscular contractions
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damage sperm. In rabbits, that the first sperm to arrive in the oviduct, within 1 minute, were mostly
immotile and damaged and the authors suggest contractions may assist pulling sperm into the
uterus rather than through it (93).

Upon entry into the rodent uterus, sperm and seminal plasma first contact the uterine
epithelium, which has been primed by E2 signaling. The interaction of sperm and a wide array of
cytokines within the seminal plasma with uterine epithelial cells quickly stimulates a maternal
inflammatory response, like that seen in the human cervix (68,94). There is a sperm-dependent
induction of many key innate immune cell recruitment genes in the uterus like interleukins (///a,
111b, 116) C-X-C motif chemokine ligand (Cxcll, Cxcl2, Cxcl5) and colony stimulating factor
(Csf2, Csf3) genes (95,96), which was attenuated in females mated in vasectomized male mice.

The increase in innate immune recruitment factors must be the leading cause of post-coital
mass invasion of neutrophils into the uterine lumen. Neutrophils will quickly outnumber sperm a
few hours post-coitum both by their consistent invasion and the neutrophil-mediated phagocytosis
of sperm (97,98). Especially in rodents, the clearance of sperm is important for curtailing the
inflammatory response and promoting embryo immunotolerance in preparations for implantation.

The rapid transport of sperm through the uterus, which can occur in just minutes (99),
facilitated by uterine fluid volume, myometrial contractions, and paternal modulation of the
maternal immune environment likely assist in evading the harsh immunologic environment of the
rodent uterine lumen.

Since the time of copulation may not directly coincide with ovulation, the oviduct has
employed mechanisms to control the rate of sperm transport through the oviduct. Sperm bind to
the oviductal epithelium which has some properties of preservation as sperm remained motile

longer when cultured with oviductal endosomes made from the apical epithelial plasma membrane
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(100,101). The mouse oviductal epithelium responds to sperm binding by alterations of
transcriptomic profile and induction of anti-inflammatory gene expression (//-10, Tgfp, and Pge2),
which likely prevents innate immune response and protection of sperm and later embryo (102,103).

To unbind from the epithelium, evidence from hamsters points to capacitation, which is
efflux of membrane cholesterol leading to biochemical and physiological changes caused by
increased cytosolic calcium and bicarbonate concentrations (104). There is also evidence that
hyperactivation, an erratic change in sperm flagellum beating and swimming pattern, may provide
the adequate force required to break away from the epithelium (105). Hyperactivation also
improves sperm swim rate through the viscoelastic fluid expected in the oviductal lumen. In
addition, hyperactivation is believed to enhance the sperm penetration of the cells surrounding the
oocyte in the COC for fertilization (105). Both capacitation and hyperactivation are required
processes for normal male fertility in vivo (106).

Once freed, the oviduct provides comprehensive guidance for sperm to reach the ampulla.
Studies suggest the oviduct employs rheotaxis, the generation of a fluid current, thermotaxis, as
the upper oviduct is warmer and sperm can likely detect temperature changes, and chemotaxis,
where released follicular fluid proteins create a chemoattractive gradient (62).

1.3.3 Fertilization

The act of fertilization refers to the fusion of maternal and paternal gametes to form the
zygote. After a perilous journey, sperm meet the egg, using hyperactivation to penetrate the COC,
and bind to a protective glycoprotein layer surrounding the plasma membrane of the oocyte, the
zona pellucida (ZP). The ZP is comprised of ZP1-4 in humans and ZP1-3 in mice which have some
sequence homology but possess functional differences (107). Binding of the sperm head to the

ZP1, 3, or 4, in humans, or ZP3, in mice, stimulates the final spermial priming required for
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fertilization, the acrosome reaction (107,108). The acrosome is a cap-like covering of the sperm
head that contains lysosomal enzymes. Upon induction of the acrosome reaction, these enzymes
are exocytosed causing digestion of the ZP, and the sperm head fuses with the oocyte plasma
membrane to release its nucleus into the cytosol. Sperm binding to the oocyte plasma membrane
results in calcium efflux from the oocyte endoplasmic reticulum and stimulates exocytosis of a
store of cortical granules in the sub-plasma membrane space of the oocyte (109). The proteinase,
ovastacin, is released from the cortical granules and cleave ZP2 to causing “hardening” of the
oocyte envelope preventing additional sperm from penetrating the ZP, a process known as
polyspermy (110,111). Failure to prevent polyspermy can lead to an additional set of chromosomes
in the early embryo and can be disastrous for embryo development.

The acceptance of the sperm nucleus by the oocyte causes the completion of oogonic
meiosis, which has been locked in metaphase II since ovulation. The remaining genomic content
forms the female pronucleus. A similar pronuclear formation occurs with the sperm genomic
content although there is an additional step of histones replacing protamines, sperm-specific
histone-like structures that heavily compact chromatin (112). Interestingly, when approaching
pronuclei fusion, the paternal pronuclear chromatin is rapidly demethylated, but the maternal
pronuclear chromatin is protected and remains methylated. Although maternal chromatin will
undergo demethylation during the first few embryonic cell divisions (113). The sperm pronucleus
introduces its centrosome, absent in the egg, to remodel linkages between sister chromatids
supporting mitotic division and the shift from asymmetric to symmetric cell division (114). These
changes begin the conversion of the zygote into the totipotent embryo, a process that will continue
during the subsequent mitotic divisions.

1.3.4 Preimplantation embryo development and transport
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The immediate goal of the embryo is to quickly develop into an implantation-competent
state. It is the job of the oviduct to sculpt the embryonic microenvironment by providing optimal
temperature, pH, and dynamically regulate fluid secretions required for embryo development and
transport to the site of implantation, the uterus. The embryo spends a similar amount of time within
the oviduct/Fallopian tube of humans and mice (115). Although the distribution of time spent in
each segment is not. In humans, more time is spent in the ampulla compared to rodents which is
likely caused by muscular contractions that prevent progression into the isthmus (116).

As the early embryo still possesses immature mitochondria, the main source of energy is

primarily oxidative metabolism. As such, the oviductal fluid contains molecules like pyruvate and
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‘ mouse embryo development.
mitochondria mature and the

glycolytic metabolism takes over where the oviduct likely supplies precursors like glycogen, which
has been found in isthmic secretions of humans to aid in the energy requirements of cell division
(117). There are also a myriad of growth factors found in oviductal epithelial tissues, especially
embryotropic-factor 3, that play a significant role in driving embryonic proliferation and inhibiting
apoptosis (62). Due to the rapid cell division, the embryo is subject to oxidative stress. Enzymatic
(i.e. catalase, superoxide dismutase, etc.) and non-enzymatic (i.e. taurine, glutathione, etc.)
antioxidants are key controllers in protecting the embryo from reactive oxygen species (118).

It is now ever more important that the embryo be protected from the immune system.

Studies have revealed oviductal E2 signaling as a key driver of oviductal immunoprotection.
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Transgenic mice that lack estrogen receptor alpha, the main mediator of oviductal estrogen
signaling, in the oviductal epithelium have less sperm in the oviducts but successful fertilization.
Although, there is increased inflammatory protease expression and activity in the oviducts leading
to premature degradation of the zona pellucida and embryo lysis leading to embryo termination
around the two-cell stage (119). These findings indicate a novel role in oviductal E2 signaling to
attenuate innate immune signaling during embryo transport.

Oviductal transport must happen simultaneous to embryo development for an implantation-
ready embryo to reach the uterus during the endometrial window of receptivity (120). In sheep and
rabbits, ovarian hormones have been shown to regulate fluid homeostasis and composition in the
oviductal lumen. E2 signaling stimulates fluid accumulation and increased ionic content as well as
increased flow rate towards the uterus (121,122), and in ovariectomized rabbits the secretion of
oviductal fluid was diminished, but rescued by exogenous E2 (123). In vitro study of human
fallopian tube epithelium showed E2 increased, while P4 inhibited, the ciliary beat frequency that
likely aids in generating fluid movement towards the uterus in vivo (124). The oviductal
myometrium does contract during embryo transport. Muscular contractions seem to have little
functions in some species (i.e. rabbits and rats (116,125)), suggesting ciliary beating alone is
sufficient. Although, exogenous E2 can stimulate contraction of the oviductal myometrium, which
accelerates the rate of oviductal transport in rats (126,127).

The role of the Fallopian tube/oviduct proves indispensable in bringing sperm and egg
together, regulating the embryonic microenvironments, and protection from immune factors to
ensure a competent embryo arrives at the uterus for embryo implantation.

1.3.5 Embryo implantation

1.3.5.1 Introduction
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The fate of human reproduction is dependent on the embryo implanting into the uterine
endometrium to allow maternal support of the conceptus. We have yet to find another medium for
pregnancy that can recapitulate the function of the uterus. Successful embryo implantation relies
on a competent embryo and receptive uterus. Although, many competent embryos do not implant
in cases during in vitro fertilization-embryo transfer (IVF-ET) which have relatively low success
rates (128,129). It is likely that the failure to establish the transient readiness of the uterus is the
main contributing factor of failed embryo implantation.

Direct studies of human embryo implantation remain challenging due to the invasiveness
and ethical dilemmas, although it is expected to occur ~8-10 days post ovulation (63). Therefore,
mice, which share many characteristics to what is known in humans and are genetically
manipulatable, have become the de facto model for studying the mechanisms of embryo
implantation (4).

Embryo implantation proceeds through three major events: 1) apposition, 2) adhesion, 3)
invasion. In mice, this process initiates in the evening hours of 3.5 days post coitum (D3.5), with
the first signs of embryo attachment on D4.0 (midnight), and embryo invasion occurring ~24 hours
later (130). These events up to the penetration of the embryo into the endometrium are summarized
in the following.
1.3.5.2 CL rescue and blastocyst activation

A defining feature of pregnancy, and the main divergence from the reproductive cycle, is
the rescue of the CL from degradation. This ensures the continuous production of P4 required for
preparation of the uterine endometrium. Upon entry into the uterus, the embryo has developed to
the blastocyst stage (See Fig. 1.6). Its cellular structure consists of an inner cell mass (ICM) that

will become the fetus and an outer layer of trophoblasts that initiate embryo attachment and
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become the placenta. Both are still surrounded by the protective ZP, although prior to implantation
the embryo will “hatch” from the ZP to allow direct contact of the trophoblasts with the maternal
uterine luminal epithelium (LE) (131). Blastocyst hatching is accompanied by acquisition of
implantation competency, known as blastocyst activation. This process involves genes like
Heparin-binding EGF-like growth factor (Hbegf / HBEGF), originating in both embryo and LE,
that cause the modulation of trophoblasts to acquire adhesion- and invasion-associated factors
(132). Activated blastocysts also begin bidirectional communication with the endometrial
epithelium likely through mutual secretion of exosomes and microvesicles to coordinate the
upcoming events (133).

By the blastocyst stage, the embryonic transcription and secretion of human chorionic
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Courtesy of (4).
be from a male or laboratory probing
device, is adequate in rescuing the CL through hypothalamic production of prolactin (135). Mice
lacking the prolactin receptor (Prlr; Prlr”~ mice) are sterile due to inadequate P4 production, but
exogenous administration of hCG can partially rescue P4 synthesis-associated genes indicating

this pathway is not completely lost in rodents (136).

1.3.5.3 Uterine embryo transport and apposition
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Leading up to the process of apposition, embryos will travel through the uterus to find the
“optimal” site for attachment. In monotocous species (humans), the embryos usually attach near
the uterine fundus, while in polytocous sepcies (rodents) embryos must evenly distribute across
the uterine horn. Evidence suggests uterine myometrial contractions assist in uterine embryo
transport (137). In mice, the first set of myometrial contractions moves the cluster of embryos to
the middle of the uterine horn, then a second set of contractions, likely driven by epithelial PR and
lysophosphatidic acid 3 (Lpa3 / LPA3) signaling (137,138), allows proper spreading of embryos
along the uterine horn. In support of this claim, global Lpa3 knockout mice (Lpa3”") had delayed
embryo implantation with clustered implantation sites in the middle of the uterine horn suggesting
the clustered phase of uterine embryo movement is independent of Lpa3 signaling, but the
spreading phase is not (138). During uterine transport, the embryos are confined within LE crypts
that branch from the antimesometrial lumen to form an implantation chamber (139).

Epithelial crypt formation could be assisted by P4-mediated bulk uterine fluid absorption
that allows uterine luminal closure to form intimate contact of the embryo and LE for apposition
(140). Of note is the epithelial sodium channel (ENaC), a suspected player involved in the initial
bulk absorption of uterine fluid (140,141) and in embryo attachment responsive signaling
cascades, like prostaglandin E2 (PGE2), in the LE crypts (142). Alongside luminal fluid absorption
is the appearance of stromal edema in the subepithelial space around embryo attachment sites and
could be a byproduct of fluid absorption and innate immune activity related to the embryo contact
4.
1.3.5.4 Uterine receptivity and embryo attachment

The priming of the uterine endometrium for implantation begins with E2 signaling, which

acts through estrogen receptor alpha (Esr/ / ERa). One essential function of uterine epithelial E2-
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ERa signaling is the induced transcription of progesterone receptor (Pgr / PR), which in turn,
suppresses transcription of Esr/ (143). Alongside Pgr, E2-ERa signaling induces transcription of
Leukemia inhibitory factor (Lif / LIF). LIF is among the most well characterized paracrine
regulators of embryo implantation (144). Initially produced by the uterine glandular epithelium
(GE), LIF is critical in the shift from a proliferative epithelium to a differentiated state as well as
induction of stromal proliferation to accommodate the incoming embryo. These actions by E2-
ERa signaling usher in the phase of P4 dominance, which will initiate many embryo implantation-
related signaling cascades and persist through the remainder of pregnancy.

Uterine epithelial P4-signaling is essential for epithelial-stromal crosstalk required for the
remodeling of the epithelium and acute differentiation of the stroma in a process known as
decidualization. The decidua is a dense tissue that provides nutritional support to the embryo
before formation of the placenta.

A main target of P4 is Indian hedgehog (/#4 / IHH) in the epithelium, which acts in a

paracrine manner to activate its receptor Protein patched homolog 1 (PTCHI) in the stroma
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deletion of 7hh (146) or Nr2f2 (147) similarly had failed embryo attachment, indicating the ability
for the reverse (stroma->epithelium) paracrine signaling, and failed stromal decidualization. Also
of note is the aberrant upregulation of E2-resposne genes in both knockout models implying PR
may inhibit ERa signaling via the IHH-COUP-TFII pathway. In the same vein, uterine-specific
ablation of Hand?2 led to sustained proliferation of the epithelium during early pregnancy and
upregulation of epithelial E2 target genes demonstrating Hand?2 as a key mediator of P4 signaling
and inhibitor of E2 signaling (148). A summary of the interplay of the transcription factor-
mediated signaling between uterine epithelium and stroma can be found in Figure 1.8.

The result of the complex, P4-mediated transcription factor signaling network is the
embryo attachment-ready epithelium. The uterine epithelial glycocalyx has lost factors like Mucin
1 (Mucl / MUC1) and increased cell adhesion molecules including many integrins and selectins
(128). Appearing on the apical LE surface are pinopodes, small dome-like protrusions of the
plasma membrane, that are expected to “lend a hand” to trophoblasts for attachment (149). There
is also P4-mediated modulation of epithelial cell:cell junction including gap junctions. Although
there are limited studies on the role of gap junctions in implantation, some report LIF-mediated
downregulation of gap junctions allows proper LE removal at the implantation site in rodents
(150), while contrastingly, blocking gap junction formation, using carbenoxolone, disrupts uterine
preparation and embryo implantation in mice (151).
1.3.5.5 Embryo invasion

Before embryo invasion begins, there is a rapid local increase in vascular permeability
stimulated by cyclooxygenase-2 (Ptgs2 / COX2) derived prostaglandins that is commonly

visualized in rodents by the blue dye reaction (130,138). The immediate increase in permeability
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likely assists in providing nutrients to both embryo and decidua for supporting post-implantation
embryo development.

The mechanism of embryo invasion varies greatly among species (4). In humans, the
embryo “squeezes” between the LE cells leaving the layer intact, while in rodents, trophoblasts
phagocytose LE cells to form an entry site (128). Once past the epithelium, there is a dramatic and
complex network of signaling cascades that allow propagation of the embryo, development of the

placenta, and the formation of a new life.

1.4 ESTROGEN RECEPTOR ALPHA DEFICIENT MOUSE MODELS

1.4.1 Introduction and discovery

The importance of E2-ERa signaling is not only unquestionable in establishing female
reproduction function, but in reproductive and physiologic processes of both genders (152,153).
The discovery of the first endocrine receptor occurred in 1958 by Elwood Jensen. His group
demonstrated the receptor’s ability to uptake E2 from circulation later adding its nuclear
translocation to regulate gene transcription (154,155). The first identification and cloning of the
associated receptor came in in 1986 (156), then dubbed “estrogen receptor”, with the classification
of alpha coming in 1996 alongside the discovery of a second estrogen receptor, ER beta (Esr2 /
ERP) (157). These receptors arise from two different genes but have close homology including
similar bindings affinity for E2 and estrogenic compounds (158). Although ERP likely has a more
minor role in the female reproductive tract being abundantly clear that ERa is more critical for
uterine processes (153).

Given the importance of ERs, there have been many studies investigating their function in

vitro and in vivo. A powerful tool for studying ER functions in vivo is transgenic mouse models.
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The focus of this dissertation surrounds the indispensable role of ERa in the uterine epithelium.
We have employed Cre-lox technology using epithelial-specific Cre line to conditionally ablate
Esrl (Esr1”"Wnt7a“¢""; epiERo’") in the reproductive epithelium. What we will learn is that,
although this model is not without its flaws, it has provided numerous important contributions to
female reproductive physiology through foundational work of other groups and the proceeding
chapters of this dissertation. In this section, the literature surrounding transgenic ERa mouse
models in the field of reproductive sciences will be explained as it pertains to the later work.
1.4.2 Global ERa knockout mice

The generation of the first ERa knockout mouse model was originally met with skepticism
due to potential embryo lethality (159), nevertheless, the generated model proved one of the most
impactful events in recent reproductive biological sciences. What was found is global ERa
knockout mice (gERa”") had normal lifespan and contained all reproductive structures but were
accompanied by major reproductive defects centered around estrogen insensitivity, like disrupted
HPG axis, hemorrhagic ovaries, and hypoplastic uterus resulting in complete infertility (160). The
following is a brief description of the phenotypes in gERa”~ reproductive tissues.

As for the gERa”” HPG axis, there was elevated levels of serum LH leading to increased
levels of E2 steroidogenesis-associated genes like Cypl7, Cyp19, and Hsd17b1 (See Fig. 1.2) and
therefore major increase in serum E2 levels (47). Although in ovariectomized gERa™", compared
to control mice, E2 treatment failed to stimulate an LH surge likely indicating a lack of E2-
responsiveness of Esrl-expressing neurons in the RP3V to stimulate GnRH pulses (161). The
gERo” ovaries were anovulatory likely attributed to the lack of E2-ERa signaling in the theca cells
for ovulatory cascades and elevated serum LH leading to cystic ovarian growths of overly matured

follicles (162). The gERa” uterus did possess a myometrium, stroma and epithelium, although the
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uterus is skinny with a “thread-like” appearance with apparent less-organized stroma, fewer uterine
glands, and lack of an “estrogenized” LE appearance (160). A similar estrogen insensitivity was
seen in the vaginal epithelium with disorganized structure and no epithelial stratification or
cornification (163). This series of experiments, which only occurred in the last half of the 1990s,
led to the explosion of ER-related research, and the induction of tissue-specific transgenic mice
continues to elucidate the numerous cellular functions of ERa.
1.4.3 Tissue-specific ERa knockout mice

The following is a description of the phenotypes associated with tissue-specific ablation of
ERa in the female reproductive system.
1.4.3.1 Hypothalamus

For studying neuronal functions of ERa, researchers commonly employ Esr1”/ animals
with stereotactic injection of Cre-containing adenovirus. Although this approach does not usually
result in complete deletion, it does provide vital neuron-specific function of ERa. Stereotactic
deletion of ERa in the R3PV decreased ERa-immunoreactive cells by ~75% with no decrease in
the ARC ERa immunoreactivity. In ablated mice, there was eventual loss of estrous cyclicity with
persistent estrus stage after 6 weeks (164). Since R3PV neurons are expected to act as positive
feedback for GnRH secretion and the LH surge (23), their reduced function likely prevents
ovulation and progression of the estrous cycle, but there has yet to be an investigation into these
mechanisms. Stereotactic deletion of ERa in the ARC, ~80% efficiency with no decrease in the
R3PV, resulted in a similar arrest of the estrous cycle in the estrus stage after 2 weeks (165). E2-
ERa-dependent ARC activity led to negative feedback on GnRH neurons to decrease pulse
frequency of LH. In a Crispr-mediated knockdown of ARC ERa, there was no arrest of the estrous

cycle after 3 weeks, although the pulse frequency of GnRH and LH was increased indicating this
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is the dominant pathway for E2-mediated negative feedback (166). These studies affirm the
positive and negative role of E2-ERa signaling in the hypothalamus, but further investigation is
needed regarding their dynamic role during the reproductive cycle and pregnancy.
1.4.3.2 Pituitary gland

Study of pituitary gland-specific ERa knockout mice (PitERa”") has held some controversy
due to conflicting results. In one study, PitERa’" mice generated via Cga®®" had elevated LH
(167), while in another generated via aGsu“*", LH levels were normal (168). Regardless, both
studies demonstrated hemorrhagic cysts in the ovaries. However, a more recent and comprehensive
study, using complex genomics albeit still on a Cga®"¢* background, supported normal, although
sporadically secreted, LH levels and normal LH subunit gene expression (Cga & Lhb) with
hemorrhagic ovaries in PitERa”" mice (169). This study highlights the role of ERa. in regulating
LH release, but not synthesis in the mouse pituitary.
1.4.3.3 Ovary

There has been one publication regarding ovary-specific ablation of ERa, which is
normally localized in the theca cells and ovarian stroma, but not granulosa cells (170). Theca-cell
specific deletion of ERa using CypI7/¢"¢* mice led to subfertility at 2 months that progressed with
age. These mice had partially interrupted estrous cycles with ovarian cyst development and
reduced ovulatory capacity. Hormone analysis knockout mice found reduced plasma LH and
increased Cyp17 at 2 months old compared to control. Although further study is needed, this report
does shed light on the function of ERa in gonadotropin-responsiveness in the theca cells, feedback
to the hypothalamus, and regulation of ovulation.

1.4.3.4 Reproductive tract
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Given the importance of E2-ERa signaling in early pregnancy events in the reproductive
tract like sperm transport, embryo development, and endometrial preparation for embryo
implantation, research of its functions in the reproductive tract have garnered the most tissues-
specific knockout models (See Table 1.1). Many of the reported models have been established
within the past decade and their investigation is ongoing. Because of this, the existing literature

will be discussed with implications as needed.

Table 1.1: Uterine Esrl knockout mouse models

Cre-driver Target tissue/cell Fertility status First referenced
Esrlf-/ngrC"e/ * HPG-axis, reproductive tract Infertile Pawar, S., et al, 2015 (171)
Esr17Isl]* Mesenchyme (stroma) Not tested Furuminato, K., et al, 2023 (172)

Esrl” Amhr2¢* Anti-mesometrial stroma Severely subfertile | Winuthayanon, W., et al, 2017 (173)
Esr” Wnt7a“"* Reproductive epithelium Infertile Winuthayanon, W., et al, 2010 (174)
Esr1"'Pax2* Reproductive epithelium Not tested Granger, K. et al, 2024 (175)
Esr1 Ly Reproductive epithelium Not tested Granger, K. et al, 2024 (175)
Esrl"Foxa2“"* | Uterine glandular epithelium Not tested Rizo, J et al, 2025 (176)

The first reproductive tract-specific deletion of Esr/ has expectedly garnered the most
comprehensive investigation. Research from Wipawee “Joy” Winuthayanon on the epithelial
specific Esrl deletion (Esr1/"Wnt7a“"", epiERa”") has proved influential to my own studies as it
is the mouse model used in this dissertation. Their first study assessed the role of E2-ERa signaling
in regulating uterine epithelial proliferation and apoptosis. Previous results via uterine (177) and
vaginal (163) explants indicated E2-dependent proliferation could be independent of epithelial
ERa. In support of these findings, ovariectomized (OVX), E2-treated epiERo”" mice had normal
proliferation but enhanced apoptosis of the LE, compared to control, implying paracrine signaling
from stromal-ERa in regulating this process (174).

Uterine E2-ERa signaling has a biphasic response with rapid induction of RNA synthesis
occurring after ~2hrs and a second wave at ~24hrs (178). OVX E2-treated epiERo”" mice had

considerable overlap in gene expression changes after 2hrs, including many genes involved in
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epithelial proliferation, which may indicate the involvement of stromal ERa in the early epithelial
E2 response. Comparatively, 24hrs after E2 treatment stimulated transcription of genes involved
in the decidualization process like Lif'and Ihh in control mice, but not in the epiERo . These results
show early E2 response may rely more heavily on stromal-ERa, but induction of decidualization
genes is dependent on epiERa.

To further investigate the role of epiERo in regulating decidualization, researchers
employed the epiERa” model and generated a whole uterine Esr/ knockout mouse model
(Esr17/Pgr¢*; UtERo") (171). Although Pgr is also expressed in the HPG axis causing off target
issues in this model like leads to elevated serum LH, hemorrhagic ovaries, and no estrous cyclicity
leading to infertility (179). Artificial decidualization via ovariectomy, exogenous hormone
treatment, and physical stimulus of the epithelium, is a technique to mimic endogenous processes
which can measure uterine response to hormones in mouse models with compromised ovarian
function. Artificial decidualization of UtERo”" mice showed lack of uterine weight gain and
decidual biomarker, alkaline phosphatase (ALP), compared to control, both hallmarks of a
decidual response. In the same study, researchers found that epiERo” mice also had a dampened
decidual response with significantly reduced decidual stimulators, Lif, Ihh, Ptchl, and Nr2f2.
Interestingly, exogenous treatment of epiERa” mice with LIF was able to fully rescue the decidual
response indicating the primary decidual contribution of epiERa signaling is to induce
transcription of Lif.

A similar, albeit partial, phenotype was observed in another mouse model (Esrl/”
Amhr2€7¢"), where ERo is conditionally deleted in the anitmesometrial stroma (173). Anti-
mullerian hormone receptor type 2 (Admhr2 / AMHR?2) is found in ~30% of total stromal cells and

considered a canonical marker. Interestingly, while there was severe subfertility, it was not
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complete with one mouse producing one litter with one pup. In the Esrl/"Amhr2¢e*
antimesometrial stromal cells, there was reduced stromal proliferation in response to E2, leading
to the reduced proliferation in the overlaying epithelium. Previous reports indicated ERa is not
found in the primary decidual zone that is immediately adjacent to the implantation site calling
into question the role of stromal ERa in regulating decidualization. Artificial decidualization of
Esr1”Amhr2€r¢* uteri opposed these hypotheses as there was little to no decidual response,
affirming the role of stromal ERa in decidualization. A recent study has expanded upon the
previous findings by complete ablating stromal ERa (Esr 17 Is[17¢*; StrERa")(172). Although no
artificial decidualization was performed, these researchers identified a similar reduction of stromal
and epithelial proliferation as well as a disorganized stromal layer. Interestingly, there was also a
reduction in the number of uterine glands, with another study demonstrating a similar phenotype
of reduced number and structure in UtERo mice (175). These studies likely indicate that stromal-
epithelial crosstalk is essential for uterine GE development.

There is a dedicated field of research surrounding uterine GE as it holds an irreplaceable
role in the production and secretion of LIF. In mice, uterine GE buds form within the first week
after birth, become extended by post-natal-day 21 (PND21), and complex, branched structures in
adulthood (175,180). These processes are regulated by the pioneering transcription factor
Forkhead box protein A2 (Foxa2 / FOXAZ2), which is a canonical maker of GE cells (See Fig. 3.2)
In collaboration with our lab, a group of researchers identified epithelial ERa as a major regulator
of GE structure (175). In this study, 3D reconstruction of GE structure of two of three assessed
epithelial-specific Esr! knockout models (Esr 17 Wnt7a“"*, Esr "/Pax2¢*, but not Esr I”/Ltf<*'")
had reduced gland branching. Although all three models had reduced LIF production likely from

lack of epithelial E2-sensitivity. A potential reason for the difference in gland structure arises from
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when the tissue-specific deletion occurs. In Esr /" Wnt7a“" and Esr1”/Pax2¢"*, both Cre driving
genes are expressed embryonically, compared to EsrI”/Lif"¢* which is during adulthood
(~8.5wks). While the latter seems like a more advantageous model as the tissue structure more
closely resembles control mice, the study shows L#f<"“*is not fully penetrant and some LE and GE
cells retained ERa expression.

To identify the morphological changes associated with ERa deletion in the glands, a group
of researchers generated Esrl”-Foxa2¢¢* mice (176). Although there was no comment on LIF
expression or the structure/number of glands, the GE of Esrl/"Foxa2“**mice had aberrant
expression of cervicovaginal epithelial markers like KRTS, KRT14, p63, a sign of improper
differentiation, which could lead to inability to penetrate the stroma for proper gland development.
Interestingly, this study showed the same cervicovaginal markers were identified in the GE and
some of the LE cells in EsrI”Wnt7a“"¢* mice calling into question the epithelial differentiation in
this model. Further investigation is required.

Further characterization of early pregnancy events in epiERa” mice has proved very
important for the content of this dissertation. EpiERa’" mice have altered vaginal epithelial
morphology that lacked differentiation and keratinization, showing apparent signs of
fragmentation after mating (181). There was increased neutrophil invasion in D0.5 epiERo”
vaginal epithelium and lumen. Neutrophil invasion into the epiERa” vaginal lumen persisted
through the estrous cycle leading to challenges in identifying each stage, which is routinely done
via determining stage-specific cell signature of the vaginal smear (further discussed in chapter 2).
Neutrophil activity was likely enhanced evidenced by increased matrix metalloproteinases

(MMPs) activity in cervicovaginal fluid from different estrous stages (181). Chapter 2 of this
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dissertation builds upon these findings by assessing mating activity and estrous cyclicity of
epiERo" mice.

DO0.5 epiERa”” mice lack uterine fluid accumulation, have failed semen liquefaction, and
decreased total uterine sperm count compared to control mice (89). This is the first report to show
maternal regulation of semen liquefaction. This dissertation investigates the spatiotemporal
mechanisms behind the apparent uterine defects in epiERa” mice (Chapters 4 and 5). Despite the
previous defects, a few sperm and fertilized oocytes are present in D0.5 epiERa” oviducts™, albeit
both in much lower number compared to control mice. Although, epiERa” embryos do not
progress past the two-cell stage due to enhanced innate immune-related proteolytic activity that
leads to degradation of the ZP and embryo lysis (182). Harsh oviductal and uterine environments
lead to the infertility of epiERa” mice.

The goal of this section is to highlight the power of transgenic animals in identifying the
functional roles of ERa throughout the female reproductive system. Still, there remain major
knowledge gaps regarding the cellular and molecular mechanisms of ERa regulating
positive/negative feedback in the hypothalamus, uterine epithelial morphogenesis, and maternal
regulation of semen liquefaction/uterine fluid volume. Given the novelty of many tissue-specific
models, further studies from these determined researchers will continue providing critical

physiological understanding of female reproductive biology.

1.5 HYPOTHESIS AND SPECIFIC AIMS

This dissertation focuses on determining the cellular and molecular mechanisms of

epithelial E2-ERa signaling in regulating early pregnancy events. The major hypothesis of this
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dissertation is that epiERo spatiotemporally regulates immune function in the preimplantation

reproductive tract.

The specific aims of this dissertation are:

1)
2)

3)

4)

To determine the role of epiERa in regulating epithelial differentiation (Chapter 2)

To investigate the estrous cyclicity and mating activity of epiERa” mice (Chapter 3)
To determine the temporal LE-specific transcriptomic changes caused by epiERa
deletion (Chapter 4)

To characterize the innate immune signaling pathways in the uterus regulated by

epiERo (Chapter 5)

Along with these specific aims and their associate publications, there are additional projects

that I have initiated during my tenue in the Ye lab. Though these projects were not in shape to be

included in this dissertation, it is my hope that through hard work and continued collaboration with

Dr. Ye and the Ye lab members, these manuscripts will be published before long.

1)

2)

3)

4)

5)

Hancock, J.M.*, Martin, T.E.*, Owens-Gonzalez, S., Watford, W.T., Ye, X.
Targeting neutrophils for sperm fitness in female reproductive tract. (* Co-1° authors)

Hancock, J.M., Zhou, T., Martin, T.E., Owens-Gonzalez, S., Watford, W.T., Ye, X.
Endocrine disruption of uterine fluid homeostasis and uterine immunity during
estrous cycle in mice.

Hancock, J.M., Li, Y., Fahey, D., Latha, K., Zhang, M., Byun, H. Watford, W.T.,
Ye, X. Deficiency of TPL2/MAP3K8 leads to enlarged testes in mice.

Hancock, J.M., Owens-Gonzalez, S., Martin, T.E., Li, Y., Atluri, V.A., Ye, X.
Mechanism of uterine epithelial ERa in regulating uterine fluid movement during
early pregnancy.

Owens-Gonzalez, S.*, Hancock, J.M.*, Zhou, T., Martin, T.E., Xiao, S., Ye, X.
Cellular and molecular effects of endocrine disruptors on mouse ovary. (* Co-1%
authors)
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CHAPTER 2
INCREASED PLUGGING LATENCY IN CYCLING epiERo™ (Esr1”

Wnt7a**) MICE

Jonathan Matthew Hancock”, Taylor Elijah Martin®, Zidao Wang, Jackson Kyle Sundgren, and
Xiaoqin Ye, 2025 Feb 10;169(3):e240447. doi: 10.1530/REP-24-0447. Reprinted here with

permission from the publisher. *Co-1* authors.
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2.1 ABSTRACT

Wnt7a-Creis a commonly used driver for generating uterine epithelial conditional
knockout mice, such as epiERa”" (Esr1” Wnt7a“*") and epiPR”~ (Pgr’"Wnt7a“"*"). We noticed
that epiERo- females, but not epiPR”- females, have prolonged plugging latency, which is the
duration between continuous cohabitation and detection of the first vaginal plug (a sign of mating).
Mating occurs in proestrus and/or estrus stages of the estrous cycle. Vaginal cytology detected
estrous cyclicity in all mice examined, although epiERo” mice had leukocyte dominant vaginal
cytology throughout the estrous cycle and their estrous cyclicity appeared less regular. Estrous
cyclicity and mating activity are regulated by the hypothalamic—pituitary—ovarian axis, in which
kisspeptin plays essential roles. ERa and PR are expressed in rostral periventricular area of the
ventricle (RP3V) and arcuate nucleus (ARC) kisspeptin neurons in the hypothalamus. It has been
reported that Esr1”/Kiss1-Cre mice lack estrous cyclicity, while Pgr’’/Kiss I-Cre mice have normal
estrous cyclicity at 2 months old, and Wnt7a is highly expressed in ARC. The prolonged plugging
latency in epiERo’" mice could be contributed by the deletion of ERa in Wnt7A-positive cells in
ARC. Wnt7a-Cre was also used to generate uterine epithelial RhoA deficient mice, epiRhoA™
(RhoA” Wnt7ac"). However, both female and male RhoA” Wnt7a“"** mice had hydrocephalus
and died within a few weeks old. Our observations of increased plugging latency in epiERo" mice
and hydrocephalus in RhoA” Wnt7a“"** mice exemplify unintended neuronal gene deletion using
Wnt7a-Cre for uterine epithelial-specific gene deletion.

Key words: Wnt7a-Cre, Esr1”"Wnt7a“*"", Pgr’ Wnt7a“"*"*, RhoA” Wnt7a“"*, plugging latency,

estrous cyclicity
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2.2 INTRODUCTION

An essential step in mammalian reproduction is embryo implantation, which initiates when the
trophoblasts of an embryo attach to the uterine luminal epithelium (LE) to establish the first
embryo-maternal interface (128). Uterine functions, including uterine receptivity for embryo
implantation, are orchestrated by the master regulators: estrogen (E2)-estrogen receptor alpha
(ERa/Esrl) signaling and progesterone (P4)-progesterone receptor (PR/Pgr) signaling. The
comprehensive spatiotemporal molecular mechanisms for establishing uterine receptivity are not
fully deciphered. Uterine epithelial conditional knockout mouse models are important in vivo
models for elucidating molecular mechanisms of LE preparation for embryo attachment. They are
commonly generated using an epithelial-specific Cre driver, such as wingless-type MMTV
integration site family member 7A (Wnt7a)-Cre for epiERo’~ (Esr1’"Wnt7a“"") mice (174) and
epiPR"- (Pgr’ Wnt7a“"*") mice (145). It has been reported that epiERa”’~ mice and epiPR”- mice
have local defects in the uterus, including failed embryo implantation due to defective uterine
receptivity (145,174). However, Wnt7a-mediated Cre activity was also detected in male germ
cells, therefore, rendering Wnt7a-Cre generated conditional knockout mice with one global

knockout allele and one conditional knockout allele in Wnt7a-positive cells (145).
2.3 RESULTS

We use Esrl” (female) mice x Esr/” Wnt7a“"" (male) mice to generate Esrl”" (control) and epiERo’"
females, and Pgr’/ (female) mice x Pgr’ Wnt7a“"*" (male) mice to generate Pgr’~ (control) and epiPR™
females. Virgin female mice (Esr/” and epiERa™"; Pgr’” and epiPR™") were cohabitated with stud males to
obtain timed early pregnancy for studying molecular mechanisms of uterine epithelial ERa and PR in

establishing uterine receptivity. We define the plugging latency as the duration (days) between the first day
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of uninterrupted cohabitation and the day of detection of the first vaginal plug, which indicates mating
activity during the previous night, and designate the mating night as day 0 post-coitum (D0). We noticed
that the Esrl”" females were often plugged more quickly than their cohabitated epiERo”~ females in the
same mating cages. When the available plugging latency data from 6-26 weeks old virgin mice were
systematically analyzed, a trend became clear. The plugging latency did not change in the Esrl”" females
during 6-26 weeks old (Fig. 2.1A), while that in the epiERo”” females significantly increased with age (Fig.
2.1B). We extracted two age groups, 8-14 weeks old (11.2+2.1 wks for Esr/”", N=21; and 11.3+2.0 wks for
epiERo’", N=16) and 18-24 weeks (19.4+1.0 wks for Esr”", N=10; and 20.01.7 wks for epiERa™", N=14).
In both age groups, the epiERa’ mice had significantly prolonged plugging latency compared to the age-
matched Esr/”" control mice (Fig. 2.1C). We also examined the plugging latency from EsrI”/ mice at 8-14
weeks old (12.6+0.6 wks, N=5), which was comparable to that in the Esr/’" mice (Fig. 2.1C). Parallel
plugging latency data from Pgr” (11.1£1.6 wks, N=16), Pgr’" (11.7£1.5 wks, N=17 for 8-14 weeks;
21.0+1.3 wks, N=4 for 18-24 weeks), and epiPR'/' (11.2+1.5 wks, N=16 for 8-14 weeks; 19.5+1.0 wks,
N=7 for 18-24 weeks) females did not show significantly prolonged plugging latency in the epiPR”" mice
at both age groups (Fig. 2.1C). These data demonstrate that global deletion of one allele does not affect
plugging latency, and deletion of the other allele of Esr/, but not Pgr, in Wnt7a-positive cells prolongs the
plugging latency

Plugging latency is determined by mating activity, which is essential for species with
sexual reproduction. In a natural pregnancy, mating delivers sperm to the female reproductive tract
to meet ovulated oocytes for fertilization and subsequent pregnancy. A prerequisite for full female
fertility is the establishment of estrous cycle (e.g., rodents)/menstrual cycle (e.g., humans). In
female mice, an estrous cycle includes four continuous stages: proestrus, estrus, metestrus, and
diestrus, identifiable by vaginal cytology. Mating usually occurs during the night of proestrus stage

and/or estrus stage, and it can be confirmed by a vaginal plug the next morning. A systematic

original study demonstrated an estrous cycle in mice to be 2-14 days, with the mode at 4-6 days
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depending on the strains, yet >50% of mice in each strain had the length of estrous cycle fell
outside of the mode (183). We examined the daily vaginal cytology of 9~15 weeks old Esr1/
(N=6) and epiERa’~ (N=6) littermates (from 4 litters), and Pgrl//- (N=3) and epiPR’ (N=4)
littermates (from 3 litters) for 1 month to monitor the estrous cyclicity (Fig. 1D and data not
shown). In the epiERa”~ mice, leukocytes are prevalent throughout the estrous cycle, which is
atypical for the murine cycle (Fig. 2.1Dbl~b4), therefore, a modified staging strategy was
established for epiERa”’~ mice (Fig. 2.1E). Since vaginal smear was collected once per day and
different estrous stages have different lengths, it is not abnormal for a stage to go undetected, as it
may be present during the gap of ~24 hours in between two data collection points. Estrous cyclicity
was present in all the mice examined regardless of their genotypes. A generally regular estrous
cyclicity (4~6 days/cycle) was observed in Esrl”-, Pgrl’-, and epiPR’- mice (Fig. 2.1Fal-a2, and
data not shown). The estrous cycle was often irregular in the epiERo”~ mice, with some having an
extended diestrus stage (Fig. 2.1Fb1) while others had more frequent proestrus and estrus stages
(Fig. 2.1Fb2). However, the epiERa”" mice were indeed cycling and their average days in proestrus
and estrus (receptive for mating) were comparable to mice in other groups. The prolonged plugging
latency in epiERa”" mice could not be explained by the frequency of the receptive stages for
mating.

2.4 DISCUSSION

The hypothalamic-pituitary-ovarian (HPO) axis regulates the interconnected events of
estrous/menstrual cyclicity, mating activity (animals), and ovulation (184). A key regulator of
the HPO axis is kisspeptin (Kiss/), a potent GnRH secretagogue. ERa and PR are expressed in
rostral periventricular area of the ventricle (RP3V) and arcuate nucleus (ARC) kisspeptin

neurons in the hypothalamus (185,186). Esr1//Kiss1-Cre female mice were infertile due to a
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Figure 2.1. Plugging latency and estrous cyclicity in epiERa”~ and epiPR’~ mice. A & B.
Correlation between the age at the time of cohabitation (6~26 weeks old) and plugging latency in
Esr17 control mice (A, N=43) and epiERo”’- mice (B, N=43) using linear regression. Note, some
markers represent multiple samples with the same age and plugging latency. C. Plugging latency
in Esr1”/ Esrl”, and epiERa’~ mice (dots), as well as Pgr’/, Pgi’", and epiPR”- mice (diamonds).
Each marker represents one mouse; green line on the left indicating the mean/average in the group;
light blue line on the right indicating the medium in the group; * p<0.05, compared to the age-
matched control, two-tail unequal variance t-test. D. Vaginal cytology. Red arrow, nucleated
epithelial cell, which may look different from a small size (still larger than leukocytes) in an earlier
stage (e.g., b3) to more spread-out shapes in later stages (e.g., al, bl); black arrow, cornified
(anucleated) epithelial cell; wide green arrow, leukocyte; scale bar, 50 um. E. Schematic
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illustration of modified criteria for staging estrous cycle in the epiERa”’~ mice (with persistent
immune cell infiltration) compared to Esr1/~ control mice. Red line, % of nucleated epithelial cells;
black line, % of cornified (anucleated) epithelial cells; thicker green line, % of leukocytes. F.
Representative estrous cyclicity of Esr1”- and epiERa”’~ mice during a 30-day period based on
vaginal cytology in D. al-a2, Esr1’~ (black dots); and b1-b2, epiERa”" (red dots); P, proestrus; E,
estrus; M, metestrus; D, diestrus; D/P, in-between diestrus and proestrus; all dots not on horizontal
lines indicating in-between two stages. G. Hydrocephalus in RhoA” Wnt7a“"* mice. Three weeks
old littermates. a. RhoA”" (control) head and al. brain from a; b. RhoA” Wnt7a“"** head and b1,
brain from b. Note: enlarged head in b compared to a, and fluid surrounding the brain in b1.
dramatic advancement of puberty onset but subsequent arrest of pubertal maturation, as they failed
to acquire normal estrous cyclicity and ovulatory capacity (185). Pgr’/KissI-Cre female mice had
normal estrous cyclicity at 2 months old, but disrupted estrous cyclicity at 6 months old,
accompanied with impaired fertility and decreased number of corpora lutea, an indication of
impaired ovulation and/or corpus luteum development (186). These studies indicate that ERa in
the kisspeptin neurons is essential for acquiring estrous cyclicity and plays a more critical role than
PR in regulating estrous cyclicity and presumably mating activity as well.

E2 provides positive feedback (during the preovulatory period only) or negative feedback
to the HPO axis during the estrous/menstrual cycle (184). ERa in the RP3V-kisspeptin neurons
mediates the positive feedback from E2 while ERa in the ARC-kisspeptin neurons mediates the
negative feedback from E2 (184). Interestingly, Wnt7a is highly expressed in the ARC (187). It is
expected that ERo and PR are deleted in Wnt7A4-expressing ARC cells of epiERa’~ (Esrl’
Wnt7a“*") mice (174) and epiPR”- (Pgr’""Wnt7a“"") mice (145), respectively. The observed
prolonged plugging latency in the epiERo" mice but not epiPR”- mice would reflect a more critical
role of ERa than PR in the ARC kisspeptin neurons in regulating mating activity. It implicates
unintended neuronal targeting using the Wnt¢7A4-Cre driver that has not been previously reported.

The neuronal off-targeting of Wnt74-Cre driver was obvious in another mouse model,

epiRhoA™ (RhoA” Wnt7a“"*"). RhoA is a mechanosensor that is highly expressed in mouse D3.5
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LE and D4.5 LE (embryo attachment in mice: ~D4.0) (GEO number: GSE44451). We
hypothesized that RhoA in the LE plays a role in sensing the presence of an implanting embryo
and in facilitating embryo attachment to the LE. We intended to generate uterine epithelial RhoA-
deficiency mice (epiRhoA™”) to test this hypothesis. However, both female and male RhoA”
Wnt7a“ " mice had hydrocephalus and died within a few weeks of age (Fig. 1G). Hydrocephalus
is a heterogenous disease with various causes including impaired development of neural stem cells.
Interestingly, RhoA pathway has been implicated in neurogenesis-associated hydrocephalus (188),
and Wnt7a is involved in multiple steps of neurogenesis (189). Taken together, our observations
from epiERa”~ and RhoA” Wnt7a“"** mice suggest previously unreported off-target deletion in
neuronal cells by Wnt7A4-Cre driver for generating uterine epithelial conditional knockout mouse
models.
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CHAPTER 3
UPREGULATION OF FOXA2 IN UTERINE LUMINAL EPITHELIUM
AND VAGINAL BASAL EPITHELIUM OF epiERa™ (Esr1”Wnt7a“*)

MICE

Jonathan Matthew Hancock, Yuehuan Li, Taylor Elijjah Martin, Christian Lee Andersen, and
Xiaoqin Ye, 2023 Mar 13;108(3):359-362. doi: 10.1093/biolre/ioac225. Reprinted here with

permission from the publisher.
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3.1 ABSTRACT

Forkhead box protein A2 (FOXA2) is a pioneer transcription factor important for epithelial
budding and morphogenesis in different organs. It has been used as a specific marker for uterine
glandular epithelial cells (GE). FOXA?2 has close interactions with estrogen receptor o (ERa). ERa
binding to Foxa2 gene in the uterus indicates its regulation of Foxa2. The intimate interactions
between ERa and FOXA2 and their essential roles in early pregnancy led us to investigate the
expression of FOXA2 in the female reproductive tract of preimplantation epiERa”’~ (Esrl’
Wnt7a“"*") mice, in which ERa is conditionally deleted in the epithelium of reproductive tract. In
the oviduct, FOXAZ2 is detected in the ciliated epithelial cells of ampulla but absent in the isthmus
of day 3.5 post-coitum (D3.5) Esr1”~ control and epiERo” mice. In the uterus, FOXA2 expression
in the GE appears to be comparable between Esrl”- and epiERo’" mice. However, FOXA2 is
upregulated in the D0.5 and D3.5 but not PND25-28 epiERa”’ uterine luminal epithelial cells (LE).
In the vagina, FOXA2 expression is low in the basal layer and increases towards the superficial
layer of the D3.5 Esr1”- vaginal epithelium; but FOXA?2 is detected in the basal, intermediate, and
superficial layers, with the strongest FOXA2 expression in the intermediate layers of the D3.5
epiERo’"- vaginal epithelium. This study demonstrates that loss of ERo in LE and vaginal basal
layer upregulates FOXA2 expression in these epithelial cells during early pregnancy. The
mechanisms for epithelial cell-type specific regulation of FOXA2 by ERa remains to be

elucidated.

Key words: FOXA2, ERa, uterine glandular epithelium, uterine luminal epithelium, vaginal basal

epithelium
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Figure 3.1. Graphical abstract for chapter 3 indicating the localization of FOXA2 in the
epithelial cells of the female reproductive tract. Brown: FOXA2 expression. FRT: Female
reproductive tract; GE: glandular uterine epithelial cells; LE: luminal uterine epithelial cells.

3.2 INTRODUCTION

Forkhead box protein A2 (FOXAZ2, or hepatocyte nuclear factor 3-beta (HNF-3B)) belongs
to the subfamily of forkhead transcription factors that share a conserved winged helix/forkhead
DNA-binding domain. In the uterus, FOXA2 is specifically detected in the nascent, developing,
and differentiated glands of multiple species from mouse to human, and has been used as a marker
for uterine glandular epithelium (GE) (reviewed in (190)). Conditional deletion of Foxa2 in mouse
uterus or uterine epithelium (including GE and luminal epithelium (LE)) leads to impaired uterine
gland development and defective uterine receptivity for embryo implantation (190,191). Uterine
receptivity is under the master control of estrogen (E2)-ERa signaling and progesterone (P4)-
progesterone receptor signaling (128). ERa is a nuclear transcription factor highly expressed in the
female reproductive tract. In the epiERo” (Esr1”Wnt7a"") female mice, ERa is deleted in the

epithelium of oviduct (119), uterus (192), and vagina (181). The epiERa’~ female mice have
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normal uterine development and ovarian functions but multiple early pregnancy defects (174). As
a pioneer transcription factor that can facilitate the chromatin access/binding of other transcription
factors (190), FOXA2 has been shown to have close interactions with ERa through the proximity
of their DNA binding sites and the co-regulation of FOXA2 and ERa is enhanced in females during
carcinogenesis (193,194). FOXA2 can regulate ERa transcriptional activity, including on Lif’
(leukemia inhibitory factor) mRNA in the GE (190). On the other hand, Foxa?2 is downregulated
(0.44x) 24 h after E2 treatment in the ovariectomized wild type mouse uterus; and such
downregulation in the uterus is abolished in the ERa global deficient (gERa™") or uterine epithelial
deficient epiERo’ mouse models (192). Interestingly, Foxa?2 is also downregulated (0.26x) in the
vehicle-treated ovariectomized gERo”" uterus but not that of epiERa”" uterus (GSE23072 &
GSES53812 (192)), indicating the essential role of uterine ERa in non-epithelial uterine cells for
the basal uterine expression of Foxa2 as well. Although P4 alone does not affect Foxa2 levels in
the ovariectomized wild type mouse uterus, P4+E2 treatment speeds up the downregulation of
Foxa?2 at amore dramatic level compared to E2 treatment alone (191). ChIP-seq analysis of whole-
genome ERa binding sites in the 1 h E2-treated ovariectomized wild type mouse uterus reveals
ERa binding to the Foxa2 gene via a motif with no apparent estrogen response elements (ERE)
(enrichment p-value: 2.22E-10) (195). The intimate interactions between FOXA2 and ERa and
their essential roles in early pregnancy led us to investigate the expression of FOXA2 in the
epiERa’" female reproductive tract (FRT) during early pregnancy. We used immunohistochemistry
to detect FOXA2 as brown staining with blue counterstaining by hematoxylin. The selected
preimplantation time point was day 3.5 post-coitum (D3.5) (embryo implantation initiates ~D4.0
in mice (128)) for detection of FOXA?2 in the oviduct, uterus, and vagina; and FOXA?2 expression

was also examined in the D0.5 uterus and PND25-28 immature uterus.
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Figure 3.2. Detection of FOXA2 in preimplantation epiERa”’~ female reproductive
tract using immunohistochemistry. Brown: FOXA?2 staining (except ERa staining in GO-HO02);
blue: hematoxylin counterstaining. A. Day 0.5 post-coitum (D0.5) Es» 17~ oviduct. B. D0.5 epiERa
~ oviduct. A3 & B3, enlarged from the boxed area in Al & B1, respectively; black arrow, a
secretory epithelial cell in the ampulla with blue hematoxylin counterstaining in the nucleus; red
arrow, a ciliated epithelial cell in the ampulla with brown FOXA?2 staining in the nucleus. C. D0.5
Esrl” uterus. D. D0.5 epiERo”" uterus. Red *, neutrophil infiltration in uterine lumen. E. D3.5
Esrl” uterus. F. D3.5 epiERa” uterus. GO & G. PND25 Esr1’- uterine sections for detecting ERa
(G0) and FOXA2 (G), respectively. H. PND25 epiERa” uterine sections for ERo (G0) and FOXA2
(G), respectively. GO-HO02, confirming deletion of ERa in epiERo”- LE and GE; black arrow in
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GO01-HO2 & GO0-H2, indicating GE. A1-H2, enlarged from the boxed areas in A-H, respectively.
A-H: LE, uterine luminal epithelium; GE, uterine glandular epithelium; Str, stroma; red arrow in
D-F2, FOXA2 staining in the LE. 1. Coronal section of a D3.5 Esr1/- vagina. 11-13, enlarged from
the boxed areas in [; [1a-13a, enlarged from the boxed area in I1-13, respectively. J. Coronal section
of a D3.5 epiERa” vagina. J1-J3, enlarged from the boxed areas in J; J1a-J3a, enlarged from the
boxed areas in J1-J3, respectively. I1a-J3a: Red dotted line separating vaginal stroma and epithelial
layer; blue arrow: basal epithelial layer; black arrow in J3a, infiltrated neutrophils. No specific
staining in the negative control (data not shown).

3.3 RESULTS

In the D3.5 Esrl”- oviduct, FOXA2 is specifically detected in the nuclei of ciliated
epithelial cells in the ampulla (Fig. 3.2A-3.2A3). There are less FOXA2 positive epithelial cells in
the ampulla region towards the isthmus (Fig. 3.2A). There are no FOXA2-positive cells in the
isthmus (Fig. 3.2A, 3.2A2). This general FOXA2 expression pattern is also seen in the D3.5
epiERo’- oviduct (Fig. 3.2B-3.2B3).

In the D0.5 and D3.5 Esrl”" control uteri, FOXA2 is detected in the nuclei of GE (Fig.
3.2C-3.2C2, 3.2E-3.2E2). Interestingly, FOXA?2 is detected in a few LE cells in most of the control
uteri examined, from 2-3 scattered LE cells per section to a few segments of LE cells (<5% of total
LE cells) per section (Fig. 3.2E2). In the D0.5 and D3.5 epiERa uteri, FOXA2 is detected in the
nuclei of GE cells and ~70-95% of LE cells (Fig. 3.2D-3.2D2, 3.2F-3.2F2). FOXA2 expression in
the D0.5 and D3.5 epiERa”~ GE cells is consistently high and seems to be comparable to that in
the D0.5 and D3.5 Esr1” GE cells; however, FOXA2 expression in the D0.5 and D3.5 epiERo
LE cells varies, with some regions as intense as that in the GE cells and other regions less intense
(Fig. 3.2D1-3.2D2, 3.2F1-3.2F2). These data demonstrate that deficiency of ERa in the uterine
epithelium leads to the upregulation of FOXA?2 in the LE, but its expression in the GE does not
seem to be affected. Interestingly, such an upregulation of FOXA?2 in the preimplantation LE is

not detected in the LE of PND25-28 immature epiERa”" mice (Fig. 3.2G0-3.2H2, and data not
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shown). It remains to be investigated about the time-course of FOXA?2 upregulation in the epiERo’
" LE.

In the vagina, ERa is expressed in the epithelium of the entire mouse vagina, with the most
intense expression in the basal layer of vaginal epithelium, and ERa is deleted in the entire epiERor
/- vaginal epithelium (181). In the D3.5 Esrl”- vaginal epithelium, FOXA2 does not have a
significant expression level in the basal layer as the nuclei are counterstained blue, and its
expression in the vaginal epithelium increases towards the superficial layer (Fig. 3.21-3.213a),
which is reversely correlated with ERa expression in the vaginal epithelium (181). In the D3.5
epiERo’"- vaginal epithelium, FOXA?2 is detected in the basal, intermediate, and superficial layers,
and it appears that the strongest FOXA2 expression is in the intermediate layers (Fig. 3.2H-
3.2H3a), which might be contributed by the disrupted vaginal tissue integrity (181). These data
suggest that ERa in the basal layer of vaginal epithelium may have a similar function as that in the
LE to suppress FOXA?2 expression during early pregnancy.

FOXAZ2 was detected in the LE of glandless D3.5 mice that have uterine overexpression of
cleaved Notchl intracellular domain (196). Genistein treatment on PND1-5 induced FOXA2
protein levels in PND5 mouse uterus (197). Since uterine glands are yet to be developed in the
PNDS5 mouse uterus, the upregulation of uterine FOXA2, which normally expressed in the GE,
would suggest its upregulation most likely in the LE. The mechanisms for the upregulation of
FOXA2 in the LE of the above two scenarios and in the preimplantation epiERa”~ LE and vaginal
basal epithelial layer (Fig. 3.2C-3.2F2, 3.21-3.2J3a) are unknown. One potential explanation is that
ERa could be a corepressor or recruit corepressors to suppress Foxa2 expression in LE and vaginal
basal epithelial cells during early pregnancy. This explanation could be supported by ERa-

mediated downregulation of Foxa2 in 24 h (192) and 48 h (191) E2-treated ovariectomized mouse
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uterus as well as binding of ERa to Foxa?2 gene in 1 h E2-treated ovariectomized wild type mouse
uterus (195). P4 does not affect Foxa2 expression but potentiates E2-induced downregulation of
Foxa2 in ovariectomized wild type mouse uterus (191). Based on the observations from
ovariectomized wild type mouse uterus, the increased ratio of P4/E2 during early pregnancy would
suppress FOXA2 expression, most likely via ERa. Although ERa-deficiency abolished E2-
induced suppression of Foxa?2 in the ovariectomized uterus (192), such hypothetical de-repression
of FOXAZ2 expression in the LE has yet to be investigated in E2 or P4+E2-treated ERa-deficient
ovariectomized mouse uterus. Another intriguing observation is that FOXA2 upregulation is not
detected in the LE of PND25-28 immature epiERa~ mice (Fig. 3.2G-3.2H2), this discrepancy
would point to ERa-regulated factors specific in adult LE or preimplantation LE that suppress
FOXAZ2 expression in LE.

In addition to E2-ERa signaling in downregulation of Foxa2? expression in the
ovariectomized uterus (191,192), it has been reported that ERa could antagonize FOXA2 to
regulate glucocorticoid signaling in human endometrial cells (198), FOXA2 was suggested to play
a role in ERa-mediated gene repression in neonatal mouse uterus (199), and SOX17 deficiency
led to suppression of FOXA?2 expression but enhancement of ERa expression in D3.5 mouse uterus
(200). These reports imply comprehensive interplays between ERo and FOXA?2 in the uterus, and
most likely some other tissues as well. It remains to be investigated what factors differentiate LE
from GE and basal epithelium from the rest vaginal epithelium in terms of ERa regulation of

FOXAZ2 expression.
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UTERINE EPITHELIAL ERa REGULATES PREIMPLANTATION

UTERINE LUMINAL EPITHELIAL (LE) AND UTERINE mRNAS
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4.1

ABSTRACT

Uterine epithelial estrogen receptor a (ERa) deficiency in epiERa™ (Esr1”Wnt7ac™)
mice leads to dysregulated environment of uterine lumen, which is lined by uterine luminal
epithelium (LE). We hypothesized that LE transcriptomes held molecular keys to
understanding ERa, a transcription factor, in regulating preimplantation uterine environment.
Day 0.5 post-coitum (D0.5) and D3.5 LE (via enzymatic digestion), digested uterus (DU), and
flash-frozen uterus (U) from Esr1” control mice and epiERa”~ mice (total 12 groups) were
processed for mRNA-seq. Criteria for differentially expressed genes (DEGs) included average
transcripts per million > 1 in at least one group, fold change > 2, and false discovery rate <
0.05. There were minimal DEGs between DU and U. Between D0.5 and D3.5 Esr1”- LE, the
top upregulated and downregulated GOBP pathways were on cellular events (e.g., cell
adhesion) and on innate immune responses, respectively, with the top downregulated pathways
in innate immune responses also seen between D0.5 and D3.5 Esr//- U. Compared to Esr1/”
LE, the most upregulated and downregulated pathways in D0.5 epiERa”’~ LE were on innate
immune responses and on biosynthesis and metabolism, respectively; and those in D3.5
epiERo"" LE were on cell division and on signaling and metabolic process, respectively. Na*
transmembrane transport was among shared upregulated pathways in D0.5 and D3.5 epiERo™"
LE. Selected DEGs were verified by realtime PCR and immunohistochemistry. These mRNA-
seq data provide molecular keys to understanding temporal (e.g., innate immune responses)
and constituent (e.g., uterine fluid movement) functions of uterine epithelial ERa in regulating
preimplantation uterine environment.

Key words: ERa, uterine luminal epithelium, uterus, mRNA-seq
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4.2

INTRODUCTION

Estrogen receptor a (ERa/NR3A1/Esrl) is the main receptor for mediating the uterine
functions of estrogen (E2) (201). The essential roles of ERa in female reproduction have been
demonstrated in both loss of ERa function mouse models and clinical estrogen insensitivity
syndrome caused by mutations in ESR/ (174,192,202-204). ERa is expressed in different
uterine cell types during early pregnancy, with high expression levels in the uterine epithelial
cells and subepithelial stromal cells, and the highest expression level detected the uterine
glandular epithelium (GE) in mice (174,205-207). Key early pregnancy events include
fertilization, embryo development and transport, and embryo implantation (128). A
prerequisite for fertilization in a natural pregnancy is the timely migration of sperm through
the uterus to the oviduct/Fallopian tube. A prerequisite for embryo implantation is the
establishment of uterine receptivity, a state of transient readiness of the uterus, especially the
uterine luminal epithelium (LE), for embryo attachment to form the initial maternal-embryo
interface (128).

In the female epiERo- (Esr1”Wnt7a“"") mouse model, ERa is deleted in the epithelium
of oviduct (119), uterus (174), and vagina (181). The epiERo”~ female mice have apparently
normal uterine development and ovarian functions but multiple early pregnancy defects,
including reduced sperm migration to the oviduct, reduced fertilization and increased embryo
death in the oviduct, as well as impaired semen liquefaction, reduced uterine fluid volume,
increased immune cell infiltration, and failed embryo implantation in the uterus
(89,119,174,181,206). Among these early pregnancy defects, sperm migration through the

uterus, semen liquefaction in the uterus, fluid volume in the uterine cavity, uterine luminal
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immune cell infiltration, and embryo attachment all occur in the uterine lumen, which is
surrounded by LE.

We hypothesize that ERo, a transcription factor, temporally regulates gene transcription in
the LE to modulate the uterine lumen environment for supporting early pregnancy events.
Despite the available microarray analyses (GSE23072 & GSES53812) of whole uteri from
ovariectomized wild type and epiERa”~ mice, which revealed dampened E2-induced uterine
transcripts, with more dramatic effect on ligand (E2)-induced late transcription (24h) than early
transcription (2h) in the epiERo’" uterus (192), the comprehensive molecular mechanisms of
how ERa in the LE temporally regulates these early pregnancy events remain largely
unexplored. In this study, we chose two early pregnancy time points, day 0.5 post-coitum
(D0.5), when dysregulations of semen liquefaction, uterine fluid volume, and immune cell
infiltration are manifested in the epiERa” uterus; and D3.5, when uterine receptivity fails to
establish for embryo attachment and subsequent implantation in the epiERo’ uterus. We
employed our routine enzymatic digestion method (208-210) to isolate LE from D0.5 and D3.5

Esr17 (control) and epiERa uteri for mRNA-seq to test our hypothesis.

4.3 MATERIALS AND METHODS
Detailed information of “Materials and Methods” is in Supplementary S1. There were 2
genotypes (Esr1”- & epiERa™") x 2 time points (D0.5 & D3.5) x 3 tissues (LE, DU, & U) =
12 groups, and 59 final samples (N=3-9/group) for mRNA-seq analyses, for which the
kallisto tool (211), the edgeR tool (212), and the David tool (213) were employed. Criteria
for differentially expressed genes (DEGs) included average transcripts per million (tpm) >1

in at least one of the 12 groups, fold change (FC) >2, and false discovery rate (FDR) <0.05.
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Selected DEGs were confirmed via realtime PCR or immunohistochemistry. Student’s t-test

and Chi-square test were used for comparisons with a significant level set at p<0.05.

4.4 RESULTS AND DISCUSSION

Esrl and Pgr expression in D0.5 and D3.5 mouse LE and uterus

In the epiERa’" uterus, there is a single Esr/ allele in all the cells except Wnt7a-expressing cells,
including uterine epithelial cells LE and GE, which have both Esr/ alleles deleted (145,174,206).
Comparing the expression in the Esr/- LE, Esrl expression levels were significantly reduced in
DO0.5 epiERo" LE (36.1£12.5 vs. 9.4+3.1 tpm, p=0.0002), had a trend of reduction in D3.5
epiERo"" LE (26.6+12.4 vs. 15.5+2.8 tpm, p=0.1713) and D0.5 epiERa” uterus (40.5£19.7 vs.
23.5+5.9 tpm, p=0.0925), but comparable in the D3.5 epiERa” uterus. These patterns were
reflective of the ubiquitous expression of Esr/ in the uterus and a relatively small population of
uterine epithelial cells (<10%) in the whole uterus, which has a smaller fraction in D3.5 uterus
than in D0.5 uterus (174,206), and the enzymatic LE isolation method coupled with scraping,
which could introduce contamination from subepithelial stromal cells. In the D0.5 mouse uterus,
the uterine lumen is enlarged and filled with uterine fluid, while in the D3.5 mouse uterus, the
uterine lumen is minimal to facilitate embryo attachment, therefore, the percentage of LE and
uterine epithelium in the uterus is high on D0.5 and low on D3.5. Since Esr//ERa is expressed in
different uterine cells (174,206), we expect the deletion of Esr/ in the uterine epithelium will
have more effect on the overall Esr/ expression in D0.5 uterus than in D3.5 uterus. Upon dispase
digestion, D0.5 LE, but not D3.5 LE, could be easily scraped and form large LE sheets, and the
DO0.5 LE samples were expected to have less contamination from non-epithelial uterine cells,

especially stromal cells that also express Esr/. The conditional deletion of ERa in the uterine

57



epithelium is confirmed by immunohistochemistry (206). Uterine functions are under the master
control of E2-ERa signaling and P4-PR signaling. Pgr levels were significantly increased in the
LE and uterus from D0.5 to D3.5 in both genotypes, but there was no obvious difference
between the genotypes at both time points and in both LE and uterus (GSE number to be
provided). These observations indicate that the differences observed in the preimplantation
epiERa’ uterus are mainly through uterine epithelial ERa and less likely through dysregulation
of PR.
PCA, correlation, and heatmap analyses

Principal component analysis (PCA) of all the 59 samples (Fig. 1A) indicated 31.3%
variation was explained in PC1 and 14.4% in PC2. Based on PC1 and PC2 (total 45.7%)), there
was a clear separation between LE samples and DU/U samples; their separation was wider on
D3.5 than on DO0.5; and at both time points, there was a trend of separation between LE samples
and DU/U samples. PCA analysis of all 26 LE samples (PC1 and PC2 total 42.6%) showed a
clear separation between D0.5 LE samples (N=16) and D3.5 LE samples (N=10). Interestingly,
the D0.5 LE samples, but not D3.5 LE samples, were clustered; and D3.5 LE samples, but not
DO0.5 LE samples, showed a trend of separation between Esr1”- and epiERa™". PCA analysis of
13 DU & 20 U samples (PC1 and PC2 total 53.9%) indicated a clear separation between the two
time points, D0.5 and D3.5, but not between DU and U, or Esrl/ and epiERa” at both time

points.
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Figure 1. Overview of the 59 mRNA-seq samples. LE, uterine luminal epithelium; DU,
digested uterus; and U, flash-frozen uterus. A. Principal component analysis (PCA) of all the
59 samples, 26 LE samples, and 13 DU & 20 U samples. Tissue designations: LE, dot; DU,
triangle; D, square. Time and genotype designations: light red/pink, D0.5 Esr1/- control; red,
DO0.5 epiERo’; light blue, D3.5 Esr1’- control; blue, D3.5 epiERa™". B. Correlation map of all
59 samples. C. Heatmap of 26 LE samples, 13 DU samples, and 20 U samples. Sample
designations: D0.5 Esr1’~ control: CE1-9; D3.5 Esr1’~ control: CE11-17; D0.5 epiERo": E21-
27; D3.5 epiERa’: E31-37.

Correlation analysis of all these 59 samples also clearly indicated the four clusters: D0.5
DU & U, D3.5 DU & U, D0.5 LE, and D3.5 LE (Fig. 1B). Within each cluster, only D0.5 LE
had a relatively clear separation between Esr 1/~ and epiERa”~ samples except one Esrl”- sample
grouped in the epiERo’ samples. All the other three clusters had Esr /- and epiERa”~ samples
and/or DU and U samples interspersed with each other.

The heatmap of the 26 LE samples (Fig. 1C) indicated that all 9 D0.5 Esr1/~ LE samples
were grouped together, so were all 7 D0.5 epiERa”~ LE samples, and these two groups were the
closest to each other. Of the 4 D3.5 Esr1”- LE samples that were next to each other in the
heatmap, three were grouped together before being grouped with D0.5 LE samples, while one
was grouped with three D3.5 epiERa”~ LE samples before being grouped with 3 additional D3.5
epiERa”" LE samples (Fig. 1C). While in the correlation map (Fig. 1B), the D3.5 LE samples had
their own clear cluster, although the 4 D3.5 EsrI”- LE samples were interspersed amongst the 6
D3.5 epiERo” LE samples. The heatmap of the 13 DU samples indicated clear clustering of the
DO0.5 Esr1”~, D0.5 epiERa~, and D3.5 Esrl”- groups, but among the 3 D3.5 epiERa”- DU
samples, 2 were grouped with D3.5 Esrl/- samples and 1 was grouped with the 5 D3.5 Esr1/-
and epiERa”- samples (Fig. 1C). The heatmap of the 20 U samples did not show clear clustering
between genotypes on the same day, however there was separation between D0.5 U and D3.5 U
but in two clusters (Fig. 1C).

Criteria for DEGs and comparisons
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There were 21,706 entries originally. After the entries with mean TPM < 1 in all 12
groups were excluded, there were 15,129 entries retained for the bioinformatics analyses. The
DEGs were determined based on the criteria of FC>2 (log2FC>1 for upregulated DEGs and
log2FC< -1 for downregulated DEGs) and FDR<0.05. The comparisons of the mRNA-seq data,

together with the numbers of upregulated and downregulated DEGs from each comparison, were outlined
in Fig. 2, including between the two time points (D0.5 and D3.5), between the two genotypes (Esr//~ and

epiERo"), and between tissue types (LE vs. DU, LE vs. U, and DU vs. U).
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Figure 2. Numbers of differentially expressed genes (DEGs) between different groups. LE,
uterine luminal epithelium; DU, digested uterus; and U, flash-frozen uterus. Between DO0.5
and D3.5: black arrow, to determine the time course DEGs in the Esr/” control LE or U.
Between DU and U: grey dotted arrow, to determine the effects of enzymatic digestion (for
LE isolation) on uterine gene expression. Between LE and DU: black dotted arrow, to
determine DEGs between LE and uterus after enzymic digestion. Between Esr1”” and epiERo
" blue arrow, to determine the effects of one Esr/ allele in Wnt7a-expressing cells uterine
epithelial cells on LE and uterine gene expression. Only the transcripts with at least one group
with an average read >1 tpm in all 12 groups were included; DEG criteria: FC > 2 and FDR
< 0.05. The up-regulated (red arrow) and down-regulated (green arrow) DEGs indicated the
changes in the group on the right and/or lower position. All DEGs and GOBP pathways were
listed in Suppl S3 Excel sheets.
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There were overall differences in the numbers of DEGs. 1) Between D0.5 and D3.5 in
the same tissue and same genotype, there were more DEGs in the LE than those in DU or U
(Esr1”: 4,484 in LE vs. 2,984 in DU and 2,970 in U, p<0.0001; epiERa": 4,039 in LE vs. 2,544
in DU and 2,423 in U, p<0.0001). This difference could be contributed by the diluting effect of
uterine epithelial-specific and/or LE-specific DEGs in the uterus, and/or by the obscuring effect
for genes that were also expressed in other uterine compartments. 2) Between Esr1”- and epiERo
- for the same tissue, there were more DEGs in D0.5 than in D3.5 (D0.5 vs. D3.5: 2,088 vs.
1,634 in LE, p<0.0001; 783 vs. 302 in DU, p<0.0001; and 641 vs. 71 in U, p<0.0001). This was
most likely contributed by the time-course functions of ERa in the LE as well as the lower
fraction of uterine epithelial cells in D3.5 uterus compared to that in D0.5 uterus. 3) Between
tissue types in the same genotype at the same time point, there were most DEGs between LE and
DU or LE and U (Fig. 2).

We also analyzed the DEGs between DU and U at both time points and in both
genotypes. There were 0-7 DEGs for all four comparisons, indicating that enzymatic digestion
for LE isolation did not have dramatic effects on the uterine transcriptomes. However, when the
numbers of DEGs between Esr17- and epiERa”~ were compared for DU and U, there were more
DEGs in DU than in U (DU vs U: 783 vs. 641 on D0.5; 302 vs. 71 on D3.5, p<0.0001) (Fig. 2).
This observation was consistent with the more clustered DU samples but more spread-out
distributions and lack of clear grouping for U samples in the PCA plot (Fig. 1A) and heatmap
(Fig. 1C).

Among the DEGs listed in Fig. 2, time-course DEGs in the Esr/”* LE and U, and

genotype DEGs in the LE on D0.5 and D3.5 are further analyzed below.
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Figure 3. Top 20 GOBP pathways of DEGs between D0.5 and D3.5 Esr1”- LE and between
DO0.5 and D3.5 Esr1”- U. A. Upregulated in D3.5 Esr1/~ LE. * Full name: “positive regulation
of phosphatidylinositol 3-kinase/protein kinase B signal transduction”. B. Downregulated in
D3.5 Esrl”- LE. C. Upregulated in D3.5 Esr17- U. D. Downregulated in D3.5 Esr/”- U. E. Venn
diagram of DEGs between LE and U. F. Top 20 shared upregulated pathways in D3.5 LE and
U. G. Top 20 shared downregulated pathways in D3.5 LE and U. The shared DEGs and GOBP
pathways were listed in Suppl S4 Excel sheets.

Comparisons between D0.5 Esr1”- control LE and D3.5 Esr1”" control LE

This comparison reveals the temporal mRNA expression in the control LE with one Esr/
allele on D0.5, when the uterus has extensive uterine fluid and inflammation, and D3.5, when the
uterus has minimal uterine fluid and is preparing for embryo attachment. There were 4,484 DEGs
(Fig. 2, Suppl S2), which counted for 4484/15129=29.6% of the included transcripts, including
2,186 upregulated DEGs and 2,298 downregulated DEGs in the D3.5 Esr//" LE compared with
D0.5 Esrl”- LE. GOBP pathway analysis revealed 578 upregulated pathways and 795
downregulated pathways with p<0.05 (Fig. 3A, Suppl S2). In the upregulated pathways, the top
pathway was “cell adhesion” (82 DEGs), and other top 20 pathways included cellular events (e.g.,
cell adhesion (2), cell migration (1), cell differentiation (2), angiogenesis (2), and others (3)),
transcription (6), and signal transduction (4). In the downregulated pathways, the top two were
“innate immune response” (142 DEGs) and “inflammatory response” (97 DEGs). The top 20
downregulated pathways included immune responses (6 innate immune responses, 3 innate and
adaptive immune responses (interleukin-6, type II interferon, and interferon-beta)), cellular events
(2 cell migration, 2 cell proliferation, 2 apoptotic process, 1 angiogenesis, 1 hypoxia), signal
transduction (2), and transcription (1). These top pathways indicated a generation trend of
enhanced cellular processes and suppressed immune responses in the LE from D0.5 to D3.5.
LE undergoes extensive molecular and cellular changes from D0.5 to D3.5. We did keyword

search of all the GOBP pathways from the DEGs in the D3.5 Esr1”- LE compared with D0.5 Esr1/”
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LE (Suppl S2). Some keyword search results yielded both upregulated and downregulated
pathways, such as pathways with “adhesion” (10 up, 21 down), “proliferation” (17 up, 23 down),
“migration” (12 up, 20 down), “apoptotic” (12 up, 23 down), “differentiation” (19 up, 26 down),
“angiogenesis” (7 up, 5 down), “actin” and/or “cytoskeleton” (11 up, 5 down), “metabolic process”
(17 up, 24 down), “signal” (57 up, 87 down), “signal transduction” (11 up w/3 in top 20, 13 down
w/1 in top 20), “transcription” (6 up, 9 down), and “transcription by RNA polymerase II”’ (3 up, 3
down).

Interestingly, all 3 “transcription by RNA polymerase II”” upregulated pathways in D3.5
Esrl” LE (compared with D0.5 Esr1”- LE) were among the top 20 pathways and with the most
DEGs (118-188 each) (Fig. 3A, Suppl S2), indicating that transcriptional regulation is a key
molecular mechanism for the temporal changes in the LE during preimplantation. It was reported
that ERo and RNA polymerase II exhibit extraordinarily similar DNA binding patterns in murine
B cells (214). ChIP-seq analysis of ovariectomized mouse uterus treated with E2 for 1 h revealed
enrichment of ERa binding sites for 17,240 genes, and 6,519 (37.8%) of them having ERa and
RNA polymerase II binding peaks within 100 kb, suggesting that as soon as 1 h after E2 treatment
there is significant transcriptional response to E2 involving both ERa and RNA polymerase I
(195). Although the data from ovariectomized uterus do not represent that of early pregnancy
uterus, based on our mRNA-seq data, it is expected that ERa and RNA polymerase II coordinately
regulate E2-ERa target genes in the preimplantation uterus as well.

Keyword search of all the GOBP pathways from the DEGs in the D3.5 Esr//" LE
(compared with D0.5 Esr1”- LE) (Suppl S2) also revealed a clear direction for some pathways. For
example, pathways with “innate” (0 up, 5 down) or “defense” (0 up, 8 down) were only shown in

downregulated pathways, confirming the suppression of innate immune responses to prepare the
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LE for embryo attachment. However, other pathways related to immune responses were on both
directions: “inflammatory response” (3 up, 16 down), “neutrophil” (1 up, 2 down), “T cell” (8 up,
25 down), and “B cell” (3 up, 4 down).

There is a dramatic reduction of uterine fluid volume from DO0.5 to D3.5 and it is expected
to have increased communications when the embryo is in the uterus on D3.5. Pathways with
keyword “transport” (21 up, 26 down) could give insights, such as transmembrane ion transport
with upregulation of sodium ion (Na") transport (e.g., Scnnla, Wnk4, Atp1b1) and downregulation
of chloride ion (CI") transport (e.g., Cfir, Slc26a4, Slc26a9), intracellular protein transport, dSRNA
transport, and vesicle-mediated transport, etc. These pathways indicate the movements of the most
abundant ions (Na" and CI") in the uterine fluid and mechanisms of communications between the
LE and uterine lumen, and LE and subepithelial compartment. Vesicle trafficking, such as
“endocytosis” (3 up, e.g., Lrp2; 3 down, e.g., Ldlr, Myold, Myolb) and “exocytosis” (1 up, 0
down), is expected to be another mechanism for communications among these compartments
(133,215). Both upregulated and downregulated pathways in endocytosis in D3.5 LE may reflect
differences in the endocytosis from apical and/or basolateral side of the LE as well as components
to be endocytosed. For example, Lrp2 (low-density lipoprotein (LDL) receptor-related protein
2/LRP2/megalin) was among the most upregulated DEGs in the upregulated endocytosis pathway.
LRP2 is an endocytic receptor that binds and internalizes many ligands (e.g., hormones and
lipoproteins) (216), it is specifically expressed in the apical membrane of uterine epithelium and
is under the control of P4-PR signaling (217). Upregulation Lrp2/LRP2 in D3.5 LE indicates
enhanced endocytosis of a variety of endocytic components from uterine lumen. On the other hand,
Ldlr was one of the most downregulated DEGs in the downregulated endocytosis pathway. LDLR

is detected in the basolateral plasma membrane (218,219) and its substrate for endocytosis is LDL
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particle, a carrier of cholesterol. The downregulation of Ld/r in the D3.5 LE would suggest reduced
endocytosis of LDL from the subepithelial compartment to the LE.
Comparisons between D0.5 Esrl”" control uterus (U) and D3.5 Esr1”- U

This comparison reveals the temporal gene expression in the control uterus with one Esr/
allele between D0.5 and D3.5. There were 2,970 DEGs (Fig. 2, Suppl S2), which counted for
2970/15129=19.6% of the included transcripts, including 1,105 upregulated DEGs and 1,865
downregulated DEGs in the D3.5 Esrl”- uterus compared with the D0.5 EsrI”- uterus. GOBP
pathway analysis of the DEGs showed 389 upregulated pathways and 846 downregulated
pathways with p<0.05 (Fig. 3C, Suppl S2). Among the top 20 upregulated pathways, and 14
(including the top 6) of the top 20 were related to cell division, including different mitotic stages.
The remaining 6 top 20 pathways were associated with cell differentiation, angiogenesis, and
development. Among the top 20 downregulated pathways, 15 were related to immune responses,
predominantly innate immune responses, and the other 5 were related to tumor necrosis factor
production, cell migration, signal transduction, NF-kB, and apoptotic process.
Shared DEGs between Esr1”" control LE and Esr1”" control U on D0.5 vs D3.5

Between D0.5 and D3.5 of control Es#1/~ LE and U, the total number of DEGs was higher
in the LE (29.7%) than in the U (19.7%). Venn diagrams indicated 506 shared upregulated DEGs
and 1,188 shared downregulated DEGs between Es71”- LE (in D3.5 compared to D0.5) and Esr /-
U (in D3.5 compared to D0.5) (Fig. 3E, Suppl S3). The percentages of shared upregulated DEGs
(506/2186=23.1% for LE and 506/1105=45.8% for U) were significantly lower than the
percentages of downregulated DEGs (1188/2298=51.7% for LE, p<0.0001; and
1188/1865=63.7%, p<0.0001), There were 189 shared upregulated GOBP pathways and 563

shared downregulated GOBP pathways. The top 20 shared upregulated pathways were mainly
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related to development, angiogenesis, differentiation, and proliferation (Fig. 3F). The top shared
downregulated pathways were mainly related to immune responses, especially innate immune
responses (Fig. 3G), similar to those in the LE (Fig. 3B) and U (Fig. 3D). This observation revealed
that the innate immune responses in the LE played a dominant role in the uterine innate immune
responses.

The shared DEGs had the same direction of temporal changes in both LE and U, suggesting
that the differential gene expression in the LE could be reflected in the U. Since the LE only counts
for a small fraction of uterine cells (lower in D3.5 due to smaller uterine lumen than DO0.5), the
differential gene expression in the LE could be “diluted” in the U for bulk mRNA-seq, e.g., 2705x
upregulation in LE vs. 40x upregulation in U for /hh. There could be a few scenarios for the shared
DEGs in LE and U. First, the shared DEGs between Esr/”- LE and Esr1”- U are uterine epithelial-
specific or LE-specific genes and their differential expression levels were sufficient to overcome
the dilution effect in the U, such as /hh (220), Lpar3 (14x upregulation in LE and 3x in U) (138),
Npl (221), Hdc (222), Gjb2 (151), and Prapl (223). Second, the shared DEGs are also
differentially expressed in non-epithelial uterine cells and the overall directions (up or down) of
differential expressions were consistent between LE and U. Third, it could potentially be a faulty
effect from the LE isolation procedure that the DEGs were expressed mainly in the stromal cells,

which could contaminate the LE during scaping of the LE layer.
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Figure 4. Top 20 GOBP pathways of DEGs between Esr1”~ LE and epiERa”" LE on D0.5 and
D3.5. A. Upregulated in DO0.5 epiERa’~ LE. * Full name: “positive regulation of
phosphatidylinositol 3-kinase/protein kinase B signal transduction”. B. Downregulated in D0.5
epiERo’"" LE. C. Upregulated in D3.5 epiERa”~ LE. D. Downregulated in D3.5 epiERa”~ LE.
E. Venn diagram of DEGs between D0.5 LE and D3.5 LE. F. Top 20 shared upregulated
pathways in D0.5 and D3.5 epiERa”" LE. G. Top 20 shared downregulated pathways D0.5 and
D3.5 epiERo”" LE. The shared DEGs and GOBP pathways were listed in Suppl S4 Excel sheets.

The unshared DEGs in the LE could be uterine epithelial-specific or LE-specific but were
too diluted in the U to show differential expression that could meet the criteria of FC>2 and
FDR<0.05; or they were also expressed in other uterine compartment(s) with significant levels but
without the same direction of differential expression from D0.5 to D3.5. For the unshared DEGs
in the U, they were most likely expressed in the non-LE uterine cells, such as in GE (e.g., Ttr, a
GE specific gene (224)), stromal cells, immune cells, etc.

Comparisons between D0.5 Esr1”" LE and D0.5 epiERa”" LE

These comparisons revealed the effects of additional deletion of one Esr/ allele on gene
expression in D0.5 LE. There were 2,088 DEGs, including 1,198 upregulated DEGs and 890
downregulated DEGs in D0.5 epiERa”~ LE compared to D0.5 Esr1”- LE. GOBP pathway analysis
revealed 515 upregulated pathways and 231 downregulated pathways with p<0.05 (Fig. 4A, 4B,
Suppl S2). Among the top 20 upregulated pathways, 10 (including 8 of the top 9) were related to
immune responses, the other 10 pathways included signal transduction (4), cell adhesion (1), cell
differentiation (1), cell migration (1), apoptosis (2), and gene regulation (1). These data indicated
upregulation of immune responses in the D0.5 epiERa”" LE, therefore, the physiological function
of ERa in attenuating immune responses in the D0.5 LE in response to seminal fluid from mating,
a process involving neutrophils and IL-1f signaling (225). The top 20 downregulated pathways
were related to biosynthetic process (2), metabolic process (2), axon guidance (1), keratinization

(1), immune responses (4), signaling (2), cell adhesion (1), cell migration (1), cell differentiation
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(1), intermediate filament organization (1), calcium ion (1), proteolysis (1), response to estradiol
(1), endocytosis (1). Among the 4 downregulated pathways on immune responses, 2 were negative
regulations of immune responses. The downregulated pathway of “response to estradiol” (13
DEGs) indicated blunted E2-ERa signaling in the D0.5 epiERo" LE.

There is a dramatic reduction of uterine fluid volume, semen liquefaction, and LE height
in the D0.5 epiERa™ uterus (89,206). Keyword search of a few pathways potentially related to
these events yielded the following in the D0.5 epiERa” LE: A. “transport” (17 up, 12 down), such
as upregulation of potassium ion transport (e.g., Hpn, Slc12a2, Slcl2a7), sodium ion transport
(e.g., Scnnla, Scnnlb, Scnnlg, Wnk4, Atp1b1), and endosomal transport, etc.; and downregulation
of chloride transport (e.g., Cftr, Clcal, Clca3a2, Slc5a8, Slc26a9), lipid transport, and xenobiotic
transport, etc. B. “endocytosis” (3 up, 1 down) and “exocytosis” (1 up, 0 down). These molecular
changes indicated increased Na' absorption, decreased Cl- secretion, and increased endocytosis,
which could contribute to the reduced uterine fluid volume in the D0.5 epiERa™ uterus. The key
players in semen liquefaction are prostate-specific antigen or kallikrein-3 (Klk3), and other
kallikrein-related peptidases (226). There were 3 DEGs related to Klk, but only Klk10 had an
average read >2 tpm in at least one of the two D0.5 LE groups. We propose that the reduction of
uterine fluid is a main contributing factor for impaired semen liquefaction in the epiERa™" uterus.
Mechanisms in regulating cell height are complicated. LE height is dependent on the ratio of E2-
ERa signaling and P4-PR signaling. Since P4-PR signaling is not dysregulated in the epiERo™
uterus, blunted E2-ERa signaling in the LE is expected to be the main reason for the shortened LE
in the D0.5 epiERa”" uterus (225). However, when the Esr1”- uterus was ligated to prevent uterine
fluid leakage during dissection, the LE height was reduced (data not shown), indicating that LE

height is also affected by hydraulic pressure.
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It was noticed that in the “GO:0071805~potassium ion transmembrane transport” pathway
upregulated in D0.5 epiERa”~ LE, 11 of the 18 DEGs belonged to the "KCN" gene family that
encode potassium channel proteins. However, all of them had group average reads <5 tpm, with
some of them <1 tpm. Since one exclusion criterium was average reads <1 tpm in all 12 groups,
many DEGs between two groups had average reads <1 tpm in both groups yet still met the criteria
of FC>2 and FDR<(0.05. When analyzing the DEGs and pathways, it is important to pay attention
to the expression levels as well.

Comparisons between D3.5 Esr1”" LE and D3.5 epiERa”" LE

Between D3.5 Esrl”- LE and D3.5 epiERa’" LE, there were 1,634 DEGs, which was
significantly lower than the 2,088 DEGs on D0.5 (p<0.0001) (Fig. 2, Suppl S3). GOBP pathway
analysis of 1,046 upregulated DEGs and 588 downregulated DEGs in the D3.5 epiERa”~ LE
revealed 355 pathways and 223 pathways with p<0.05, respectively (Fig. 4C, 4D, Suppl S2).

The top 20 upregulated GOBP pathways (Fig. 4C) were related to cell division (11), cell
differentiation (2), cell migration (1), apoptotic process (1), cell proliferation (1), protein
phosphorylation (2), transcription (1), and signal transduction (1). None of the upregulated
pathways were related to immune response, which was different from DO0.5. The top 20
downregulated GOBP pathways (Fig. 4D) were related to signaling transduction (3), metabolic
process (2), apoptotic process (2), cell differentiation (1), cell proliferation (2), immune response
(3), endocytosis (1), transcription (1), protein glycosylation (1), intracellular calcium ion
homeostasis (1), extracellular matrix organization (1), associative learning (1), and bone
mineralization (1).

Keyword search of immune-related pathways: “innate” (1 up, 1 down), “defense” (1 up, 1

down), “neutrophil” (1 up, 0 down), “cytokine” (2 up, 5 down), “inflammation” (0 up, 0 down),
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“leukocyte” (0 up, 0 down), “T cell” (4 up, 3 down), “B cell” (0 up, 1 down). These data revealed

that unlike in D0.5 LE, immune regulation does not seem to be a top function of ERa in the D3.5
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of the 84 shared upregulated GOBP pathways were related to Na*, and all 4 pathways included the
three DEGs, Scnnla, Scnnlb, and Scnnlg, which encode for the three subunits of epithelial sodium
channels (ENaC). ENaC plays essential roles in Na® absorption through apical membranes of
epithelial cells to create osmotic gradient for water absorption. This observation indicates that
unlike the temporal function of ERa in innate immune regulation during early pregnancy, ERa in
LE has a persistent function in regulation uterine fluid movement during early pregnancy.
Confirmation of selected DEGs

Six DEGs between D0.5 Esr17- uterus and D0.5 epiERo~ uterus and with average levels
>100 tpm in the D0.5 Esrl/~ uterus were selected. Realtime PCR of these selected DEGs was
performed in a new set of uterine samples using B-actin (Actb) as the loading control for
normalization. All the 6 selected DEGs between D0.5 Esr 1/ uterus and D0.5 epiERo~ uterus were
confirmed (Ly6a, Prapl, Sprr2a3, and Sprr2d) or shown similar trend of differentiation expression
(Clcal, Mmp7). The general trend of differential expressions of these genes in D3.5 uterus was
also consistent between mRNA-seq and realtime PCR (Fig. 5).

One DEG, Foxa2/FOXA2, was confirmed in the Esr I/~ uterus and epiERa” uterus on D0.5
and D3.5 (206). Two additional DEGs between D0.5 Esrl”- uterus and D0.5 epiERo’" uterus,
CLCA1 and S100A8, that was downregulated and upregulated in the D0.5 epiERa’" uterus,
respectively, and that we had specific antibodies for IHC, were detected in D0.5 and D3.5 uteri.
The protein levels were consistent with the directions of mRNA differential expression in the
mRNA-seq. CLCAL is a small zinc-dependent metalloprotease that activates calcium dependent
chloride currents and is abundantly expressed throughout different epithelial tissues (227). It was
highly detected in the D0.5 Esrl”- uterine epithelium (Fig. 6A-Al), showed reduction in some

region of the D0.5 epiERa”" uterine epithelium (Fig. 6C-C1), and dramatically reduced in D3.5
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CLCA1

Esr1f-

S100A8

epiERa’*

Figure 6. Immunohistochemistry detection of CLCA1 (A-D1) and
S100A8 (E-H1) in Esrl’" uterus and epiERa”~ uterus on D0.5 and
D3.5. No specific signal in the negative control (I-I1). Al-I1,
enlarged from the boxed area in A-I, respectively. LE, uterine
luminal epithelium; GE, glandular epithelium; Str, Stroma; Scale bar,
400 pm in A-I, and 100 pm in A1-I1.

uterine epithelia of both genotypes, but higher levels were observed in epiERa” LE and GE
compared to Esrl” (Fig. 6B-B1, 6D-D1). S1I00AS is a calcium binding protein important in
inflammatory signaling of leukocytes, such as neutrophils and monocytes. There was intense
staining of S1I00AS in leukocytes, which were present in the D0.5 Esr1”- LE (Fig. 6E-E1), and

there was enhanced leukocyte recruitment in the D0.5 epiERa”" LE (Fig. 6G-G1). They were
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occasionally detectable in the D3.5 Esr17- uterus and epiERa”" uterus (Fig. 6F-F1, 6H-H1). Since
S100AS8 level in the LE was minimal, we expect that the upregulation of S7/00a8 mRNA in the
DO0.5 epiERa’- LE mRNA-seq data is mainly contributed by the enhanced leukocyte recruitment
in the LE layer (Fig. 6G1), instead of its expression in the D0.5 epiERo’ LE cells, per se. This
observation may also apply to some other innate immune-related DEGs that are upregulated in the
DO0.5 epiERo"" LE. No specific signal was detected in the negative control (Fig. 6I-I1). These
observations were consistent with the temporal function of ERa in regulating uterine immune
responses (225).

This mRNA-seq dataset provides a general view of the DEGs. There were more DEGs
between D0.5 and D3.5 Esr1”~ LE than between D0.5 and D3.5 Esr/- U; LE DEGs and U DEGs
shared more downregulated DEGs (prominently in innate immune response) than upregulated
DEGs (Fig. 3E). There were more DEGs in D0.5 epiERa”" LE than in D3.5 epiERa”~ LE compared
to their respective Esr1”- LE, and with <20% shared DEGs. This mRNA-seq dataset also provides
molecular clues on uterine dynamics, especially in the uterine lumen, e.g., uterine fluid volume,
which we hypothesize to contribute to semen liquefaction and its dysregulation leads to defective
semen liquefaction in D0.5 epiERa” uterine lumen (89); and LE, such as LE height and immune
cell infiltration, during early pregnancy; as well as the critical and temporal functions of uterine

epithelial ERa in regulating these uterine dynamics.

Data Availability

The mRNA-seq data will be deposited into Gene Expression Omnibus (GEO).
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4.5 SUPPLEMENTARY INFORMATION

Materials and Methods

Mouse breeding: Esrl” (control) and epiERa” female mice were generated via mating
between Esr1/ females and Esr1”-Wnt7a“"" males (206). Because of the expression of Wnt7a in
male germ cells (145), all offspring from this mating scheme carry one Esr/ null allele and epiERor
~ mice have the other Esr/ allele deleted in Wnt7a-expressing cells, including uterine epithelium.
All mice were maintained on Labdiet mouse chow 5053. They were housed in polypropylene cages
with free access to food and water on a 12 h light/dark cycle (0600—1800) at 23+1°C with 30-50%
relative humidity. All methods used in this study were approved by the University of Georgia
Institutional Animal Care and Use Committee (IACUC) and conform to National Institutes of
Health guidelines and federal law.

Tissue collection, LE isolation, and RNA isolation: Virgin Esr1’- and epiERa”~ female mice
at ~2-6 months old were mated with wild type stud males (Esr1// or C57BL/6). They were checked
every morning for the presence of a vaginal plug, an indication of mating activity during the
previous night. The day of plug identification is defined as day 0.5 post-coitum (DO0.5). The
plugged females were separated from the stud males and randomly assigned into D0.5 and D3.5
time points, with same genotype littermates assigned into different timepoint groups. There were
four groups of mice: D0.5 Esrl”- group, D0.5 epiERa”~ group, D3.5 Esrl”- group, and D3.5
epiERa”~ group. The mice were dissected at 11~12 h on both days. For each uterus, Y of one
uterine horn was fixed in 10% formalin and Y4 of the other uterine horn was flash-frozen on dry-
ice, designated as “U” (uterus), the remaining % uterine horns connected by the cervix were slit

open, immersed in 0.5% dispase (REF#17105-041, gibco, Waltham, MA, USA) in 1xHBSS buffer
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without calcium or magnesium (REF#1415-052, gibco, Waltham, MA, USA) for 30 min in a 6-
cm culture dish, modified from our previous procedure (208-210). To determine the effects of
enzymatic digestion process on uterine gene expression, we collected a small piece of digested
uterine tissue prior to being processed for LE isolation. The small piece of digested uterine tissue
was frozen on dry-ice and designated as “DU” (digested uterus). The LE layer in the remaining
uterine tissue was gently scraped. The dislodged LE sheets were collected into a 1.5 ml
microcentrifuge tube using a 200 pl pipette tip under a dissection microscope, centrifuged at 2000g
for 3 minutes. Upon the removal of the buffer, I ml of TRIzol (REF# 15596018, Invitrogen,
Carlsbad, CA, USA) was added to the LE pellet, which was gently vortexed to disperse the LE
pellet, and kept at -20°C. The U and DU tissues were carefully powdered in liquid N2 using a
mortar and pestle, collected into a 1.5 ml microcentrifuge tube, in which 1 ml of TRIzol was added,
and upon gentle vortexing to disperse the uterine powder, the tube was kept at -20°C. At the
conclusion of tissue collection, the LE, DU, and U samples in TRIzol were processed as one batch
per tissue for total RNA isolation.

Table 4.1. RINs for all samples (Bolded ones were selected for mRNA-seq; grey ones were outliers based on LE

heatmap)

DO0.5 Esrl” U DU LE DO.5 epiERa™ U DU LE
CEl 6.1 9.2 8.5 E21 7.6 1 8.3
CE2 9.1 1 7.8 E22 6.5 1 7.9
CE3 8.6 1 8.9 E23 2.4 8.5 7.4
CE4 8.6 1 8 E24 1 8.7 8

CE5 8.6 9.3 8.4 E25 5.8 7.7 7.8
CE6 4.8 9 9.1 E26 7.1 8.7 7.2
CE7 7.4 1 9 E27 7.6 5.6 7.5
CES8 7.2 8.9 7.5 E28 9.1 49 8.2
CE9 6.8 8.3 7.8 N 4 3 7

N 6 4 9

D3.5 Esrl” U DU LE D3.5 epiERa™ U DU LE
CEll 9.4 10 7.8 E31 9 8.4 7.6
CE12 9.4 10 1 E32 9 7.6 8.1
CE13 9.5 8.7 1 E33 9.8 5.8 8.1
CEl4 6.5 9.4 6.6 E34 7.1 8.8 8.1
CEl5 5.9 9 6.4 E35 7.2 9.2 7.9
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CE1l6 8.7 9.1 7.1 E36 5.8 9.2 6.9

N 5 3 4 E37 7.1 1 8
E38 9.1 8.8 7.1
N 5 3 6

mRNA-seq: The total LE, DU, and U RNA samples from D0.5 Esr//- mice, D0.5 epiERo
~ mice, D3.5 Esrl’- mice, and D3.5 epiERo” mice (total 12 groups) were sent to Novogene
(Durham, NC, USA). All the LE samples that passed QC test and with sufficient total RNA were
selected for mRNA-seq, including 9 D0.5 Esr1’- mice (CE1-CE9), 8 D0.5 epiERa”" mice (E21-
E28), 6 D3.5 Esrl”- mice (CE11-CE16), and 8 D3.5 epiERa” mice (E31-E38). The preferred
criteria for selecting U and DU samples included: 1) passing the QC test, 2) with sufficient total
RNA, and 3) with U, DU, and LE samples from the same mouse meeting the first two criteria.
Since only limited samples met criterium 3, additional U samples that only met criteria 1 and 2
were also selected for mRNA-seq (Table 1). Out of the 64 selected samples, 62 had RNA Integrity
Number (RIN, Agilent 2100) >6.0, and the other 2 had RINs of 5.6 and 5.8. All the selected LE
samples had RIN >6.4. NovaSeq PE150 (20M PE150 reads) mRNA-seq was performed. A
preliminary heatmap of all the 28 LE samples indicated two outliers, LE-E28 and LE-E38.
Therefore, these two LE samples and their associated U and DU samples were excluded from the
final mRNA-seq data analyses. The final 59 samples included 26 LE, 13 DU, and 20 U samples.
Among them, there were N=3-4 mice in each group having all LE, DU, and U samples (Table 1).

mRNA-seq data analyses: The kallisto tool (211) was applied to quantify the expression
information from the sequencing data. Only the genes with mean tpm>1 in at least one group were
retained for further analysis. The edgeR tool (212) was applied to identify the differentially
expressed genes (DEGs). Only the genes with fold change (FC) > 2 and false discovery rate (FDR)

< 0.05 were deemed differentially expressed. The David tool (213) was applied to perform the
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pathway/gene ontology analysis with a focus on the Gene Ontology Biological Process (GOBP)
pathways.

Table 4.2. Sequences of primers for realtime PCR.

Gene symbol Entrez gene name Sequence (Foreward [F] and Reverse [R]) 5'—3'

Actb Beta actin F: TGGAATCCTGTGGCATCCATGAAAC

R: TAAAACGCAGCTCAGTAACAGTCCG

Clcal Chloride channel accessory 1 F: AACAACAACGGCTATGAGGG

R: ATGGACAAAGGTCCTGTCTTGT

Ly6a Lymphocyte antigen 6 family member A F:GACCCTGGAGGCACACAGCC

R:CATGTGGGAACATTGCAGGACCCC

Mmp7 Matrix metallopeptidase 7 F: AGAAGTTCTTTGGCCTGCCC

R: GGAAGTTCACTCCTGCGTCC

Prapl Proline-rich acidic protein 1 F:GGCACCTGGACCCTGAGAT
R:CCAGGTCATGGCATCTGGAC
Sprr2a3 Small proline-rich protein 2A3 F: CTCCGGAGAACCTGATTCTGA

R: GCTATGGAGTCGGTGAGGTG

Sprr2d Small proline-rich protein 2D F:GTCCCCCTCCCTCATGCCAGC

R: CTCTGCAGCCCCTTGACACC

Realtime PCR: To confirm mRNA-seq gene expression, an additional set of uterine
tissues from D0.5 and D3.5 Esr1” and epiERa”" mice were collected and flash-frozen, N=4-
8/group. The frozen uterine tissues were carefully pulverized in liquid nitrogen using a mortar
and pestle, the pulverized and frozen uterine powder from each sample was carefully collected
into a 1.5 mL microcentrifuge tube with 1 mL of TRIzol (Cat. 15596026, ThermoFisher), which
was vortexed to disperse the powdered uterine tissue. The mortar and pestle were carefully
cleaned with 100% ETOH for processing the next uterine sample. All the uterine samples in
TRIzol were kept at -20°C until processed for total RNA extraction as a batch. Total RNA was
extracted following the manufacturer’s instructions, in a similar manner as per mRNA-seq data
collection. and cDNA was reverse transcribed from 1 ug RNA using iScript cDNA Synthesis Kit
(1708891; BioRad, Hercules, CA, USA). Primer pairs for selected genes (Table 2), including ion

transport, chloride channel accessory 1 (Clcal); immune signaling, lymphocyte antigen 6 family
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member a (Ly6a) and matrix metalloproteinase 7 (Mmp?7); proline rich acidic protein 1 (Prapl)
and members of the small proline rich protein family (Sprr2a3 and Sprr2d); and loading control
B-actin (Actb), were designed in different exons. Realtime PCR was performed in 384 well plates
using the SSO Universal Sybr Green Supermix (1725271; BioRad, Hercules, CA, USA).
Realtime PCR data were quantified using 2 22T method (228). The relative mRNA expression
level of each gene was normalized by -actin and then to the relative average mRNA expression
level in the D0.5 EsrI/ uteri, which was set at 1.0, was calculated.

Immunohistochemistry (IHC): Gene expression changes were confirmed at a protein level
via immunohistochemistry. In brief, formalin-fixed paraffin embedded uterine cross sections
were deparaffinized and subjected to antigen retrieval in 0.01 M sodium citrate (pH 6.0) at 95°C
for 20 min. Sections were washed in 1x TBS with 0.15% Triton X-100, and were subsequently
blocked with 3% H2Ozin 1x TBS, 10% goat serum in 1x TBS, then Avidin Biotin Blocking Kit
(SP-2001; Vector Laboratories, Newark, CA, USA). Primary antibodies: anti-Forkhead box
protein A2 (FOXA2) (1:200; EPR4466; OriGene, Rockville, MD, USA), anti- Chloride channel
accessory 1 (CLCA1) (1:200; EPR12254-88; abcam, Cambridge, UK), anti- S100 calcium
binding protein A8 (S100A8) (1:200; E4F8V; Cell signaling, Danvers, MA, USA) in 1% BSA
(A7906; Thermofisher, Waltham, MA, USA), or just 1% BSA for the negative controls, were
applied to slides and incubated in a humidified chamber at 4°C overnight. The next morning,
slides were washed in 1xTBS and incubated at room temperature with a biotinylated goat-
secondary antibody (1:1000; BA-1000; Vector Laboratories, Newark, CA, USA) for one hour,
then with VECTASTAIN Elite ABC-HRP reagent (PK-7100; Vector Laboratories, Newark, CA,
USA) for 30 minutes, and finally with a DAB substrate kit (SK-4100; Vector Laboratories,

Newark, CA, USA) until adequate color change occurred. Uterine sections from different groups
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of mice were placed on the same slides for direct comparison. Images were captured on the same
exposure settings using a Zeiss Axiocam 820 color camera. The presented images had a
consistent resolution of 300 pixels/inch?.

Statistical analysis: Two-tail, unequal variance student’s t-test was used for selected
individual gene expression in tpm from mRNA-seq and realtime PCR data. The data were
expressed as Mean+STD for mRNA-seq and Mean+SEM for realtime PCR. Two-tail, Chi-square

test was used to compare the rates. The significant level was set at p<0.05.
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CHAPTER S
UTERINE EPITHELIAL ERa TEMPORALLY REGULATES
PREIMPLANTATION UTERINE IMMUNITY INVOLVING IL-1p

SIGNALING

Jonathan Matthew Hancock, Taylor Elijah Martin, Yuehuan Li, Skyler Owens-Gonzalez, Declan

James Gresham, Tong Zhou, Wendy Watford, and Xiaoqin Ye To be submitted to Reproduction.
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5.1 ABSTRACT

Estrogen receptor a (ERo/Esr!) is essential for uterine functions in early pregnancy. The
uterus has a dynamic immune environment, including transient endometrial inflammation in
response to post-coital seminal fluid. Uterine epithelium is the first contact for uterine lumen
contents, such as seminal fluid. We hypothesized that uterine epithelial ERa regulates the uterine
immune response to seminal fluid and tested it in a naturally mated uterine epithelial ERa-deficient
epiERo”" (Esr1” Wnt7a“"**) mouse model. We employed immunohistochemistry, mRNA-seq,
flow cytometry, and cytokine analysis to demonstrate altered immunity at cellular, mRNA, and
protein levels in the epiERa” preimplantation uterus. There is a sharp decline of neutrophils from
day 0.5 post-coitus (D0.5) to D3.5 in both EsrI”- control and epiERa” uteri. The D0.5 epiERa"
uterus has approximately 7-fold neutrophils in the LE layer and 1.5-fold neutrophils in the stromal
layer compared to the D0.5 Esr1”- uterus. The D0.5 epiERo” uterus also has varied density of
neutrophils in the un-liquified semen that inversely correlated with neutrophil accumulation in the
sub-epithelial region. Dysregulation of mRNA levels of immune genes, especially upregulation of
inflammatory cytokines in the epiERa” LE, was noted. Dysregulation of genes in the IL-1pB
signaling pathway, a potent pro-inflammatory cytokine signaling pathway involved in mating-
induced uterine inflammation, was observed in the uterine tissue and uterine flush. These findings
demonstrate the essential function of uterine epithelial ERa in controlling mating-induced
inflammation in the LE, stromal layer, and uterine lumen, and highlight the IL-1p signaling

pathway among the molecular mechanisms involved in regulating uterine inflammation.

85



Key words: Uterine epithelial ERa, early pregnancy, neutrophil, inflammation, IL-1

signaling

5.2 INTRODUCTION

Uterine functions during early pregnancy are orchestrated by the master regulators estrogen
(E2) and progesterone (P4), which are mainly mediated by estrogen receptor a (ERa/Esr/) and
progesterone receptor (PR/Pgr) in the uterus, respectively (53,128,201). Key early pregnancy
events include fertilization, embryo development and transport, and embryo implantation. A
prerequisite for fertilization in a natural pregnancy is the timely migration of sperm through the
uterus to the oviduct/Fallopian tube. A prerequisite for embryo implantation is the transient
readiness of the uterus, especially the uterine luminal epithelium (LE), for embryo attachment to
form the initial maternal-embryo interface (128). Defective embryo implantation is a main cause
of infertility and early pregnancy loss (229). Sperm are allogeneic and an embryo is semi-
allogeneic to the biological mother-to-be and allogeneic to a surrogate woman. How uterine
immune status is temporally regulated to provide a conducive environment for sperm and embryo
during early pregnancy remains poorly understood.

The uterine cellular immune profile is dynamic. Immune cell trafficking and transient
endometrial inflammation in response to post-coital seminal fluid are normal uterine processes
(94,230-237). However, chronic endometrial inflammation (e.g., due to endometritis, the use of
intrauterine device, and hydrosalpinx, etc.) is correlated with increased embryo implantation
failure (238-241). Therefore, a controlled uterine immune environment is essential for the success

of early pregnancy. In the uterine endometrium, the dominant immune cells are those of the innate
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immune system, such as neutrophils, macrophages, NK cells, and dendritic cells. T cells, but not
B cells, also have a significant presence in the endometrium (233,236).

E2-ERa and P4-PR signaling are known to regulate the uterine immune environment (242-
244). It remains to be investigated how they temporally and coordinately regulate the uterine
immune environment to prepare for the passage of the allogeneic sperm as well as for the
development, transport, and implantation of an embryo into the uterus. Deficiency of PR in the
Wnt7a-positive epithelium of the female reproductive tract of epiPR” (Pgr’ Wnt7a“"*) mice does
not seem to affect sperm migration and fertilization, although a recent report indicated delayed
embryo development and embryo transport into the uterus (245). Nevertheless, there is still
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sperm migration to the oviduct, Ejgyre 1. Experimental design. A. Mating schedule.

Esr17" (control) and epiERo” mice are mated with stud
males and checked for a vaginal plug every morning.
The day of vaginal plug presence was defined as day
0.5 post-coitum (DO0.5). The mice were dissected ~11-
12 hon D0.5 and D3.5. B. Scheme of uterine dissection
for different assessments in uterine immunity.

embryo survival and transport in the
oviduct, to uterine receptivity for
embryo implantation
(89,119,174,203). Enhanced
neutrophil infiltration has been observed in the D0.5 epiERa” vagina (181) and the un-liquified

A

semen in the D0.5 epiERa™" uterine lumen (206). This study focused on the cellular and molecular
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mechanisms of how uterine epithelial ERa temporally regulates the uterine immune environment

A

during early pregnancy using the epiERa”" mouse model.

5.3 MATERIALS AND METHODS

Detailed information of “Materials and Methods” is in Supplementary S1. Esr17- (control)
and epiERo”" female mice were generated via mating between Esr 1/ females and Esr 1" Wnt7a“*
males (206,246). There were 2 genotypes (Esr1’ & epiERa”) x 2 time points (D0.5 & D3.5) x 2
tissues (uterine tissue and uterine flush) for a total of 8 groups for flow cytometry and cytokine
analysis. Two-tailed unequal variance Student’s t-test and and Kruskal-Wallis test by ranks were

used for comparisons with a significant level set at p<0.05.

5.4 RESULTS AND DISCUSSION

Spatiotemporal regulation of uterine immune cells by uterine epithelial ERo. in mouse
preimplantation uterus.

All Esr/”" control mice had uterine distention and easily drainable uterine fluid (Fig. 2A) that was
absent in all the D0.5 epiERa’ mice examined (Fig. 2B), which instead had viscous content in the uterine
cavity. Genotypes were confirmed by PCR of tail DNA and immunochemistry (IHC) detection of ERa (Fig.
2C-2F). Cross-sections of D0.5 epiERo" uteri often showed un-liquified semen in the uterine cavity that
was not seen in the D0.5 Esr/ uterine cavity (Fig. 2C-2D1) as reported (89,206). The LE height was
significantly reduced in the D0.5 epiERa™ uterus (Fig. 2C1-2D1, 2G), an indication of blunted E2-ERa
signaling. However, when D0.5 Esr1”" uterine horns were ligated before dissection to prevent the leakage
of the contents in uterine lumen during dissection, there were un-liquefied semen, sperm, and neutrophils

in the D0.5 EsrI”" uterine lumen (data not shown).
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We previously observed extensive immune cell infiltration in the uterine lumen of some D0.5 epiERa™

Esr1?-

mice, but not D3.5 epiERa” mice (206). Therefore, we surveyed the
immune cells using CD45 (protein tyrosine phosphatase receptor type C, or
PTPRC), a major transmembrane glycoprotein expressed on all nucleated
hematopoietic cells and a pan-leukocyte cell marker. IHC detected CD45+
cells throughout different uterine layers with the densest presence in the
stromal layer compared to the myometrial and LE layers of D0.5 Esr1”" and
epiERa’ uteri (Fig. 3A-3C1). In the D0.5 Esrl”" uterine lumen, there were
rarely any CD45+ cells due to leakage of uterine contents during dissection.
In the D0.5 epiERo”" uterus, the contents in the uterine cavity were largely
retained due to lack of uterine fluid (Fig. 2B) and possibly impaired semen
liquefaction (89,206). In the uterine sections through un-liquified semen,
some areas were filled with CD45+ cells (Fig. 3B, 3B1) while others had

sparse CD45+ cells (Fig. 3C, 3C1); the latter showed accumulation of
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CD45-positive cells in the sub-LE region (Fig. 3Cl1),
consistent with Fig. 2D1. In the D3.5 EsrI”" and epiERa™
uteri (Fig. 3D-3F), CD45+ cells were rarely detected in the
uterine lumen, occasionally seen in the LE layer, and
enriched in the stromal layer without obvious
accumulation in the sub-LE region. There were less
CD45+ cells in D3.5 endometrium compared to DO0.5
endometrium regardless of genotypes (Fig. 3A-3F). This is

consistent with the mRNA-seq data that “innate immune

Figure 2. Assessment of D0.5 Esr//” and
epiERa’ uterus. A & B. Representative
D0.5 Esrl” (A) and epiERa™ (B) uterine
images. C-D1. Immunohistochemical
detection of ERa in D0.5 Esrl”" uterus (C,
C1) and epiERa" uterus (D, D1). C1 and
D1: enlarged from the boxed area in C
and D, respectively. E & F: serial sections
of C and D as negative control (NC). LE:
uterine luminal epithelium; Str: stroma;
red *: un-liquified semen; red arrow:
accumulation of polymorphonuclear
neutrophils in the LE subepithelial region;
scale bar: 200 um (C, D, E, & F), 25 pym
(C1 & D1). G. Relative uterine LE height
on DO.5. Error bar, STD; * p<0.05; N=5-
6.

response” and “inflammatory response” are the top two downregulated Gene Ontology Biological Process

(GOBP) from D0.5 to D3.5 in both LE and uterus of both Esr/”" and epiERa’ mice (246). The immune

cells in the post-mating uterine lumen are predominantly neutrophils, which play an essential role in
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eliminating sperm by 20 hours post-mating in mice (247). We detected ELANE, a neutrophil marker, in the
uterus (Fig. 3G-3L). There were less ELANE+ cells (Fig. 3G-3G1) than CD45+ cells (Fig. 3A-3A1) in the
DO0.5 Esrl”” endometrium, which did not show obvious ELANE+ cell accumulation in the sub-LE region
or uterine lumen due to leakage of uterine contents during dissection.
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Figure 3. Immunohistochemistry detection of CD45+ (A-F) and ELANE+ (G-L) cells in D0.5 and D3.5
uteri. A and G: D0.5 Esr/” uterus. B and H: D0.5 epiERa”" uterus with extensive polymorphonuclear
neutrophil infiltration in the un-liquified semen. C and I: D0.5 epiERa™ uterus with scattered neutrophil
infiltration in the un-liquified semen and accumulation of neutrophil in the subepithelial region. A1-I1:
enlarged from the boxed area in A-I, respectively. D and J: D3.5 Esr/’ uterus. E-F and K-L: D3.5
epiERa’ uteri. Yellow dotted line: outlining LE; red *: un-liquified semen; red arrow: neutrophil
accumulation in the sub-LE region; scale bar: 200 um (A-C, G-I), 50 pm (A1-C1, G1-11, D-F, J-L). M.
Quantification of ELANE+ cells in the uterine cross-sections. Endo: endometrium; Str: stromal layer;
LE: uterine luminal epithelium; error bar: standard deviation; N=4-5; * p<0.05 & red # p<0.1, compared
to Esrl”" control.

In the D0.5 epiERa™" uteri, parallel ELANE+ cell distribution patterns were observed as those of CD45+
cells (Fig. 3B-3C1), ranging from dense neutrophils in un-liquified semen in the uterine lumen but no
obvious neutrophil accumulation in the sub-LE region (Fig. 3H-3H1), to sparse neutrophils in the un-

liquified semen but neutrophil accumulation in the sub-LE region (Fig. 31-311). ELANE+ cells were sparse
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in the D3.5 Esrl” and epiERo" uteri (Fig. 3D-3F,3J-3L). ELANE expression in the LE was minimal (Fig.
3G-3L). ImagelJ quantification of uterine cross-sections indicated approximately twice as many ELANE+
cells in the D0.5 epiERa’ endometrium (Fig. 3M), which includes the stromal layer and LE layer, compared
to D0.5 Esrl” endometrium; and there was a spatial difference as ELANE+ cells in the D0.5 epiERa™
stromal layer was ~1.5-fold as many while that in D0.5 epiERa”" LE was ~7-fold as many of that in D0.5
Esrl”” LE. A similar patten was also observed when the endometrium and stromal layer were normalized
by areas (Fig. 3N-30) and the LE was normalized by its length (Fig. 3P) instead of area to avoid the
confounding factor of shorter LE height in D0.5 epiERo”” endometrium (Fig. 2G). These observations
suggest that ERa-deficiency in the uterine epithelium lowers the threshold for neutrophil migration to LE,
meanwhile, it also appears to have a paracrine effect on the stromal layer with increased neutrophils.
mRNA-seq indicates increased innate immune response and neutrophil signature in D0.5 epiERa”" LE
The mRNA-seq data indicated that “inflammatory response” was the top GOBP pathway
upregulated in D0.5 epiERo’” LE compared to D0.5 Esrl”" LE, and 8 of the top 9 upregulated GOBP
pathways in D0.5 epiERa”" LE were related to immune responses, especially the innate immune responses
(246). We surveyed D0.5 LE DEGs with an average tpm>10 in at least one D0.5 LE group, FC>2, and
FDR<0.05 in the mRNA-seq dataset for a few major families of cytokines and chemokines as well as
receptors. 1) Chemokine (C-C motif) ligands (CCLs) and receptors included: Ccl3, Ccl4, Ccl6, Ccl20,
Ccl28, and receptors Ccrl and Cecrl2 (C-C motif chemokine receptor like 2) (Fig. 4A). 2) Colony
stimulating factors (CSFs) and receptors included: No CSF genes but CSF receptors Csf1r, Csf2rb, Csf3r
were identified as DEGs with the dominant ligand and receptor being Csf3 and Csf3r in D0.5 LE (Fig. 4B
& data not shown). 3) Chemokine (C-X-C motif) ligands and receptors included: chemokines Cxc/1, Cxcl2,
Cxcl3, Cxcl5, Cxcll5, Cxcll7; and receptors Cxcr2, Cxcr4 (Fig. 4C, 4D). 4) Interferons (IFNs): Ifne
(interferon epsilon) but no IFN receptor DEGs (Fig. 4E). 5) Interleukins (ILs): //1a, 1115, 114il, 1134, 1136b;
and receptors and related proteins //1rl, Il1r2, llirap, Il1rn, Il4ra, 1118r1 (Fig. 4F). 6) Tumor necrosis

factors (TNFs): Tnfaip2, and Tnfsf9 (Fig. 4G). Among the 31 DEGs above, 25 were upregulated and 6 were
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downregulated in the D0.5 epiERa” LE. The downregulated DEGs included Ccl28, Cxcll7, Ifne, Illa,
1136b, and Il1r1. CCL28 and CXCL17 are mucosal chemokines (248,249). The majority of the upregulated
DEGs in D0.5 epiERa’” LE were dramatically downregulated in the D3.5 EsrI”" and epiERo”" LE (Fig. 4),

indicating the suppression of innate immunity from DO0.5 to D3.5. Most of these cytokines / chemokines
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Figure 4. Differentially expressed genes (DEGs) in DO0.5 epiERo”" uterine luminal epithelium (LE)
related to cytokine, chemokine, and their receptors, and IL-1p signaling. Criteria: transcripts per million
(tpm) in at least one D0.5 group >10, fold change >2, and false discovery rate (FDR) <0.05. Both D0.5
and D3.5 data were included. A. Chemokine (C-C motif) ligands (CCLs) and receptors. B. Colony
stimulating factors (CSFs) and receptors. C. Chemokine (C-X-C motif) ligands. With loading controls
Actb and Rpl7 and graph legends for all panels. D. CXCL receptors. E. Interferons (IFNs). F.
Interleukins (ILs) and receptors. G. Tumor necrosis factors (TNFs). H. NACHT, LRR and PYD domain-
containing protein 3 (NLRP3). H. Intercellular adhesion molecules (ICAMs). J. S100 family genes.
Error bar, standard deviation; N=4-9; * FDR<0.05 compared to same time point Esrl” control, with
black star indicating upregulation and red star indicating downregulation.
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and their receptors DEGs in D0.5 epiERa”” LE were no longer DEGs in D3.5 epiERa™ LE, indicating the
temporal functions of uterine epithelial ERa in regulating innate immunity.

Components of the IL-1B signaling pathway are among the upregulated DEGs in D0.5 epiERa™
LE (Fig. 4). 111h, which encodes IL-1p (interleukin-1 beta), the quintessential innate immune cytokine and
a potent pro-inflammatory cytokine (250), has the highest tpm among all interleukin DEGs in the DO0.5
epiERa’” LE (Fig. 4F and (246)) and is accompanied with upregulation of 7//r2 (interleukin-1 receptor type
2), ll1rap ( IL-1 receptor associated protein), ///rn (IL-1 receptor antagonist, likely as a compensatory
mechanism), but downregulation of ///r/ (Fig. 4F, 4H). The inflammasome cleaves pro-IL-1p into its
mature, secreted form IL-1f, which in turn signals the recruitment of neutrophils, the ‘first responder’ innate
immune cells. Accordingly, Nirp3 (NACHT, LRR and PYD domain-containing protein 3), a sensing
component of the multimeric inflammasome complex (251), was increased in D0.5 epiERa”” LE (Fig. 4H).
IL-1p can induce the expression of multiple downstream cytokines and chemokines (e.g., CXCL1, CXCL2,
and CXCLS5) (252-254), and their mRNA levels were upregulated in D0.5 epiERa” LE (Fig. 4C). The
upregulation of neutrophil-mobilizing cytokines and/or their cognate receptors, e.g., CSF3R (no ligand
DEG) and CXCR?2 (Fig. 4B, 4D), coordinately promote neutrophil development and recruitment from the
bone marrow (255-257). IL-1p signaling can also regulate or be regulated by other gene products identified
as DEGs, such as Icam (intercellular adhesion molecule) genes (Fig. 41) and §700 genes (Fig. 4J). SI00AS8
and S100A9 are abundantly expressed by neutrophils and promote inflammation by serving as potent
neutrophil chemoattractants (258,259), and their expression can be induced by pro-inflammatory cytokines
such as IL-1B. S100AS is a marker for neutrophils and monocytes. Monocytes from the bloodstream will
differentiate into macrophages, which have a much lower presence than neutrophils in the cycling mouse
uterus (230); therefore, it is expected that anti-S100A8 antibody detects mainly neutrophils in the mouse
uterus. Indeed, S100A8+ cells had comparable distributions to ELANE+ cells in the uterine serial sections
(data not shown and Fig. 3G-3L). Since S100AS (similar as ELANE (Fig. 3G-3L)) had basal expression in
the LE, it suggested that the upregulation of S700a8, and potentially other neutrophil-related genes, in the

DO.5 epiERo”” LE is primarily attributed to the enhanced presence of neutrophils (Fig. 3M-3P). These data
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demonstrate an essential role of uterine epithelial ERa in regulating the D0.5 uterine immune environment,
partially via IL-1p signaling.

111b was reported to be one of the most specific and most upregulated cytokines in the mouse
endometrium in response to sperm from mating in another study (260). The DEGs (criteria of FC>1.4 and
FDR<0.05) in this cited study (260) were between D0.5 (@8 h) endometrium (mated with vasectomized
mice and/or intact mice) and estrus endometrium of CBAF1 wild type mice (260). In our study, the DEGs
(criteria of FC>2, tpm>10, and FDR<0.05) were between Esr/~ LE and epiERa” on D0.5 (@11 h) (Fig.
4). From these two datasets, we identified several common cytokine DEGs: Ccl3, Ccl20, Ccl28, Cxcll,
Cxcl2, Cxcl5, and Il1a; however, Ccl28 and Il1a were downregulated in D0.5 epiERa'/ " LE compared to
D0.5 Esrl”” LE (Fig. 4A,4F), while they were upregulated in the D0.5 control endometrium compared to
estrus endometrium (260). Cc/20 was the most highly upregulated CCL among the D0.5 epiERa’” LE DEGs
(Fig. 4A). CCL20 was upregulated in seminal exosomes-treated porcine endometrial epithelial cells, and
both CCL20 and CXCL?2 were upregulated in the naturally mated pig endometrium (261). In response to
male factors from mating, the endometrium enters an inflammatory state as a normal physiologic response
(94,235). In the DO0.5 epiERa’ LE, the further enhanced proinflammatory signaling pathways, including
IL-1P, indicate the essential function of uterine epithelial E2-ERa in regulating the transcription of
proinflammatory genes to control post-mating inflammation. However, the DEGs in our study (Fig. 4)
suggest that a feedback system might be in action. IL-1p signaling is mainly mediated by IL-1R1 and
negatively regulated by IL-1R2, which lacks an intracellular Toll/IL-1R (TIR) domain essential for
signaling. The downregulation of ///r] and upregulation of ///r2 and //1rn may involve other regulatory
mechanisms to achieve a new state of checks and balances. This speculation could be supported by ChIP-
seq datasets, which indicate that these DEGs also have putative binding sites for progesterone receptor (PR)
(Suppl Table S1) (195,262). Estrogen-ERa signaling and progesterone-PR signaling are the master controls
of uterine functions (207).

We surveyed two publicly available ChIP-seq datasets: GSE200807 (262) includes human uterine

epithelial organoids (N=2 donors) treated with E2+MPA for multiple days (with ERa and PR ChIP-seq),
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and human endometrial biopsies from proliferative phase and mid-secretory phase (with ERa ChIP-seq),
respectively; and GSE36455 (195) includes 1 h E2-treated ovariectomized (OVX) mouse uterine tissues
(with ERa ChIP-seq). Although none of these settings were similar to D0.5 Esr/”" and epiERa™ LE or
uterus, they may provide clues to potential direct ERa and/or PR target genes. We used the criteria of
q(FDR)<0.01 and the region within =10 kb of the transcription start site to search for ERa and PR binding
peaks in the 41 immune DEGs in Fig. 4. There were 27 (65.9%) immune DEGs, positive controls ESR]
and PGR, and housekeeping genes ACTB and RPL7 having at least one putative ERa binding sites in the
human samples (Table S1). Four (9.8%) immune DEGs (CSF3R, ILIRI1, ILIR2, and TNFAIP2) and ESRI
had both putative ERa and PR binding peaks in all the human samples and ERa binding peak(s) in the
mouse uterus. /LIB/Il1b has ERa and PR binding sites in human uterine epithelial organoids and mouse
uterus. In ovariectomized mouse uterus, //1b is upregulated by E2 treatment for 24 h in wild type mice but
not epiERa’ uterus or global ERa™™ uterus (GSE23072 & GSE53812) (192), supporting E2-ERa in
regulating uterine //1b expression.

Most of these immune DEGs with ERa binding peaks also had PR binding peaks (Supplementary
Table S1), indicating that they are coordinately regulated by E2-ERa signaling and P4-PR signaling. On
the other hand, most of the immune DEGs without ERa binding peaks also lacked PR binding peaks. We
cannot exclude that some of these DEGs may still be ERa and/or PR direct target genes with the binding
sites outside of the search region. Alternatively, the conditions in these referenced studies did not reflect
the in vivo conditions in the current study. It is also possible that these DEGs were indirect genes of ERa
and/or PR, and the mechanisms for the indirect regulations of these genes remain to be determined.
Flow cytometric analysis of immune cells in the uterine lumen and uterine digest on D0.5 and D3.5

Paired uterine lumen flush and post-flushing uterine tissue digestion from the same uterine horn
were prepared for flow cytometric analysis (Fig. 1B). Fig. SA shows the representative gating strategy:
Briefly, CD45+ leukocytes within the live singlet gates were selected for CD11b+ myeloid cells, and
neutrophils and inflammatory monocytes were distinguished by their expression of Ly-6G and Ly-6C,

respectively. Representative flow images are shown in Fig. 5B. The dominant cluster of cells in all four
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DO0.5 samples was polymorphonuclear (PMN) neutrophils, with a minor inflammatory monocyte population
observed. There was a dramatic reduction of immune cells in all four D3.5 samples compared to their D0.5
counterparts, including the disappearance of the neutrophil cluster. While there was still an identifiable
cluster of cells in the D3.5 uterine tissues, there were only a few scattered cells in the D3.5 uterine flush in
both genotypes. There was an average of ~50 inflammatory monocytes (IMs) in D0.5 uterine flush and <2
IMs in D3.5 uterine flush for both genotypes, which had no significant difference between them (data not
shown). Greater numbers of IMs were noted in the uterine tissue, and the numbers of IMs and the
proportions of IMs in the leukocyte population decreased from D0.5 to D3.5 for both genotypes and were
significantly lower in the DO0.5 epiERa’ group compared to the D0.5 Esr1”" group (Fig. 5C-5D).
Neutrophils were the dominant immune cells in the D0.5 uterine tissue and uterine flush (Fig. 5B).
The total numbers of viable cells from uterine tissue digestion and uterine flush varied dramatically (data
not shown), so did the total number of neutrophils (Fig. 5E,5G). In general, the numbers of neutrophils in
the D3.5 samples were dramatically reduced compared to their respective D0.5 samples regardless of the
genotypes or sample types. There was a trend of more neutrophils in the epiERa” groups compared to their
respective Esr/’ control groups (Fig. SE,5G). Since there were individual variations in the amounts of
starting materials (e.g., the amount of uterine lumen content and the size of uterine segment) and potential
uterine digestion efficiencies, we used the total CD45+ cell number in each sample to normalize the
percentages of neutrophils for the following comparisons (Fig. SF,5H). 1) Between uterine flush and uterine
tissue digestion in the same group: The percentages of neutrophils were significantly higher in uterine flush
compared to their paired uterine tissue digestion for both Esr/”" and epiERa™ groups on DO0.5, but not on
D3.5. All 9 samples in D0.5 epiERa™ group and 8 out of 10 samples in D0.5 Esr/” group had >80%
neutrophils in the uterine flush (Fig. SH); while only 2 paired uterine tissue digestion in D0.5 epiERa™

group reached 80% PMNs (Fig. 5F).
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Figure 5. Flow cytometry data quantification. A. Flow cytometry gating strategy. B. Representative
flow cytometry image of each group. C & D. Numbers of inflammatory monocytes and their percentages
(%) in CD45+ cells in uterine tissue digestion. E & F. Numbers of neutrophils and their percentages in
CD45+ cells in uterine tissue digestion. G & H. Numbers of neutrophils and their percentages in CD45+
cells in uterine flush. Insert in C, E, and G: Replot of D3.5 samples using a smaller scale in Y-axis. Blue
bar in C-H: Average in each group. # in H: p<0.05 compared to uterine tissue counterparts in F; $:
p<0.05 compared to D0.5 same genotype counterpart; red * and black *: p<0.05 and p<0.06,
respectively, compared to Esrl”" group of the same post-coitum day (D0.5 or D3.5). I-L. The
correlations of % of neutrophils in CD45+ cells in uterine tissue digestion (X-axis) and uterine flush (Y-
axis) among all sample (I), between EsrI”~ and epiERa’ on both D0.5 and D3.5 (J), on D0.5 only (K),
and on D3.5 only (L). R? in black for Es»/”~ and in red for epiERo"; bolded R? with p<0.05 under it. C-
L: black dot for D0.5 Esr1”"; red dot for D0.5 epiERoc'/ " black circle for D3.5 Esr’”; red circle for D3.5
epiERo". N=4-10 mice/group.

2) Between D0.5 and D3.5 in the same genotype: The percentage of neutrophils significantly
reduced from DO0.5 to D3.5 in both uterine flush and uterine digestion in both genotypes. This is direct
evidence of inflammation in the uterine lumen in the presence of sperm and semen on D0.5 but suppressed
inflammation on D3.5 when embryos are normally present in the uterine lumen approaching embryo
implantation. 3) Between Esrl’” and epiERa’" groups: The percentages of neutrophils were higher in all 4
epiERo’" groups (Fig. SF,5H), with a significant difference (p<0.05) in D0.5 epiERa’ uterine tissue group
and marginally significant differences (p<0.06) in D3.5 epiERo”" uterine tissue and D3.5 epiERa™ flush
groups. These observations indicate that uterine epithelial ERa regulates uterine innate immune responses,
even on D3.5 when innate immune responses are suppressed. However, since the numbers of neutrophils
on D3.5 were <5% of those on D0.5 (Fig. 5E,5G), the expected functional consequence of marginally
enhanced neutrophils in D3.5 epiERa”" uterine flush and tissue may be minimal.

A flow cytometry analysis of mouse uterine digestion indicates that leukocytes among viable cells fluctuate
during estrous cycle, from the lowest (~20%) in proestrus to the peak (~40%) in the estrus; eosinophils and
neutrophils are the most abundant immune cell types; and neutrophils are the most dynamic cell types, from
the lowest <2% in diestrus to the highest ~12% in the estrus (230). Although it is unsuitable for direct
comparisons between this study in estrous cycle with whole uterine digestion and our study in early
pregnancy with uterine lumen flush and uterine tissue digestion, a few parallel points can be extracted. The
closest estrous stages for D0.5 and D3.5 would be estrus and diestrus, respectively. We combined the cells

in the uterine flush and uterine tissue digestion for each sample in EsrI”" mice, the average percentages of
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neutrophils in viable cells were 38.0% on DO0.5 and 1.3% on D3.5; while the average percentages of
neutrophils in CD45+ cells were 59.5% on D0.5 and 4.0% on D3.5.

Neutrophils in the uterine flush migrate from the uterine tissue. Correlation analysis of % of
neutrophils in CD45+ cells between uterine flush and uterine tissue digestion revealed temporal and
genotype-specific patterns (Fig. SI-5L). A positive correlation was observed when all the paired samples
were plotted (Fig. 51) and a stronger correlation was observed in Esr/”” samples than in epiERo”" samples
(Fig. 5J). However, when the correlations were separated by both genotypes and gestation days, a
significant correlation was observed in Esr I/~ but not epiERa”" samples on D0.5 (Fig. 5K) and epiERo” but
not Esr”"on D3.5 (Fig. SL). The lack of correlation in DO0.5 epiERo”" samples, which were clustered on the
top of the plot regardless of the % of neutrophils in the uterine tissue digestion, is an indication of an
impaired “gate” for neutrophils to infiltrate into the uterine lumen. The significant correlation observed in
epiERa’ but not Esrl” on D3.5 might be due to minimal numbers of neutrophils in uterine tissue and
uterine flush (Fig. 5E,5G).

Cytokine protein levels in uterine flush and uterine tissue

Cytokines can be bidirectionally (apically or basally) secreted from the epithelium to specifically
regulate the terminal localization of recruited immune cells (263). IHC to detect PMN neutrophils (Fig. 3),
mRNA-seq (Fig. 4), and flow cytometric analysis (Fig. 5), all pointed to enhanced inflammation in D0.5
epiERa”" uterus. We assessed the concentration of select proinflammatory cytokines in paired uterine flush
and uterine tissue homogenates using cytokine multiplex bead analysis. Among the 20 cytokines analyzed,
there were huge variations in protein levels among them and between uterine flush and uterine tissue for
many of them (Fig. 6A-6B). There were 14 cytokines showing upregulation in D0.5 epiERo” uterine flush
but only 4 in uterine tissue compared to D0.5 Esr1” control. The only cytokine significantly upregulated in
both uterine flush and uterine tissue of D0.5 epiERo”” mice was IL-1p (Fig. 6A-6A1, 6B-6B1), which were
consistent with the mRNA-seq data (Fig. 6C-6C1), although the /15, but not IL-1f, showed downregulation
in D3.5 uterus. Overall, there was a better correlation between cytokine protein levels and mRNA levels in

the uterine tissue than in the uterine flush (Fig. 7A-C); the cytokine with the least correlation was IL-6.
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Figure 6. Multiplex cytokine analysis of paired uterine flush (A) and uterine tissue (B) as well as mRNA
levels of the corresponding cytokines in the uterus (C) of Esr1”" and epiERa’ mice on both D0.5 and
D3.5. Al1-A7, B1-B7, C1-C7: replots with suitable scale in Y-axis from A-C, respectively. D.
Housekeeping genes Actb and Rpl7. Error bar in A-D: STD. N=4-7 mice/group for protein measurement
in A and B. N=4-6 mice/group for uterine mRNA levels from mRNA-seq in C and D. E. Realtime PCR
verification of 4 genes in Esrl”" and epiERa™ uteri on D0.5 and D3.5. N=5-7 mice/group; error bar:
SEM. A-E: * p<0.05 in A, B. and E, or FDR<0.05 in C and D; red * FDR=0.052 compared to respective
Esrl” control group; two-tailed unequal variance t-test, and/or non-parametric Kruskal-Wallis test.

IL-6 plays a significant role in neutrophil behavior, including neutrophil migration (264,265). It has the
highest protein levels in D0.5 uterine flush but its protein levels and mRNA levels in the uterine tissue are
low (Fig. 6). It is unknown if enhanced mRNA stability, epigenetic mechanisms, or enhanced secretion
from the endometrium to the uterine lumen would contribute to this observation. However, a reasonable
explanation would be the presence of semen in the D0.5 uterine lumen. IL-6 is present in human semen and
positively correlated with leukocytes (266). We analyzed the available paired cytokine protein data and
flow cytometry data from 5 mice in each D0.5 Esr/”” and epiERo”” group. A significant correlation was
observed between IL-6 levels and neutrophil numbers in the D0.5 Esr/”" uterine flush but not epiERo”
uterine flush nor D0.5 uterine tissues (Fig. 7A). We also analyzed two other scenarios: 1) consistent
upregulation in the D0.5 epiERa'/ " LE mRNA, uterine flush and tissue protein levels, e,g., IL-1B///1b; and
2) and consistent upregulation in uterine tissue but not uterine flush of D0.5 epiERa’" group, e.g.,
CXCL1/Cxcll. However, no significant correlations were observed between neutrophil numbers and IL-13
levels (Fig. 7B). CXCL1 was significantly upregulated in D0.5 epiERo” uterine tissue but not uterine flush
(Fig. 6A-6B) and Cxcll was significantly upregulated in D0.5 epiERa”" LE (Fig. 4C) and uterus (Fig. 6E).
CXCLI1 can bind to CXCR2, which is expressed in neutrophils, and Cxcr2 was upregulated in D0.5 epiERo’
"~ uterus (Fig. 6E). CXCL1-CXCR2 signaling was demonstrated as an important factor in neutrophil
recruitment into the inflamed mouse lung (267). Significant or marginally significant correlations between
CXCL1 and neutrophils were observed in the uterine tissue for both Esr/”" and epiERa”" groups and in the

uterine flush of Esr1”" group (Fig. 7C).

101



The upregulation of ///b in the uterus presumably contributes to the increased IL-1B levels in

epiERa’” uterine flush and uterine tissue, which was supported by the parallel upregulation of IL-1 levels

Uterine flush Uterine tissue
. . A . . . 0 ° o
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inflammation in CO 9 patients (268). Our data are Figure 7. The correlations of

selected cytokine levels (X-
axis) in uterine flush (left)
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for Esrl”" control and red R?
for epiERo’". Bolded R? with
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consistent with the possibility that IL-6 levels in the uterine flush may
be derived from the male-derived semen rather that leukocytes or
uterine tissue within the female reproductive tract.

This study employed immunohistochemistry, mRNA-seq,
flow cytometry, and cytokine analysis to demonstrate uterine
immunity regulated by uterine epithelial ERo. in the epiERa”” mouse model at the cellular, mRNA, and
protein levels in the preimplantation uterus. There is a sharp decline of neutrophils from D0.5 to D3.5. The
deficiency of ERa in epiERa’ uterine epithelium leads to: 1) dysregulation of innate immune cells,
especially neutrophils with ~1.5-fold as many neutrophils in stromal layer and ~7-fold as many neutrophils
in the LE layer, and redistributions of neutrophils in the un-liquified semen and in the sub-epithelial region
on D0.5; 2) dysregulated mRNA levels of immune genes, especially upregulated inflammatory cytokines
in the epiERo”” LE, and of note is the dysregulation of genes in IL-1p signaling pathway, which is a potent
pro-inflammatory cytokine signaling pathway involved in mating-induced uterine inflammation; and 3)

disrupted correlation of neutrophils and cytokines (e.g., IL-1) between the uterine tissue and uterine flush
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on DO0.5. These findings demonstrate the essential function of uterine epithelial ERa in controlling the
mating-induced uterine inflammation and identify IL-1B signaling pathway among the molecular

mechanisms involved.

Data Availability
The mRNA-seq dataset will be deposited to Gene Expression Omnibus (GEO). Other data are
available on request.
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5.5 SUPPLEMENTARY INFORMATION
Materials and methods

Mouse breeding: As described in (206,246). Briefly, EsrI”~ (control) and epiERa™ female mice
were generated via mating between Esr I’/ females and Esr/” Wnt7a“"" males.

Uterine lumen flush and uterine tissue collection: Virgin Esr}”~ (control) and epiERa”" female

mice (2-5 months old) were mated with stud males and checked every morning for the presence of a
vaginal plug, an indication of mating. The day of plug identification was defined as day 0.5 post-coitum
(D0.5) (Fig. 1A). The mated EsrI” and epiERo” female mice were randomly assigned into D0.5 and
D3.5 groups. The uteri were dissected at ~11-12 h on D0.5 or D3.5 (Fig. 1B). For D0.5 Esr /" uteri, which
had distended uterine lumen with drainable uterine fluid (Fig. 2A), each uterine horn was cut at the
cervical junction over a 1.5 mL Eppendorf tube to collect readily drainable uterine fluid prior to
separating the uterine segment as indicated in Fig. 1B. About % of the left uterine horn on the oviductal
side was removed and flash frozen. The remaining % left uterine horn in all four groups was flushed with
100 uL 1xPBS (Cat. 46-013-CM, Corning, NY, USA) into its respective uterine fluid collection tube
alongside any drained uterine fluid. The flushed left uterine horn was weighed and then flash frozen for
cytokine profiling. The left uterine flush was centrifuged at 4°C and 5,000xg for 5 minutes and the
supernatant was collected and then flash frozen for cytokine profiling. About % of the right uterine horn

on the oviductal side was fixed in 10% formalin. The remaining right uterine horn was also flushed with
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100 uL 1xPBS into the uterine fluid collection tube for flow cytometry. The flushed uterine horn was
immediately processed for digestion as described below for flow cytometry.

Uterine tissue digestion: The flushed uterine horn was weighed, washed in cold 1xPBS,
immersed in 500 pL cold digestion solution with 0.5 mg/mL collagenase (Cat. C9263, Sigma-Aldrich, St.
Louis, MO, USA) and 5 mg/mL dispase in 1xPBS (Cat. 17105041, Gibco, Waltham, MA, USA) and
finely minced. The minced uterine tissue was then transferred to a 15 mL conical tube containing 4.5 mL
of prewarmed digestion solution for digestion on an orbital shaker at 37°C and 180 rpm for 45 minutes.
Halfway through the digestion, the minced uterine tissue was gently pipetted 20 times to facilitate
digestion. Upon visual confirmation of uterine tissue dissociation, the tube was centrifuged at 1000xg for
10 minutes at 4°C, the supernatant was discarded, and the cell pellet was resuspended in 5 mL cold
1xPBS. The resuspended uterine cells were passed through a 70 um filter to collect single cells as
previously described (269). The filtered uterine cells were kept on ice until flow cytometry in ~2 hours.
The total number of live cells was estimated via Trypan Blue dye exclusion on a hemocytometer or a
Countess Automated Cell Counter (Invitrogen, Carlsbad, CA, USA). N=4-10/group.

Uterine luminal flush and uterine tissue immune cell profiling: Immune cells in the uterine
luminal flush and uterine tissue digestion were stained with Fc Block and fluorophore-conjugated
antibodies for total leukocytes (CD45+). Gating strategy for innate immune cells was as follows:
macrophages (CD11b+F4/80+), neutrophils (CD11b+Ly6G+), and inflammatory monocytes
(CD11b+Ly6C+) (270-279). Flow cytometry data were acquired using a Novocyte Quanteon instrument
and analyzed using FlowJo Software (270-279).

Uterine luminal flush and uterine tissue cytokine profiling: About ~¥4 of the left uterine horn (Fig.
1B) from each mouse was weighed prior to being flash-frozen. The frozen uterine tissues were
homogenized using liquid nitrogen in a mortar and pestle. The homogenized tissue powder was collected
and resuspended in 1 mL 1x RIPA lysis buffer (Cat. 20-188, Millipore Sigma, Burlington, MA, USA)
with proteinase inhibitors (Cat. A32953, Thermo Fisher, Waltham, MA, USA), sonicated (Qsonica Q700)

at 50% amplitude for 4 minutes using a cycle of 5 seconds on and 5 seconds off, and left on ice for 40
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minutes with vortexing every 10 minutes. Lysed samples were centrifuged at 4°C and 10,000xg for 15
minutes. The supernatant was collected for BCA protein quantification (Cat. 23227, Thermo Fisher). The
uterine tissue protein samples were diluted in RIPA lysis buffer with proteinase inhibitors to a final
concentration of 500 pg/mL of total protein. The paired uterine flushing supernatant from the same
uterine horn for protein extraction was thawed without further processing. Both uterine tissue and uterine
fluid samples (25 pL/well), and their technical duplicates, were analyzed using a ProcartaPlex multiplex
Mouse Th1/Th2 cytokine and chemokine panel 1 20-plex array (EPX200-26090-901, Invitrogen,
Carlsbad, CA, USA) for the following cytokines: GM-CSF, IFNy, IL-18, IL-2, IL-4, IL-5, IL-6, IL-13,
IL-12p70, IL-13, IL-18, CCL2, CCL3, CCL4, CCLS5, CCL11, CXCL1, CXCL2, CXCL10, and TNFa.
Analysis was performed according to the manufacturer’s protocol on a Luminex MAGPIX analyzer
(Thermo Fisher) as we have done previously (273,278). Provided standards served as positive controls,
while two wells to RIPA buffer (for uterine tissue) or 1xPBS (for flush) to serve as negative controls for
background measurements and both were used in the calculation of final protein concentration.
Immunohistochemistry (IHC): Uterine tissue collection and the general IHC procedure were
described in (246). The primary antibodies included: anti-ERa (1:200; Clone ab3575, abcam, Waltham,
MA, USA)(206), anti-CD45 (1:200; Clone D3F8Q, Cell Signaling, Danvers, MA, USA), anti-ELANE
antibody (1:200; Clone E9C9L, Cell Signaling, Danvers, MA, USA), anti-S100 calcium binding protein
A8 (S100A8) (1:200; Clone E4F8V; Cell signaling, Danvers, MA, USA). The distribution of ELANE-
positive cells in endometrium, stromal layer, and LE were quantified using ImageJ (280-283). A threshold
was set for each section to exclude all non-DAB-stained cells and sections were then made binary
coloration for particle counting. The particles were then overlayed to the original image to ensure only
non-DAB-stained cells were counted. The threshold was altered until only cells of interest were
highlighted. The endometrial area was obtained by manually removing the myometrium from the section
images in photoshop then using the known length of each pixel to determine the number of DAB-stained

cells per um?. Similarly, the LE layer was removed in photoshop and measured along the basal membrane
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via pixel size to determine LE length. The remaining stromal and glandular epithelium was measured as
stated previously to determine the area.

Realtime PCR (RT-PCR): Uterine tissue collection, realtime PCR procedure, and relative mRNA
expression quantification have been described previously (246). The PCR primer pairs were as following:
Cxcll (C-X-C motif chemokine ligand 1): 5’-TCTAACCAGTTCCAGCACTCC-3’ (forward) and 5°-
CTTGGGGACACCTTTTAGCAT-3’ (reverse); Cxcl2 (C-X-C motif chemokine ligand 2): 5’-
CTCCAGACTCCAGCCACACTTC-3’ (forward) and 5’-GGTCAGTTAGCCTTGCCTTTGTTC-3’
(reverse); Cxcl5 (C-X-C motif chemokine ligand 5): 5’-TCCTCAGTCATAGCCGCAAC-3’ (forward)
and 5’-GCTTTCTTTTTGTCACTGCCCA-3’ (reverse); I/1b (Interleukin 1 beta): 5°-
TGCAGCTGGAGAGTGTGG-3’ (forward) and 5°’-CTGTCTTGGCCGAGGACTAA-3’ (reverse); Cxcr2
(C-X-C motif chemokine receptor 2): 5’-CGTAGAACTACTGCAGGATTAAGT-3’ (forward) and 5°-
CAGGGTTGAGCCAAAAGTCC-3’ (reverse); Ccrl (C-C motif chemokine receptor 1): 5°-
CCATCCAACCCCTCCCTAC-3’ (forward) and 5’-TCTGTTAAAGACAGTGAGTCTGTG-3’
(reverse); Actb (Beta actin): 5’-TGGAATCCTGTGGCATCCATGAAAC-3’ (forward) and 5°-
TAAAACGCAGCTCAGTAACAGTCCG-3’ (reverse);

Statistical analysis: Data are presented as means + standard deviation (STD) or standard error of
the mean (SEM) as indicated. For high-variance parameters, a Kruskal-Wallis test by ranks was used.
Two-tailed unequal variance Student t-test was conducted for other quantitative data. Significance was set

at p<0.05.
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Table 5.1. Putative ERa and PR binding peaks (q<0.01) in the +10kb of the TSS of the immune DEGs in
Fig. 4. (GSE200807 (262) & GSE36455 (195))
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

Female reproduction remains a challenging topic of discussion. Partly due to the invasive
legislative practices and the emotional damage associated with young women struggling with
infertility. However, the work within this dissertation and from other dedicated researchers hope
to remove the stigma and conduct the basic research necessary to combat these societal issues.

The World Health Organization has now deemed the infertility crisis of the most important
public health emergencies as they now indicate 30% of reproductive-aged women are infertile or
struggle with periods (>12months) of infertility (284). There is ample evidence that embryo
implantation failure is a leading cause of repeated pregnancy failure that leads to infertility (63).
At its core, embryo implantation requires a competent embryo and a receptive uterus. However,
since the in vitro fertilization-embryo transfer success rate remains relatively low, which must use
competent embryos, the establishment of uterine receptivity is likely the driving force of
implantation success (128). Considering this, many researchers have committed their lives to
investigating the mechanisms of embryo implantation. However, the mysteries of embryo
implantation linger, and the causes of failure remain largely idiopathic.

Embryo implantation initiates when the embryo attaches to the uterine luminal epithelium
(LE). Preparation of the LE via ovarian hormones, estrogen (E2) and progesterone (P4), is essential
for embryo implantation success and their role in regulating uterine function is indispensable.
Therefore, I have placed great emphasis on performing the basic research to understand the cellular

and molecular mechanisms associated with E2 regulation of the preimplantation LE.
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In this dissertation, I target the main mediator of epithelial estrogen signaling, estrogen
receptor alpha (Esr/ / ERa), to distinguish its role in preimplantation uterine epithelial function.
The model of research is a transgenic mouse model with a conditional ablation of Esr/ in the
reproductive epithelium (Esr17 Wnt7a“"*""; epiERa”"). 1 am thankful for the creation of the model
and foundational studies performed by researchers describing the disrupted early pregnancy events
in epiERo”" mice like failed semen liquefaction, lack of uterine fluid accumulation, and enhanced
immune cell invasion into the reproductive epithelium (89,181). However, there has yet to be a
comprehensive analysis of the changes associated with the preimplantation uterine epithelium in
epiERa”" mice, and a role that I hope to fill in this dissertation and contribute to the field.

In chapter 2, the serendipity of research was in full effect. We noticed generating early
pregnant mice, it took longer to collect epiERo”" mice. Upon comprehensive analysis, we found
the plugging latency (time of male pairing to appearance of vaginal plug (an indication of mating))
of these mice was significantly longer compared to control and progressed with age. In mice,
mating receptivity occurs in specific stages of the estrous cycle; primarily proestrus and estrus.
Routinely, researchers use the cytologic signature of a vaginal smear to identify the stages of the
estrous cycle. We found altered vaginal cytology with enhanced neutrophil invasion in epiERo”
vaginal smears and irregular estrous cyclicity. The Cre-driver in this model is Wnt7a and, while
known for its epithelial expression, may be expressed in various neural compartments, including
the arcuate nucleus (187). Deletion of Esrl in the arcuate nucleus results in disrupted estrous
cyclicity (165). Although, I did not investigate the neural patterning of ERa in epiERa” mice, we
present this as a caution to those using this model for reproductive cycle related studies.

Nevertheless, this study prompts further investigation in the expression of Wnt7a, the role of the
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arcuate nucleus in regulating the estrous cycle, and neuroendocrine regulation of mouse mating
habits.

In chapter 3, we focused on the interplay of two important epithelial transcription factors:
ERa and Forkhead box protein A2 (Foxa2 / FOXA2). FOXA2 is a pioneering transcription factor
with important roles in cell differentiation, epithelial morphogenesis, and bud formation (190). It
is a canonical uterine glandular epithelium (GE) marker, and the primary transcription factor
involved in the initial budding of the glands from the undifferentiated uterine epithelium shortly
after birth (190). In the early pregnant epiERo”" uterus, we found aberrant expression of FOXA2
in the LE indicating potential improper development and altered morphogenesis of these cells.
Although, FOXA2 expression was normal in prepubescent epiERo” mice indicating maturation
of the epithelium during puberty. In collaboration with Dr. Ripla Arora’s group, we found that the
glandular structure of epiERa”” mice was altered and appeared shorter and less complex (175).
Overall, this study showed the importance of epithelial E2-ERa signaling in maintaining the proper
identity of the different epithelial tissues in the uterus warranting further study of the peripubertal
uterine epithelial development.

Chapters 4 and 5 from this dissertation are tightly linked to one another and are related to
the multidimensional function of the LE approaching implantation. To identify the LE-specific
transcriptomic changes, we isolated the uterine LE and performed paired LE and whole-uterine
mRNA-seq in day 0.5 post coitum (D0.5) and D3.5 Esr1/~ control and epiERo” mice. We found
thousands of differentially expressed genes in the D3.5 Esr1”- and D0.5 epiERo” LE compared to
D0.5 Esrl”" LE. In chapter 4, the numerous dysregulated pathways were examined. At the
forefront, we found many genes we expect to be involved in the molecular machinery of uterine

fluid movement to be differentially expressed in D0.5 and D3.5 epiERa”" mice. The dysregulated

111



balance of fluid absorption and secretion could be a leading cause of failed semen liquefaction. An
essential preparation in the uterus approaching implantation is the attenuation of mating-induced
inflammation to protect the embryo. Among the most significantly diminished pathways in the
D3.5 Esrl” LE compared to D0.5 Esr1”- LE were those related to innate immune signaling and
inflammation. Comparatively, D0.5 epiERa”~ mice had enhanced inflammatory pathways
particularly innate immune cell chemoattractant cytokines.

With this in mind, we tested the hypothesis that D0.5 epiERa” mice have enhanced
immune cell infiltration in the uterus. Both immunohistochemical staining of immune cells and
flow cytometry of paired uterine tissue and luminal flush revealed there was an enhanced
neutrophil infiltration into the D0.5 epiERo”" uterine tissue. The origin of many reproductive
diseases, like endometriosis and endometritis, have inflammatory components. However, the
barrier between physiology and pathology remains unclear. This dissertation shows that E2-ERa
signaling attenuates the epithelial innate immune response to mating providing valuable
contributions to understanding the physiology and pathological implications of uterine
inflammation. Although further research into the cycling epiERo” uterus and mechanistic study of
which cytokines provide the most potent neutrophil chemoattraction would be necessary.

In conclusion, my dissertation used a transgenic mouse model to characterize the
importance of epithelial E2-ERa signaling. We found epithelial E2 signaling a major regulator of
epithelial differentiation, the comprehensive LE transcriptome, and endometrial inflammation. I
offer these findings to the field of reproduction to benefit other researchers, to continue bringing
awareness to the knowledge gaps surrounding women’s reproductive health, and lay the

foundation for further studies into the uterine epithelium.
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