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ABSTRACT

Normal placentation is essential for the health and well-being of both the mother and fetus
throughout pregnancy. In humans, defective placental development contributes to pregnancy
complications such as preeclampsia, fetal growth restriction, and preterm birth. The etiology of
these pregnancy disorders is poorly understood since they are thought to arise during the early
stages of development which is difficult to study in humans due to ethical reasons. To overcome
these limitations, the highly-translatable rhesus macaque animal model can be used in two ways:
(1) as a traditional animal model studying early placentation with and without experimental
manipulations, and (2) as a comparator to identify the molecular and physiological features
underlying the heightened susceptibility of preeclampsia in humans compared to rhesus. Thus, in
the first half of this dissertation, to enhance in vitro investigations of rhesus placentation, | present
the generation and characterization of two telomerase-immortalized first trimester rhesus
trophoblast cell lines. Further, to elucidate the molecular differences between human and rhesus
placenta, I present a comprehensive list of differentially expressed genes between the two species.
While a majority of genes were found to be similarly expressed between human and rhesus
placenta, genes associated with preeclampsia and several other pregnancy complications were
upregulated in human. These results highlight the value of using rhesus in comparative studies and
suggest that rhesus is a suitable surrogate for investigating human placentation; however, notable
molecular differences related to preeclampsia should be considered and further interrogated in
future studies.

While investigating the molecular differences between human and rhesus placenta, |
became interested in endogenous retrovirus (ERVS) since ERV-derived proteins are known to play
important roles during normal placentation and the genomic distribution and placental expression
of certain ERVs varies between primates. A protein derived from the youngest ERV in primates,
ERVK (HML2), was recently shown to be expressed during human placentation; however, the

native expression and function of placentally-expressed ERVK remain largely uncharacterized.

9



Thus, in the second half of this dissertation, | present a thorough characterization of locus-specific
ERVK transcription from several human placental tissue samples and trophoblast cell lines. My
studies highlighted the expression of ERVK11g23.3, an ERVK locus present in the human but not
the rhesus genome, that is highly expressed in mononuclear trophoblasts and upregulated in human
preterm compared to term placental tissue. | also provide evidence that altered placental expression
of ERVK11q23.3 influences IFN antiviral response, which may contribute to preterm birth and

other pregnancy complications in humans.
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CHAPTER 1: Introduction and background

1.1 General overview

Normal placenta development and function are essential for the health and well-being of both the
mother and fetus throughout pregnancy. The placenta is responsible for establishing the maternal-
fetal interface, which is the critical site of nutrient and waste exchange between mom and baby
throughout gestation. Placental abnormalities are strongly associated with pregnancy complications
such as fetal growth restriction, preeclampsia, and preterm birth, which affect roughly a quarter of
pregnancies [1]. Despite its importance in reproductive success, there is still a limited
understanding of how the human placenta develops and functions.

During early placentation, trophoblast cells along the outside of the developing embryo
invade the decidua (pregnant endometrium) and remodel maternal blood vessels to establish
maternal blood flow to the placenta. This process is important to accommodate normal placental
and fetal growth during pregnancy. Therefore, it is not surprising that inadequate trophoblast
invasion and/or restricted artery remodeling is associated with adverse pregnancy outcomes [2].
Many pregnancy complications are thought to originate from defective trophoblast differentiation

and/or invasion during the early stages of placentation. However, early human placentation and

the placental dysfunctions underlying pregnancy complications are not well understood, since

several challenges have historically limited the study of developing human tissues, including

limited access, tissue degradation, as well as ethical and experimental constraints.

The use of animal models allows access to high-quality early gestational placental samples
and opens up the possibility of in vivo functional investigations. Non-human primates, such as
rhesus macaque (Macaque mulatta) represent an ideal animal model for studying early human
development, as they are genetically and anatomically very similar to humans. However, many of

the resources available for human placental studies (i.e. immortalized cell lines, clearly defined

trophoblast subtype markers, publicly available databases, and sequencing datasets) are limited
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or do not currently exist for rhesus, which impedes the use of this animal model. Additionally,

while previous studies have shown that rhesus share many key features of human placentation [3-
7], some differences related to trophoblast invasion and occurrence of pregnancy complications

have been noted between the two species [4]. The molecular and cellular characteristics underlying

these differences are currently not well-defined, which further limits the use and translatability of

the rhesus animal model for studying human placentation.

The placenta is remarkable in its expression of endogenous retrovirus (ERV) sequences as
placenta-specific genes. ERV-derived placental proteins are known to facilitate normal trophoblast
specification and placental development within numerous mammalian species [8]. Thus, there is a
growing body of evidence indicating the importance of ERV-derived proteins during early
development and reproduction in humans [9]. Recently, a protein derived from the youngest ERV
in primates, ERVK (HML2), was shown to be expressed during human placentation [10-12], but
the precise function of ERVK in the placenta remains unknown. Since a number of highly similar
ERVK proviral loci exist across the human genome, analysis of ERVK transcription and
identification of the coding sequence expressed in the human placenta is difficult. Thus, despite its

apparent activity in early human development [10,13], the native expression and function of ERVK

in _the human placenta and its possible role in placental dysfunction remains largely

uncharacterized.

In order to develop novel tools for diagnosing and treating pregnancy complications, it is
necessary to understand how the human placenta develops and functions under normal and
pathological conditions. Therefore, my research focuses on establishing first trimester non-human
primate trophoblast cell lines capable of bridging in vitro and in vivo placental investigations,
identifying molecular differences between human and rhesus placenta to improve translational

studies, and elucidating the expression and function of ERVK during human placentation. In this

chapter, | will provide an overview of human placental development and structure, placental

pathologies associated with pregnancy complications, models for studying human placentation,
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and the role of endogenous retroviruses during early development and placentation. Of note, the

background section on endogenous retroviruses is largely derived from a review article | co-
authored with Dr. Joshua Meyer and my advisors entitled “Endogenous Retroviruses: With Us and
against Us” [9]. At the end of this chapter, | will discuss the significance of previous findings and
outline my specific project objectives. The results of my studies will be presented in Chapters 2-3
as follows:

e Transcriptomic analysis of primate placentas and novel rhesus trophoblast cell lines

informs investigations of human placentation (Chapter 2)

e Investigation of ERVK expression and function in placentation (Chapter 3)

In chapter 4, | will discuss the overall conclusions of my findings, future directions, as well as the

clinical relevance of my studies.

1.2 Development and structure of the human placenta

The human placenta is derived from the trophectoderm (TE), the layer along the outside of the
developing blastocyst. While the early stages of implantation are difficult to study in human,
observations from early pregnancy hysterectomies and non-human primate animal models suggest
that after the embryo attaches to the surface of the maternal uterine wall (endometrium), the cells
of the TE fuse to form the initial multinucleated syncytiotrophoblast (STB) or primary syncytium
[14] (Figure 1.1A). The primary syncytium invades into the underlying endometrium, which is
transformed during pregnancy into a tissue known as decidua [15]. During this process, the
syncytium develops a number of fluid-filled spaces, called lacunae, that eventually give rise to the
intervillous space where maternal blood flows. The mononuclear trophoblast cells beneath the
primary syncytium, called cytotrophoblasts (CTBs), proliferate into columns that protrude into the
multinucleated STB to form primary villi (a CTB core with an outer STB layer). CTBs at the tips

of villi eventually penetrate through the primary syncytium and form a continuous
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cytotrophoblastic shell between the villi and the decidua (Figure 1.1B). At this stage,
approximately two weeks after fertilization, the placenta consists of three layers: The CTB layer
surrounding the developing embryo (inner chorionic plate), the villi separated by the intervillous

space, and the cytotrophoblastic shell that is in contact with the decidua (Figure 1.1B).
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adapted from Turco et al. 2019 “Development of the Human Placenta”

Figure 1.1 The early stages of human placental development

As placentation progresses, secondary and tertiary villi are established once
extraembryonic mesenchymal cells invade through the villous core and fetal capillaries appear,
respectively. Eventually, CTB cells located at the tips of villi and in the cytotrophoblastic shell
differentiate and invade the decidua as extravillous trophoblasts (EVT). In a similar manner to
cancer metastasis, these EVTs cells go on to remodel maternal spiral arteries; thus, by the end of
the first trimester, maternal blood flow through the intervillous space (hemochorial circulation) is
fully established. In human, this requires deep EVT invasion and remodeling of both decidual and
myometrial segments of spiral arteries. To maximize the maternal-fetal exchange surface area, the
villi and underlying fetal vascular system continue to grow and branch throughout the remainder
of gestation. As the villous tree expands, the STB barrier separating the maternal and fetal
circulations thin, further enhancing maternal-fetal exchange. By term, the mean maternal-fetal

diffusion distance between maternal and fetal circulation is less than 5 um and the surface area of
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the villous tree is estimated to be around 12.5 m? (~330 times larger than if the exchange surface

was flat) [16].
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Figure 1.2 Structure of the mature human placenta

Around 12 weeks’ gestation, the placenta has fully formed and is ready to take over the
requirements of maintaining the pregnancy as both the fetus and placenta continue to grow. The
name “placenta” is derived from the Greek plakuos, meaning flat cake, which is an accurate
description of the gross anatomical appearance of this organ at term. It is disk-like in shape (flat
and round to oval), and consists of the fetal chorionic plate, villous trees with underlying fetal
vasculature system, maternal blood-filled intervillous space, and the basal plate which is a mixture
of trophoblastic (fetal) and endometrium-derived (maternal) cells. At birth, the fetal surface
(chorionic plate) has a glossy appearance due to the intact amnion covering, and the maternal
surface (basal plate) is wrinkled and contains numerous slightly elevated areas called maternal
lobes or cotyledons that correspond to clusters of underlying villous trees [14] (Figure 1.2). While
the placenta as a whole is a mix of both fetal and maternal cells, fetal-derived trophoblast cells are
inarguably the most important cell type of the placenta. Human trophoblast cells are classified into
several different subtypes, including mononuclear villous CTBs, multinucleated STB/syncytia, and

several subtypes of invasive EVTs. Each trophoblast subtype has a number of unique characteristics

15



and important functions that they serve during human placentation, which are discussed in more

detail below.

1.2.1 The cytotrophoblast (CTB)

Villous CTB cells reside below the syncytial layer on a basement membrane that separates
trophoblasts from the underlying mesenchymal villous core and fetal vascular system. In early
pregnancy (Figure 1.1), CTBs are abundant and form a continuous layer where they rapidly divide
and fuse with the STB to maintain this layer throughout gestation. However, as the placenta grows,
villous CTBs become discontinuous and by term, CTBs cover less than a quarter of the villous
surface [17]. Consequently, at term only a thin layer of STB separates most of the villous core from
the maternal blood [17]. In addition to STB differentiation, the CTBs located at the tips of villi
and/or in the cytotrophoblastic shell differentiate and give rise to EVTs that invade the maternal
decidua [18-21]. Since villous CTBs have the ability to self-renew and differentiate into STB and
EVT trophoblast subtypes [22], they are considered stem or progenitor cells of the placenta. Thus,

CTB dysfunction can impair the formation and function of both STB and EVT trophoblast cell

types.

1.2.2 The syncytiotrophoblast (STB)

The STB, also referred to as the syncytial layer or syncytia, is a continuous multinucleated layer
that covers the surface of the villous trees and is estimated to have a surface area of 12-14 m? at
term in human [23]. As mentioned above, fusion of the underlying mononuclear CTB cells with
the STB maintains this layer throughout gestation [24,25]. However, if the STB is severely stressed
or damaged in vivo, fusion can take place between neighboring CTBs to generate a new syncytium,
and the original syncytial layer is then shed into maternal circulation [26,27]. This process has also
been observed in vitro in both first trimester and term villous explants [28,29]. The apical or

maternal facing membrane of the STB is in direct contact with maternal blood and is densely
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covered with microvilli, which is estimated to increase the maternal-fetal interface surface area
five- to seven-fold [30]. In contrast, the basal surface of the STB is either in direct contact with the
underlying CTBs or the basement membrane [31]. Endogenous retroviral particles have been
reported budding from the basal surface of the STB in human and several primate species, and are
thought to be associated with the expression of fusogenic retroviral proteins during CTB cell fusion
[32,33].

The STB acts as an endothelium to the intervillous space and is the main site of nutrient
and gas transport between the maternal and fetal circulation, which is critical for fetal/placental
development and growth throughout pregnancy. It also represents the major endocrine unit of the
placenta and secretes numerous pregnancy-maintaining hormones, including human chorionic
gonadotropin (hCG), human placental lactogen (hPL), estrogen and progesterone into the maternal
circulation [34]. Further, the SCT expresses the neonatal Fc receptor (FcRn) that allows transport
of maternal 1gG antibodies to the fetal circulation [35]. This receptor preferentially binds and
transports IgG1 antibodies that are effective at activating fetal natural killer (NK) cells to protect
the neonate before birth [36].

Since the syncytial layer expresses paternal alleles and is in direct contact with circulating
maternal immune cells, from a transplantation perspective, it should be recognized as foreign and
targeted by the maternal immune system. However, this is not the case during pregnancy and the
semi-allogeneic placenta and fetus are able to evade maternal immune rejection. The syncytia and
villous CTBs do not express any class | or class Il MHC molecules [37-39], suggesting that STB
cannot present antigens to activate circulating maternal immune cells. This is thought to contribute
to the normal immune evasion and/or suppression that occurs during pregnancy, however, the
molecular mechanisms underlying the regulation of this ability are currently not well understood.

Uncovering these regulatory factors is key to elucidating immunological tolerance and developing

interventions to treat pregnancy complications as well as cancer, HIV, and other diseases

influencing the immune response.
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1.2.3 The extravillous trophoblast (EVT)

While the term “EVT” is most commonly used to describe invasive EVTs located within maternal
decidua or spiral arteries, it can also be used to describe any trophoblast located outside of the
villous tree. In human, EVT cells invade the decidua as well as part of the myometrium, which is
critical for remodeling spiral arteries and establishing maternal blood flow into the intervillous
space during pregnancy [40]. These EVTs originate from CTBs adjacent to the maternal decidua,
including the CTBs within the cytotrophoblastic shell and/or at the tips of anchoring villi (CTB cell
columns), which are thought to differentiate and become truly invasive EVTs once they contact the
endometrial stroma and/or decidua [18-21]. Differentiation from a villous CTB stem cell to an
invasive EVT involves a coordinated series of expression changes in adhesion molecules,
metalloproteinases and cytokines, and immune-modulatory molecules. This switch in human is
characterized by the upregulation of EVT-specific marker genes, including HLA-G [41], integrin a
(ITGAL and ITGAS5) [42], T-cell factor 4 (TCF4) [43], and ADAM-12 [44,45].

There are two major subtypes of human invasive EVTs, which are identifiable by their
localization: interstitial EVTs (iEVTSs) that invade the decidual stroma, and endovascular EVTSs
(eEVTS) that colonize the spiral arteries [46]. Both iEVTs and eEVTSs are derived from CTB cells,
however, eEVTs represent a terminal stage of IEVT differentiation. [42,47,48]. IEVTs are
numerous within the decidua surrounding the maternal spiral arteries during the first and second
trimesters of pregnancy and are also present in the term placenta but to a much lesser extent. By
the end of the first trimester, eEVTs appear and migrate along the inside of the arteries, where they
facilitate spiral artery remodeling and the establishment of the full maternal arterial blood flow to
the placenta [49].

Similar to the syncytia, EVT cells are in direct contact with maternal immune cells,
including decidual natural killer (NK) cells, macrophages, and T cells [50]. Thus, the semi-
allogeneic EVTs must also evade and/or suppress maternal immune rejection throughout
pregnancy. To facilitate this, invasive EVTs express the nonclassical class | HLA-G molecule,
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which protects EVTs from uterine NK lysis by activating an NK inhibitory receptor [51-55]. In
addition to HLA-G, EVTs express HLA-C and -E that also act as ligands for inhibitory receptors
to downregulate the cytotoxicity of NK cells [56-58]. Despite this negative regulation by EVTs,
the complete absence of maternal immune cells is detrimental to placentation and can lead to
pregnancy loss [59]. For instance, the specific deletion of decidual NK cells results in poor
endometrial vascularization and impedes EVT trophoblast invasion [60]. This suggests that despite
the risk of maternal immune rejection, maternal immune cell infiltrates are crucial for proper

angiogenesis, EVT invasion, and ultimately a successful pregnancy.

1.3 Defective deep placentation
It is well-established that human placentation is associated with unique deep EVT invasion and
vascular remodeling. This deep placentation involves an almost full transformation of the decidual
and myometrial segments of approximately 30 to 40 spiral arteries [61,62], and defective deep
placentation is thought to underlie a number of major pregnancy complications. Since the
physiologic transformation of the spiral arteries is not an “all or none” phenomenon, defective deep
placentation is characterized by the absent or incomplete remodeling of the myometrial segment of
the spiral arteries [63]. Preeclampsia and fetal growth restriction were the first pregnancy
complications shown to be associated with defective deep placentation [64,65], and in recent years
it has also been described in spontaneous abortion [66,67], and preterm birth [68,69]. Thus,
defective deep placentation is associated with a spectrum of clinical outcomes and pregnancy
complications.

In addition to defective deep EVT invasion, abnormalities in the uterus and its vascular
supply may also lead to inadequate spiral artery remodeling [70]. The maternal factors preventing
normal vascular remodeling are not fully understood but may include underlying vascular disease

leading to local tissue hypoxia (diabetes, hypertension), genetic polymorphisms associated with
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abnormal vascular function, autoantibodies directed against maternal endothelium, and dysfunction
of uterine NK cells. While more than one mechanism may lead to defective deep placentation, the
common pathophysiologic consequence is placental ischemia due to maternal under perfusion of
the intervillous space. The clinical outcome and complications associated with placental ischemia
may be influenced by several factors, including the extent, onset, and duration of ischemia, as well
as genetic and environmental factors. For instance, it has been suggested that the placental defects
in preeclampsia are more severe and may begin earlier in gestation than those associated with
spontaneous preterm birth. The pregnancy complications associated with defective deep
placentation including fetal growth restriction, preeclampsia, preterm birth, and pregnancy loss are

discussed in more detail below.

1.3.1 Fetal growth restriction
Fetal growth restriction, also called ‘intrauterine growth restriction’ and ‘small for gestational
age’, refers to a fetus with an estimated weight below the 10" percentile for gestational age with
evidence of adverse perinatal outcomes [71]. It can occur in up to 10% of pregnancies, and fetuses
that suffer from fetal growth restriction are at risk for adverse neonatal outcomes, including
stillbirth or preterm birth, and long-term health consequences such as neurodevelopmental delay
[72,73]. Risk factors for fetal growth restriction can be divided into three broad categories: fetal,
maternal, and placental. Fetal risk factors include chromosomal disorders, confined placental
mosaicism, viral infections, and congenital malformations. When the fetus is devoid of structural
and genetic defects, preeclampsia is the most common maternal condition associated with fetal
growth restriction. Additional maternal risk factors include chronic or pregnancy-induced
hypertension, vascular diseases, thrombophilia, poor nutrition, smoking, and drug or alcohol abuse.
The underlying cause of fetal growth restriction, when not attributable to structural or
genetic defects of the fetus, is considered ‘placental insufficiency’ [74,75]. This is a universal term

that encompasses the failure of the fetus to acquire adequate nutrients and oxygen. Several reports
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have shown that placentas from pregnancies complicated by fetal growth restriction have
incomplete remodeling of the myometrial segment of the spiral arteries [66,76,77], as well as
reduced levels of endovascular EVT invasion [78-80]. These studies suggest that inadequate EVT
invasion and spiral artery remodeling likely lead to maternal under perfusion in fetal growth
restriction. Since the placenta consumes a large proportion of nutrients transferred during
pregnancy, even a mild reduction in maternal blood perfusion can lead to inadequate nutrient

transfer and fetal growth restriction [81,82].

1.3.2 Preeclampsia
Preeclampsia, also referred to as toxemia or pregnancy-induced hypertension, is a pregnancy-
specific syndrome, and is defined as de novo hypertension present after 20 weeks of gestation
combined with proteinuria (>300 mg/day) [83]. It affects 3-5% of pregnancies, and is one of the
main causes of maternal, fetal, and neonatal mortality, especially in low- and middle-income
countries [84,85]. Pregnancies complicated by preeclampsia are also often complicated by fetal
growth restriction and placental abruption and are at a higher risk for adverse outcomes, such as
stillbirth, neonatal death, and prematurity-associated problems from early delivery. Further, the risk
of maternal morbidity is significantly elevated when preeclampsia develops before 32 weeks’
gestation [86]. Severe preeclampsia can also manifest as a pregnancy complication characterized
by hemolysis, elevated liver enzymes, and a low platelet count (HELLP syndrome). Risk factors
for developing preeclampsia include chronic maternal hypertension, diabetes, renal disease,
advanced maternal age, first pregnancy, and previous/family history of pre-eclampsia [87,88].
While the exact pathogenesis of preeclampsia remains unclear, placental dysfunction is
thought to be the underlying cause since several clinical symptoms are placenta-derived and the
only cure for preeclampsia is delivery of the placenta [89,90]. Further, the placental bed of patients
with preeclampsia is characterized by a large number of non-transformed myometrial spiral arteries

and the presence of obstructive lesions, such as acute atherosis and thrombosis [64,69,91]. These
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findings highlight the potential role of defective deep placentation and ischemic insult in
preeclampsia. An association between preeclampsia and gene variants involved in thrombophilia,
inflammation, oxidative stress, and the renin angiotensin system have also been identified [92-97].
Interactions between maternal thrombophilic gene variants and genes encoding fetal HLA-C
(expressed by EVTs) have also been shown to predispose women to preeclampsia in several
populations, suggesting a role of an impaired immune tolerance in the pathogenesis of preeclampsia

[98-100].

1.3.3 Preterm birth
Preterm birth is defined as delivery before 37 weeks’ gestation and the major unifying factor
impacting both fetal and neonatal mortality and morbidity [101]. In 2014, preterm birth occurs in
~10.6% of pregnancies globally, ~13.4% of pregnancies in North Africa, ~11.2% of pregnancies
in North America, and 8.7% of pregnancies in Europe [102]. Besides an increased likelihood of
perinatal mortality, prematurely born infants are also at greater risk for having subsequent serious
chronic health problems, including neurological, cardiovascular, respiratory, gastrointestinal,
hematological, and immunological complications. Preterm birth can arise via several different
obstetric scenarios, including (1) delivery for the benefit of maternal or fetal health, in which labor
is either induced or the infant is delivered by pre-labor cesarean section (30-35% of preterm births);
(2) spontaneous preterm labor with intact membranes (40-45% of preterm births); and (3) preterm
premature rupture of the membranes (PPROM), irrespective of whether delivery is vaginal or by
cesarean section (25-30% of preterm births) [103]. Severe preeclampsia, fetal growth restriction,
and placental abruption are all common reasons for the induction of preterm birth. Risk factors for
spontaneous preterm births include: previous preterm birth, black race, and low maternal body-
mass index [104].

Several features are commonly observed in preterm birth, including infection or

inflammation, uteroplacental ischemia or hemorrhage, uterine overdistension, stress, and other
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immunologically mediated processes [105]. Since many of these features can be directly or
indirectly attributed to defective spiral artery remodeling and ischemic insult, defective deep
placentation is thought to be one of the main underlying mechanisms of preterm birth. This is
further supported by several studies showing that placentas from preterm birth had a greater degree
of failed spiral artery remodeling in both the myometrial and decidual segments [68,69]. It has also
been noted that the extent of this defect was much greater in patients with preeclampsia than in
women with preterm birth alone [69]. These observations suggest that the defective placentation in
preeclampsia, which consistently involves the decidual and myometrial segments, is more severe

and likely begins earlier in gestation than in most cases of preterm birth.

1.3.4 Miscarriage, stillbirth, and pregnancy loss
Miscarriage, also called spontaneous abortion, is defined as fetal death before 20 weeks gestational
age; while stillbirth, or intrauterine fetal demise, is defined as fetal death after 20 weeks gestational
age. ‘Pregnancy loss’ serves as an umbrella term for fetal death regardless of the gestational age.
An estimated 50% of all conceptions are lost at preclinical stages due to biochemical or
implantation errors [106,107], and a further 9-20% of clinically recognized pregnancies are
miscarried, largely within the first 5 to 12 weeks of gestation [108,109]. Maternal risk factors of
pregnancy loss include: autoimmune disorders, bacterial and viral infections, induction from
medical procedures, alcohol and drug use, poor nutrition, advanced maternal age, environmental
exposures, diabetes, preeclampsia, and physical trauma. Further, fetal risk factors for pregnancy
loss include: birth defects, chromosomal aberrations, fetal growth restriction, and placental
abruptions.

Pregnancy loss may occur for many reasons, not all of which are known. However,
placental malformation and/or dysfunction is commonly described in both early miscarriages and
stillbirths [110-113], suggesting that placental pathologies play a substantial role in pregnancy loss.

Indeed, compared with normal pregnancies, placentas from miscarriages have significantly
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decreased levels of endovascular EVT invasion in the deeper myometrial segments of the spiral
arteries, but increased levels in the lower decidual segments [67]. This suggests that endovascular
EVT invasion may become arrested at the decidual level and fail to progress into the deeper
myometrial segment of the spiral artery in patients with miscarriage. Further, Khong et al. described
that the failure of physiologic transformation of the spiral arteries was observed in the placental
bed of a late-stage spontaneous abortion [114]. In another study, the predominant defect in placental
samples from early miscarriages was described as a poorly developed cytotrophoblastic shell and
scant cell columns [115], which are important precursors for normal EVT invasion. These
observations support the idea that placental defects contributing to miscarriage occur much earlier

and are more severe compared to those contributing to fetal growth restriction and preeclampsia.

1.4 Models for studying human placentation

1.4.1 Animal models
A wide variety of different placentation strategies exist across mammals. This is especially apparent
when comparing the maternal-fetal interface and the cellular barrier(s) that exist between the
maternal and fetal circulations [116]. Humans, as well as many non-human primates and rodents
have a hemochorial placenta, where the invasive trophoblast cells infiltrate the uterine arterial walls
and come into direct contact with maternal blood [117]. Cats, dogs, and most other carnivores have
an endotheliochorial placenta, where the placental trophoblast cells contact the maternal
endothelial cells. Whales, horses, and most ruminants have an epitheliochorial placenta, where the
placental trophoblast cells contact the maternal uterine epithelium [118].

Even though both human and mouse have hemochorial placentas, there are considerable
structural and developmental differences that exist between the placentas of these two species. For
instance, initial human placental invasion occurs via the multinucleated primary syncytium at the

beginning of gestation, while initial mouse placental invasion occurs via mononuclear trophoblasts
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almost halfway through gestation [117]. Further, the deep interstitial EVT invasion observed during
human placentation is not recapitulated in mouse. Unlike the human villous placenta, the site
maternal-fetal exchange in the mouse is a labyrinth that has a complex tightly packed arrangement
of maternal and vascular channels. Lastly, transcriptomic comparison of mouse and human
placental samples across gestation has identified several clusters of genes with very different
expression patterns between the two species [119]. These substantial differences in placentation
make it difficult to translate findings across human and mouse. Despite these caveats, valuable
insights have been attained using genetic knockout mouse models to study placentation [120]. For
example, placental defects are highly prevalent in embryonic lethal mouse mutants, and several
genes involved in epithelial-mesenchymal transition in cancer play a critical role during normal
mouse placental development [121]. These findings are relevant to all placental mammals that
experience pregnancy loss, including humans.

While most mammalian species poorly recapitulate human placentation, non-human
primate animal models, particularly rhesus macaques (Macaque mulatta), share many key features
of human placentation. Besides being comparable in placental morphogenesis, the overall structure
and nature of both the STB interface layer and intervillous space, as well as endocrine functions
and extracellular matrix changes are similar between rhesus and human placenta [3-5,7]. Further,
there is a strong resemblance between human and rhesus placental endovascular EVT invasion and
spiral artery transformation [6], processes known to play a central role in the pathogenesis of several
pregnancy complications in humans [61]. Thus, unlike mouse, the rhesus monkey represents a
suitable animal model for studying arterial transformation in the context of normal and abnormal
human placentation.

Even though the structural and developmental characteristics of the rhesus placenta are
highly similar to human, previous studies have revealed some notable differences in the expression
level and/or protein-coding potential of well-known human placental markers in rhesus, including
CGA, HLA-G, ERVW-1, and SIGLEC6 [122-125]. Differences in placental invasion have also
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been noted, as the extent and depth of interstitial EVT invasion is greater in human compared to
rhesus placentation [4]. Further, while a few cases of preeclampsia have been documented in rhesus
and other non-human primates, this disease is often associated with defective deep interstitial EVT
invasion that is unique to humans and great apes [126-130]. Therefore, further comparison of these
two closely related species will not only help elucidate the translatability between human and
rhesus placental studies but may also provide valuable insight into the molecular origin of human-

specific placental features and pregnancy-related diseases, like preeclampsia.

1.4.2 In vitro cell models

1.4.2.1 Human primary trophoblast and placental explant cultures

Primary cell cultures of villous CTBs have been a valuable in vitro model for studying human
trophoblast differentiation since they spontaneously differentiate and fuse after ~24 h in culture and
form a syncytium that secretes hCG and hPL [24]. Villous CTBs can be isolated from placentas of
any gestational age but they are most commonly from first trimester placentas obtained following
termination of pregnancies, or from human term placentas that are readily available following
delivery [131,132]. Placentas from early gestation may be more challenging to obtain in some
countries due to ethical and/or legal issues, while access to mid-gestation human placental samples
is extremely rare. Late gestation placentas have the additional advantage of being much larger than
first trimester placentas, they often allow higher yield of isolated villous CTBs. However,
preparations from term tissue may contain an abundance of other cell types since the tissue contains
a large fraction of cells from the villous core (i.e. fetal fibroblast, endothelial, and immune cells),
as well as decidual and maternal/fetal blood. A purer population of villous CTB cells is possible
using first trimester placental tissue since very little maternal/fetal blood is present, the decidua is
easily removed, and the villous core is less developed at this gestational age. Regardless of the
gestational age of the placenta, the methods used for CTB isolation are broadly similar and are

based on enzymatic digestion of mechanically minced villous tissue, from which contaminating
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maternal blood has been removed. An initial digestion is frequently performed to remove the
overlaying STB and EVTs, and a discontinuous Percoll density gradient is typically used to purify
the CTB cells before culture [24].

Since invasion and transformation of the spiral arteries is mostly complete by mid-
gestation, trophoblasts isolated from late gestation placentas are largely non-invasive. Thus, it is
more common to study EVTs from first trimester placentas since they retain their invasive
phenotype in vitro [133]. To study EVT invasion, first trimester villous explants are often cultured
on top of a layer of Matrigel. Culturing the explants on a deep layer of Matrigel allows the depth
of EVT invasion to be quantified [134] while culturing them on a thin layer of Matrigel facilitates
EVT two-dimensional outgrowth, which allows for easy isolation and quantification [135]. In
addition to EVT invasion, placental explant cultureshave been useful for studying other
characteristics of the human placenta. For instance, some of the earliest studies using placental
explants were used to measure oxygen consumption [136-138]. In 1970, Fox et al., cultured
placental explants at varying oxygen concentrations and revealed that low oxygen conditions
increased CTB proliferation [139]. Overall, placental explants and primary trophoblast cultures
represent valuable in vitro models for studying many different features of human placentation,
including cellular uptake, production and release of secretory components, cell interactions,
proliferation, growth and differentiation, gene delivery, pharmacology, toxicology, and disease
processes. However, there are several limiting factors associated with these in vitro models that
should be considered before use, including a lack of access to researchers not located at a medical
center, restricted experimental use due to ethical regulations and/or patient consent constraints, and

issues relating to sample variability and experimental reproducibility.

1.4.2.2 Immortalized and choriocarcinoma-derived human trophoblast cell lines
Since primary trophoblasts have a limited life span, fresh cell preparations are needed for each new

experiment. This requires continuous access to viable placental tissues, which can be difficult,
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particularly for early gestation tissues. For this reason, researchers have turned to established
human trophoblast cell lines, which have been generated using a range of immortalization
techniques. Two of the most widely used human trophoblast cell lines, HTR8/SVneo and Swan 71,
were both derived from first trimester trophoblasts and exhibit features of primary invasive EVT
cells. The HTR8/SVneo trophoblast cell line was immortalized via electroporation of the pSV3-
neo plasmid containing simian virus 40 large T antigen and was classified as a trophoblast cell line
based on the following characteristics: cytokeratin-positive, expresses hCG, secretes type 1V
collagenase, and exhibits invasive abilities in vitro [140]. In contrast, the Swan 71 trophoblast cell
line was immortalized by exogenous expression of hTERT and classified as a trophoblast cell line
based on the following characteristics: expresses cytokeratin-7, vimentin, and HLA-G, secretes
fetal fibronectin and low-levels of hCG and exhibits a cytokine and growth factor profile that is
similar to primary trophoblast cells [141]. Spontaneously immortalized trophoblast cell lines also
exist, including the source of the HTR8/SVneo cell line, HTR-8 [140]. Unlike primary trophoblasts,
these immortalized cell lines can be cultured indefinitely and easily frozen down and thawed for
new experiments.

Other widely used cell lines for studying trophoblast functions include BeWo, JEG3, and
JAR [142]. Both BeWo and JAR were derived from metastatic deposits of gestational
choriocarcinoma [143,144]. The JEG-3 line was sub-cloned from BeWo and both are hypertriploid
with approximately 70 chromosomes [145]. BeWo cells are the most extensively used in vitro
model to study trophoblast fusion and STB formation, as this cell line exhibits small amounts of
spontaneous fusion that can be enhanced by treatment with cAMP, its analog 8-bromo-cAMP, or
forskolin [146]. The JEG-3 cell line is widely used to study the molecular mechanisms underlying
trophoblast invasion, however, it has also been proposed as a model for STB endocrine function
since it retains the ability to produce progesterone, hCG [147], several steroids, and other placental
hormones and enzymes [148-150]. While these cells are easy to culture and manipulate, providing
a much-needed starting point for evaluation of trophoblast gene regulation and signaling pathways,
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they have abnormally expanded and/or aneuploid genomes [151]. A recent study also revealed how
poorly the expression profiles of freshly-isolated CTBs and EVTs matched those of JAR and JEG-
3 cell lines, which are commonly used as models of the two cell types, respectively [152,153].
These differences highlight the importance of confirming findings using primary cultures and
ultimately bring into question whether or not these cell lines are representative of bona fide

trophoblasts in vivo.

1.4.2.3 Human embryonic stem cell derived trophoblasts

Since immortalized and choriocarcinoma-derived trophoblast cell lines can only mimic specific
phenotypes of either EVTs or STBs and are unable to differentiate from a progenitor to a terminally
differentiated phenotype, they are suboptimal for studying trophoblast differentiation. Thus,
researchers have turned to pluripotent stem cells for a consistent, widely accessible model to study
human trophoblast differentiation. By culturing them in the presence of BMP4 and inhibitors of
FGF2 and TGFp signaling, human embryonic stem cells (hESCs) have successfully been
differentiated into trophoblast cells by several groups [154-156]. These hESC-derived trophoblast
cells exhibit several characteristics similar to primary trophoblast cells, including the
downregulation of CL9MC microRNAs, hypomethylation of the ELF5 promoter, formation of STB
that secretes hCG and expresses the EVT marker, HLA-G, as well as expression of other well-
documented trophoblast genes (KRT7, GATAZ2/3, and TCFAP2A/C) [155-158]. However, the
comparative transcriptomic analysis revealed that hESC-derived trophoblasts represent a
trophoblast subtype unlike those of primary term trophoblasts [159]. While this approach is able to
promote hESC differentiation towards the trophoblast lineage, the identity of hESC-derived

trophoblasts and the cells they most closely resemble in vivo remains unclear.
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1.5 Endogenous retrovirus activity during early development and
placentation

As mentioned above, endogenous retrovirus (ERV) derived proteins appear to play an important
role in placentation and other reproductive processes in mammals. ERVs are derived from
exogenous retroviruses, which exist in different forms throughout their life cycle. A viral particle,
or virion, protects the RNA genome of the retrovirus outside of the host cell during infection of
new cells. A virion that enters a new host cell deploys its genomic payload, using its reverse
transcriptase to convert the two copies of single stranded RNA viral genome into a double stranded
DNA copy that is then integrated into the host genome and referred to as a provirus (Figure 1.3).
Subsequently, a provirus can be transcribed into RNA again, and either translated by the host’s
ribosomal machinery to produce more virions or reverse transcribed to create new insertions in the
host genome. Ancient retroviral infections have occasionally resulted in proviral integrations into
the germline of the host, becoming so-called endogenous retroviruses (ERVs). While some ERVs
have been shown to produce infectious particles [160], most ERV copies suffer mutations over
evolutionary time. This prevents not only the normal assembly of viral particles but also the
horizontal transmission of infections between individuals. However, even though ERVs are trapped
within the host genome, some provirus copies are still transcribed and can encode some if not all
of the original viral proteins. Therefore, ERVs are classified as a family of autonomous
retrotransposons. Vertical transmission of ERVs is possible since offspring can inherit germline
ERV insertions from their parents (Figure 1.4). As much as 8% of the human genome consists of
ERV sequences acquired through repeated endogenization events and subsequent expansion of
captured viral subfamilies [8].

While there are no known replication-competent ERV proviral insertions within the human
genome, the presence of several polymorphic ERV insertions indicates that some ERVs were active
and infectious up until at least 5-6 million years ago [337,338]. A consequence of this recent activity

is that many ERV loci are highly-similar, which makes it difficult to analyze locus-specific ERV
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expression using traditional short-read RNA-seq data. Due to these challenges, alternative long-
read RNA-sequencing strategies (e.g. PacBio, Oxford Nanopore), as well as specialized
bioinformatic tools and strategies designed for short-read RNA-seq data (e.g. TE toolkit, filtering
of non-uniquely mapping reads) are commonly used to study ERV locus specific attributes,
including regulation and expression.

These ancient genomic prisoners represent a potent source of genomic and regulatory
variability. The high degree of homology between the long terminal repeats (LTRs) at either end
ERV proviruses (Figure 1.3) provides an opportunity for non-allelic homologous recombination.
This can result in the excision of a given insertion, leaving behind only a single LTR copy.
Recombination events between the different insertions of the same or similar ERV subfamilies can
produce deletions, duplications, and other rearrangements of intervening genomic Sequences.
Additionally, the ERV sequences themselves can contain motifs that can disrupt or modulate
nearby genes and regulatory regions. Thus, it is not surprising that ERV activity is associated with
a number of human diseases and the target of epigenetic repression by the host genome. However,
the consequences of ERV activity are not solely deleterious, as there is evidence that ERVs have

been co-opted into important developmental roles as well.
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Figure 1.3 Retroviral infection and integration into the host genome

Left to right: An infecting viral particle enters the host cell after its envelope, containing Env proteins
(pink), fuses with the cell membrane. The viral capsid (hexagon), consisting largely of Gag proteins,
contains the RNA form of the retroviral genome (red) as well as a reverse transcriptase (green).
The viral genome is subsequently reverse transcribed into its DNA complement (light blue) and this
viral genome then enters the nucleus with its associated integrase proteins (dark blue). A new viral
integration is then inserted into the host genome, becoming a provirus. Lower right: A schematic of
a retroviral genome with components indicated as colored boxes (gag, group-specific antigen; prt,
protease; pol, polymerase; env, envelope protein; rec, accessory protein; LTR, long terminal

repeat). Three splice variant transcripts are shown and their translated products are given.
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An exogenous retrovirus infects an individual in generation 1, resulting in their accruing provirus
integrations in some somatic cells. Horizontal transmission of the virus from the first individual to
the second results in the second accruing somatic integrations as well. However, the second
individual subsequently receives germline integrations. The descendants of the first individual do
not inherit any retroviral integrations, while any germline integrations in the second individual are
transmitted vertically to half of its descendants as endogenous retrovirus insertions present in every
cell. Only half of the descendants of this second individual in Generation 2 inherit any given

germline integration locus because any cell receiving a new integration does so on only one copy
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Figure 1.4 Retroviral infection, horizontal transmission, endogenization, and vertical
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of the affected chromosome. This results in a heterozygous pattern of inheritance.
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1.5.1 ERVs in germ cells and pre-implantation embryos

Certain stages in mammalian pre-implantation embryo and germ cell development pose a unique
challenge for the control of endogenous retroviral activity, as multiple waves of epigenetic
reprogramming during this period cause major regulatory and expression changes across the
genome. During the two waves of epigenetic reprogramming that occur in primordial germ cells
(PGCs) and fertilized oocytes, a considerable amount of DNA demethylation occurs. Examination
of global DNA methylation at these stages has shown that levels within human and mouse pre-
implantation embryos decrease beginning at the 1- to 2-cell stage, depending on the species, and
up to or soon after reaching the blastocyst stage [161-165]. Since DNA methylation is largely
responsible for the repression of many transposable elements, including ERVs in somatic cells
[166], the activity of ERVs and the alternative mechanisms repressing ERV activation during these
periods of global hypomethylation have been the focus of a number of recent investigations.

Given that some ERV families have substantially expanded their number of proviral
genomic insertions in animals [167,168], it has been hypothesized that widespread reactivation of
ERVs during the waves of global reprogramming within germ cell and pre-implantation
development is largely responsible for this expansion. On the other hand, it is also known that
additional ERV repressive mechanisms must be in place to maintain genomic stability throughout
epigenetic reprogramming and the highly choreographed molecular processes required for normal
germ cell development, fertilization, and embryonic development. These ideas are not mutually
exclusive, as there is substantial evidence supporting both reactivation [13,169,170] and alternative
repression [171-177] of ERVs within the genome during germ cell development and
embryogenesis.

Despite the existence of elaborate mechanisms that mediate ERV inactivation, there is also
extensive evidence that some ERVSs are still active and play essential roles during gametogenesis
and pre-implantation development. Upregulation of ERV proviral transcription and protein
expression has been well-documented in hESCs and early human embryos. For example, elevated
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expression of the ERVH family has been observed within both naive-like and primed hESC sub-
populations [170,178]. Additional transcripts from the ERVK (HML-2) family are also observed
at high levels within hESCs and rapidly decrease upon differentiation [169]. Expression of ERVK
begins at the 8-cell stage, concurrent with embryonic genome activation (EGA), and continues
throughout pre-implantation development into the blastocyst stage. A majority of actively
transcribed ERVK loci during this time are associated with LTR5HS, a specific subclass of LTR,
which is confined to human and chimpanzee and contains an OCT4 binding motif. The LTR5HS
subclass requires both hypomethylation and OCT4 binding for transcriptional activation, which
synergistically facilitate ERVK expression [13]. Based on the elevated activity of these ERVs
within hESCs and pre-implantation embryos, as well as their known interactions with other factors
during this time, it is thought that these ERVs have been functionally incorporated into roles
important for defining and maintaining pluripotent specific states.

The role of LTRs as regulatory regions for proviral DNA represents an additional function
that can be utilized by or incorporated into host genomes. In particular, LTRs are known to be co-
opted as promoters or enhancer elements of nearby genes important during embryonic development
and maintenance of pluripotency [179]. Nearly, ~33% of all transcripts in human embryonic tissues
are associated with repetitive elements, suggesting a clear pattern of embryonic cell specificity for
viral promoters [180]. Many transcripts detected in the totipotent blastomeres of mouse 2-cell
embryos are initiated from LTRs upon EGA as well, indicating that these repeat sequences may
help drive cell-fate regulation in mammals [181]. Certain LTRs have also been shown to provide
important regulatory functions not only in embryonic cells but also within germ cells during
gametogenesis. For example, germline-specific transactivating p63 (GTAp63), a member of the
p53 family important for maintaining genetic fidelity in the human male germline, is under the
transcriptional control of ERV9 LTR [182-184]. Transcriptionally active GTAp63 suppresses
proliferation and induces apoptosis upon DNA damage in the germ cells of normal testes and is
frequently lost in human testicular cancers. Restoration of GTAp63 expression levels in cancer
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cells was observed upon treatment with a histone deacetylase (HDAC) inhibitor, indicating possible
epigenetic control of ERV9-mediated GT Ap63 expression via activating histone acetylation marks.
Thus, the ability of ERV9 regulatory regions to contribute to the maintenance of male germline
stability is yet another example of how ERVs have evolved to serve an important function in their

human hosts [184].

1.5.2 ERVs in the placenta
It is well established that the DNA in both mouse and human placentas are hypomethylated
compared to other somatic cells derived from either in vivo or in vitro sources [185-189]. As such,
the DNA methylation levels of LTRs within human placentas more closely resemble those observed
in oocytes than in somatic tissues such as the brain, averaging ~60% methylation across the genome
[190]. Given the hypomethylation of LTRs in the placenta, it is not surprising that numerous sub-
families of ERV proviruses are expressed within human placental tissues. More specifically, there
is evidence of proviral transcription from ERVE [191], ERV3 [192], ERVK [10], ERVfb1 [193],
ERVV1/2 [124], ERVW [194] and ERVFRD [195].

The most notable ERV families producing functional proteins during placentation are
ERVW and ERVFRD, corresponding to Syncytin-1 and Syncytin-2, respectively, which are critical
for the cellular fusion underlying human placental syncytia formation and maintenance [194-198].
Cell fusion is a relatively unique function in normal healthy tissues, with muscle, bone, and placenta
being the major exceptions. Since regulation of this highly specified function is of much interest,
the precise mechanisms underlying the transcriptional control of the Syncytin genes have been the
topic of several investigations. Both DNA and histone H3K9 methylation have been reported to be
important for inactivating ERVW and repressing Syncytin-1 expression, resulting in pathological
conditions such as exogenous viral infections and preeclampsia when repression does not occur
[199-202]. It has also been shown that transcriptional activation of the ERVW locus and promotion

of cell fusion also requires the synergism of LTR promoter hypomethylation, along with the binding
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of several transcription factors such as GCM1, SP1, and GATA family members [203-207].
Recently, another ERV-derived protein called Suppressyn was identified to alternatively regulate
Syncytin-1, but not Syncytin-2-based cell fusion by inhibiting its interaction with the Syncytin-1
associated receptor, ASCT2 [193]. Suppressyn is a truncation product of the proviral env gene from
the ERVfb1l element and is transcribed within the placenta. Within normal human placentas,
Suppressyn is co-expressed with Syncytin-1 in the syncytiotrophoblast layer [193], further
supporting that these two factors are involved in cell-cell fusion regulation at the maternal-fetal
interface in utero.

Notably, integration of ERVW and ERVFRD into the genome occurred before the
segregation of Old World monkeys (Catarrhini) [208] and New World (Platyrrhini) monkeys [195]
respectively. Thus, Syncytin-1 and Syncytin-2 are only present in higher-order primate species
[209]. Interestingly, functionally similar yet distinct ERV proviral proteins have been discovered
throughout most mammalian genomes, representing a spectacular example of convergent evolution
(reviewed in detail [209]). The ERVV env gene present within Old World monkeys has also been
implicated in trophoblast fusion activity, possibly alleviating the lack of functional Syncytin-1
within these species, while the ERVV proviruses in the human genome are not functional in this
capacity [124]. Syncytin-A and Syncytin-B appear to function like human Syncytin proteins within
the mouse placenta and are known to have entered the murine lineages approximately 20 million
years ago [210]. Similarly, Syncytin-Ory1 has been discovered in rabbits and hares (Leporidae;
[211]), Syncytin-Carl within 26 different species of carnivorans (Carnivora; [212]), Syncytin-Marl
within the squirrel-related clade (either Scuridae or Marmotini; [213]), Syncytin-Ten1 within tenrec
(Tenrecidae; [214]), Syncytin-Rum1 in ruminants (Ruminantia; [215]), and Syncytin-Opol within
the short-lived placenta of opossum and kangaroo marsupials (Marsupialia; [216]).

Several ERV-captured env genes have been proposed to have an immunosuppressive role
that is important for preventing maternal rejection of the semi-allogenic fetus during pregnancy. In
addition to fusogenic properties derived from the ERVFRD env gene, Syncytin-2 contains a
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classical env retroviral immunosuppressive (ISU) domain that has been shown to have
immunosuppressive activity via an in vitro tumor-rejection assay [217]. Given observed protein
expression within the cytotrophoblasts cells of the human placenta, Syncytin-2 has been suggested
to facilitate fetal tolerance by suppressing the maternal immune system. Other ERV-derived env
proteins from ERVV and ERVK have also been proposed to possess an immunosuppressive role
in controlling the maternal immune system during pregnancy. This is based on findings that both
families have one or more proviral loci in the genome with intact env open reading frames and a
corresponding immunosuppressive domain. Additionally, both ERVV and ERVK expression has
been observed within placental trophoblast cells at the maternal-fetal interface, although
corresponding in vitro functional assays have not yet been completed to directly support this finding
in vivo [10,218]. Until these studies are undertaken, the exact function of ERVV and ERVK and
whether env protein expression from these ERVs induce maternal immunosuppression within the

placenta will remain unknown.

1.5.3 ERVs and human disease
Through insertional mutagenesis, recombination between homologous copies, and the regulatory
disruption that epigenetic suppression of ERV insertions can cause to nearby gene loci, there are
many mechanisms by which these elements might cause disease. In particular, their association
with various cancers has been well demonstrated, as reviewed in [219]. For instance, ERV activity
has been strongly associated with many breast cancers [220-222]. While in melanoma tissues,
ERVK expression of both RNA and protein has been shown [223], and one recent study identified
24 ERVK (HML-2) loci transcribed [224]. In another study of Hodgkin's lymphoma, all cancer
patient samples were found to have alternative transcripts of the CSF1R, that initiated at the LTR
of an ERV located ~6.2 kb upstream of the normal promoter [225].

Besides multiple types of cancers, ERVs have also been demonstrated to be associated with

a variety of neurologic diseases, as reviewed in [226]. In cases of amyotrophic lateral sclerosis
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(ALYS), elevated ERVK (HML-2) activity was detected in the brain tissue of ALS patients [227].
Moreover, transgenic animals expressing the ERVK env gene in cortical and spinal neurons were
shown to develop motor dysfunction, suggesting that these elements may contribute to
neurodegeneration [228]. Lastly, the expression of ERVW env and gag has been observed in
muscle samples from ALS patients [229], which may be due to the inflammatory response from
the disease itself [230]. Nonetheless, the support for the involvement of at least ERVK in ALS is
mounting, though causality has yet to be demonstrated.

Multiple sclerosis (MS) is another neurological disease in which ERVs have been strongly
implicated. MSRV (multiple sclerosis-associated retrovirus), a subtype of ERVW, as well as
ERVW1/W2 and ERVH/F, have all been linked to MS (reviewed in [231]). In particular, one study
showed significantly elevated env antigen in the serum of MS patients relative to controls, and
gPCR of peripheral blood mononuclear cells (PBMC) revealed an association between ERVW and
MS [232]. This same study demonstrated elevated Env expression in eight well-characterized MS
brains that had lesions throughout the parenchyma and in both perivascular infiltrates and the rim
of chronic active lesions. Other studies have reported ERV expression associated with
schizophrenia and bipolar disorder through the detection of ERVK and ERVW in blood,
cerebrospinal fluid, and the pre-frontal cortex [233-236]. In one study of schizophrenia,
hypermethylation of a specific ERVW LTR insertion located in the regulatory region of
the GABBR1 gene was associated with increased risk of schizophrenia [237]. A nearly full-length
ERVK insertion near the PRODH gene, which is known to be associated with schizophrenia and
other neuropsychiatric disorders, has been shown to work in concert with the internal PRODH CpG
island to activate the gene. Thus, it is thought that aberrant DNA methylation of this locus may

contribute to the development of schizophrenia [238].
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1.5.4 ERVs may play a role in the innate immune response

While the majority of ERV proviruses have acquired mutations, thereby preventing translation into
protein, certain families have been especially well preserved and contain functional ORFs for one
or more of the classical proviral genes. Within primates, ERVK (HML-2) represents the best-
preserved and most recently active ERV, containing a substantial number of loci that have predicted
coding potential throughout different primate genomes. It has also been observed that ERVK
encodes a small accessory protein, Rec, in naive ES cells and human blastocysts. Overexpression
of Rec protein within human pluripotent cells increases the innate antiviral response and can inhibit
exogenous viral infections, suggesting an immunoprotective role of the ERVK Rec protein during
early embryonic development [13]. An additional ERVK proviral protein, Gag, which makes up
the core of viral particles in exogenous retroviruses, is also expressed within human blastocysts and
pluripotent cells. Immunolabeling of ERVK gag protein followed by confocal and transmission
electron microscopy revealed ERVK gag protein within structures of blastocysts resembling viral-
like particles (VLPs). This suggested that some ERV proviral sequences in the human genome still
retain the ability to code for viral proteins and form VLPs during normal human embryogenesis.
Similarly, proteins produced from ERV env genes have also been demonstrated to function as
restriction factors against exogenous retroviral infection [239].

Even though some ERV proviruses do not contain functional ORFs, they can still harbor
sequence motifs that serve to modulate the activity of nearby genes. For instance, interferon (IFN)-
inducible enhancers have been dispersed by ERV insertions adjacent to IFN-inducible genes over
mammalian evolution. This has resulted in gene regulatory networks being able to work in concert
due to the presence of these ERV sequences. Further, CRISPR-Cas9 deletion of a MERA41 insertion
upstream of AIM2 in HeLa cells was shown to disrupt the endogenous IFNG-inducible regulation
of this locus, demonstrating that host genomes can harness ERV sequences over time [240]. In
another example of ERV involvement in innate immunity, Chiappinelli et al. demonstrated that
induction of ERV expression, especially bidirectional transcription of ERVSs, activated a double-
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stranded RNA sensing pathway that triggered a type | interferon response and apoptosis [241].
Determining exactly how ERVs influence interferon expression and function to regulate innate

immunity should be the focus of future studies.

1.5.5 Conclusions

The relationship between ERVs and the human genome is a diverse and complicated one, resulting
from millions of years of co-evolution. ERVs are known to be involved in disease through
insertional mutagenesis, as targets of epigenetic repression, and via recombination of sequences
between the homologous copies of these elements scattered across the genome. Throughout
mammalian evolution, the deleterious effects of ERVs seem to be balanced by the benefits gained
from the innovative co-option of their sequences and proteins by host genomes. These innovations
include the intimate relationship between ERV activity with embryonic and placental development,
as well as a number of ERV-associated regulatory networks that have become important
components of our genome. An innate immune response to exogenous retroviral infection is likely
only one of several roles that ERVs serve. Once thought to have been quiescent, non-functional
residents of the human genome, we are only beginning to uncover the scope of how actively

intertwined our biology is with these long-time genomic partners.
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1.6 Summary

Altogether, these studies clearly demonstrate the importance of normal placentation for the health
and well-being of both the mother and fetus throughout pregnancy. However, despite its importance
in reproductive success, there is still a limited understanding of how the human placenta develops
and functions. Additionally, even though ERV expression is known to play important roles during
early development and reproduction, the native expression and function of ERVK in the human
placenta remains largely uncharacterized. In the following section, I will discuss the importance of

primate placental research as well as the specific objectives of my studies.

1.7 Significance and Project Aims

1.7.1 Significance
The human placenta is a remarkable organ that depends on normal trophoblast differentiation and

invasion to transport nutrients and protect the fetus throughout pregnancy. Since trophoblast

invasion and spiral artery remodeling predominantly occurs during the first trimester in humans

[49]. and defective deep placentation is thought to give rise to a number of major pregnancy

complications [2], it is important to understand the early stages of human placentation during

normal and pathological pregnancy conditions. Because several challenges have historically

limited the study of human and non-human primate tissues, relatively little is still known about the
molecular mechanisms underlying the characteristic deep placentation observed in humans and
great apes [126-130]. My central hypothesis is that human-specific and/or human-elaborated
features of placental development, including deep placentation and expression of human
restricted ERVs, not only maximize the nourishing and protective capabilities of the placenta
but also increase the susceptibility of humans to preeclampsia and other pregnancy

complications. The resources and findings presented here should enhance our understanding of
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human placentation during normal and pathological pregnancy conditions, and may ultimately

provide new diagnostic approaches and treatments for major pregnancy-related diseases in human.

1.7.2 Project Aims

Specific Aim |I: To identify the transcriptional differences between the human and rhesus
placenta. Although the human and rhesus placenta appear to be morphologically and functionally
similar, previous studies have revealed some notable differences between the two species,
including: (1) an increased extent and depth of interstitial EVT invasion in human compared to
rhesus [4], (2) fewer cases of preeclampsia in rhesus and other non-human primates compared to
humans [126-130], and (3) differences in the expression level and/or protein-coding potential of
well-known human placental markers in rhesus [122-125]. Given these differences, | hypothesize

that many of the genes differentially expressed between human and rhesus placenta contribute to

the molecular and cellular processes underlying EVT invasion and preeclampsia differences

between these two species. Ultimately, the identification of both shared and different molecular

aspects of human and rhesus placentation will not only help elucidate the translatability of the
rhesus animal model it may also provide valuable insight into the molecular origin of human-

specific placental features and pregnancy-related diseases.

Specific Aim 11: To elucidate the expression and function of ERVK (HML-2) during

placentation. A recent expansion of ERVK insertions specifically within the human lineage has
resulted in a number of largely intact human-specific proviral insertions with the ability to encode
viral-like proteins when transcribed [242-245]. While the ERVK envelope-derived viral-like
protein is known to be expressed during normal human placentation [10], the proviral locus/loci it
is derived from and its potential functional role remains unknown. Previous studies have
highlighted the fusogenic role of other ERV-derived envelope proteins (Syncytins) in mammalian

placentation [194-198], as well as the fusogenic and immunomodulatory functions of exogenous
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retroviral envelope proteins [246,247] and recombinantly expressed ancestral-predicted ERVK

envelope proteins [248-251]. Given these previous findings, 1 hypothesize that placentally-

expressed ERVK envelope protein plays an important role in the trophoblast fusion and/or

maternal immunomodulation required during normal human placentation, and that abnormal

placental ERVK expression may contribute to pregnancy complications associated with placental

dysfunction. Therefore, my second aim was to elucidate the expression and function of ERVK in
human placental tissues and/or trophoblast cells under normal conditions and in cases of preterm

birth.
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CHAPTER 2: Transcriptomic Analysis of Primate Placentas
and Novel Rhesus Trophoblast Cell Lines Informs
Investigations of Human Placentation
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2.1 Abstract

Background: Proper placentation, including trophoblast differentiation and function, is
essential for the health and well-being of both the mother and baby throughout pregnancy. Placental
abnormalities that occur during the early stages of development are thought to contribute to
preeclampsia and other placenta-related pregnancy complications. However, relatively little is
known about these stages in humans due to obvious ethical and technical limitations. Rhesus
macagues are considered an ideal surrogate for studying human placentation, but the unclear
translatability of known human placental markers and lack of accessible rhesus trophoblast cell
lines can impede the use of this animal model.

Results: Here, we performed a cross-species transcriptomic comparison of human and
rhesus placenta and determined that while the majority of human placental marker genes (HPGs)
were similarly expressed, 952 differentially expressed genes (DEGSs) were identified between the
two species. Functional enrichment analysis of the 447 human-upregulated DEGs, including
ADAM12, ERVW-1, KISS1, LGALS13, PAPPA2, PGF, and SIGLECS6, revealed an over-
representation of genes implicated in preeclampsia and other pregnancy disorders. Additionally, to
enable in vitro functional studies of early placentation, we generated and thoroughly characterized
two highly-pure first trimester telomerase (TERT) immortalized rhesus trophoblast cell lines (iRP-
D26 and iRP-D28A) that retained crucial features of isolated primary trophoblasts.

Conclusions: Overall, our findings help elucidate the molecular translatability between
human and rhesus placenta and reveal notable expression differences in several HPGs and genes
implicated in pregnancy complications that should be considered when using the rhesus animal

model to study normal and pathological human placentation.
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2.2 Background

The placenta is the physical link between the mother and fetus as well as a critical site for nutrient
and waste exchange during pregnancy. Trophoblasts are the major functional cell type of the
placenta, and can be divided into three subtypes: (1) proliferative cytotrophoblasts (CTBSs), which
can differentiate into (2) invasive extravillous trophoblasts (EVTs), or fuse to form (3)
multinucleated syncytiotrophoblasts (STBs). Proper trophoblast differentiation and function are
essential for normal placentation and fetal development throughout gestation. In humans, abnormal
placentation is the primary defect associated with major pregnancy complications, such as
preeclampsia, fetal growth restriction, recurrent miscarriage, and still-birth [2]. Investigation of
early placentation is particularly important for combating these diseases since many of the
associated defects are thought to arise early to mid-gestation. However, the ethical and technical
limitations of studying early human development have confined many human placentation
investigations to late gestational stages closer to term. Thus, early human placental development,
including the origin and cause(s) of the placental abnormalities underlying major pregnancy
complications, is poorly understood.

To overcome the limitations of studying early human placentation, numerous human first
trimester trophoblast cell lines have been isolated and immortalized using various methods for in
vitro investigations [140,141,143]. Unlike primary trophoblasts, immortalized trophoblast cell lines
are readily available, can be grown in culture indefinitely, and are relatively easy to transfect for
functional studies. However, recent studies suggest that these cell lines are not necessarily a pure
population of trophoblasts and/or have acquired karyotypic and phenotypic aberrations with
continued passaging [253-255]. The human choriocarcinoma cell lines, BeWo, JEG-3, and JAR,
have also been used to study trophoblast differentiation and syncytialization [145], but these cells
are highly malignant and exhibit considerably different transcriptomic profiles than primary
trophoblasts [253], questioning whether these lines are truly representative of trophoblast cells in

vivo.
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While some of the limitations of performing human in vitro and in vivo placental studies
are overcome using animal models, most mammalian species poorly recapitulate human
placentation. This is due, in large part, to inherent genetic differences and variations in the placental
structure, steroidogenic synthesis, and the intracellular signaling pathways mediating lineage-
specific trophoblast differentiation amongst mammals [256,257]. However, non-human primate
animal models, particularly rhesus macaques (Macaque mulatta), are genetically similar to humans
and share many key features of human placentation. Besides being comparable in placental
morphogenesis, the overall structure and nature of both the STB interface layer and intervillous
space, as well as endocrine functions and extracellular matrix changes are similar between rhesus
and human placenta [3-5,7]. Further, there is a strong resemblance between human and rhesus
placental endovascular EVT invasion and spiral artery transformation [6], processes known to play
a central role in the pathogenesis of several pregnancy complications in humans [61]. Unlike studies
relying on human samples, access to high-quality early gestational placental samples and in vivo
functional investigations are possible under approved rhesus animal studies. However, rhesus first
trimester trophoblast cell lines are still not readily available, which limits rhesus-based placental
studies and requires the laborious isolation and use of primary term rhesus trophoblasts for in vitro
investigations.

Although the human and rhesus placenta appear to be morphologically and functionally
similar, previous studies have revealed some notable differences in the expression level and/or
protein-coding potential of well-known human placental markers, including CGA, HLA-G,
ERVW-1, and SIGLECG6 [122-125]. Differences in placental invasion have also been noted, as the
extent and depth of interstitial EVT invasion is greater in human compared to rhesus placentation
[4]. Further, while a few cases of preeclampsia have been documented in rhesus and other non-
human primates, this disease predominantly occurs in humans [126-130]. Thus, the identification

of the molecular differences between human and rhesus placenta will not only help elucidate the
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translatability between primate placental studies but may also provide valuable insight into the
molecular origin of human-specific placental features and pregnancy-related diseases.

Here, we performed a cross-species transcriptomic comparison of human and rhesus
placenta to identify differentially expressed genes (DEGs) and determined that even though the
majority of human placental marker genes (HPGs) are similarly expressed across the two species,
there are gene expression differences that likely underlie the distinct features of human
placentation. Additionally, we generated and thoroughly characterized two highly pure TERT-
immortalized rhesus trophoblast cell lines for in vitro functional studies that retained features of
primary rhesus trophoblasts. Overall, this work provides a comprehensive list of genes
differentially expressed between human and rhesus placenta that enhances the translatability of
primate placental investigations, helps delineate the molecular differences underlying human
susceptibility to preeclampsia and other pregnancy-related diseases, and provides previously
unavailable first trimester immortalized rhesus trophoblast cell lines for further functional

investigation and understanding of early primate placentation.

2.3 Results

2.3.1 Identification of genes differentially expressed between human and rhesus
placenta

Despite the structural and functional similarities between human and rhesus placentas, differences
in the level and route of invasion, as well as the increased propensity to develop pregnancy-related
diseases in humans, suggests that molecular differences exist across primate species. To
characterize such differences, we compared gene expression levels between human and rhesus
macaque (Macaque mulatta) placentas using a combination of newly-generated and publicly-
available RNA-seq data from bulk third trimester placenta samples [258] (Table 2.1). The presence
of EVTs in rhesus placental samples at this gestational time was confirmed via

immunohistochemical (IHC) staining of the pan-trophoblast marker, KRT7 (Supplemental Figure
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2.1). In order to make RNA-seq gene expression data comparable across species, we limited our
comparison to human protein-coding genes with ENSEMBL-defined “high-confidence” “one2one”
rhesus orthologs and DEGs were identified by intersecting the results of two complementary
differential expression (DE) analyses (Supplemental Figure 2.2A). First, RNA-seq data from both
species were mapped to the human reference genome (GRCh38) (Figure 2.1A) and DEGs were
identified based on the human gene annotations (DE-GRCh38). Second, RNA-seq data from both
species were mapped to the rhesus reference genome (Mmul10) and DEGs were identified based
on the rhesus gene annotations (DE-Mmul10) (Figure 2.1B). A gene was considered differentially
expressed only if it was identified as significantly (padj<0.05) upregulated or downregulated
(JL2FCJ|>2) by both analyses (Figure 2.1C). Thus, DEGs called due to mappability issues instead
of true expression difference would not be called in the reciprocal analysis and excluded from the
final set of DEGs. To avoid potential batch effects, we repeated the DE analysis using three
independent human placenta RNA-seq datasets [259,260] (Supplemental Figure 2.2A-C). This
final set of DEGs consisted only of genes determined to be significantly upregulated or
downregulated by all three DE analyses and resulted in a total of 952 DEGs, including 447 human-
upregulated and 505 rhesus-upregulated genes (Figure 2.1D, Table 2.2-2.3). Quantitative reverse
transcription PCR (qRT-PCR) was used to validate eight of the DEGs (

Supplemental Figure 2.3A,B). The 25 most significant human and rhesus upregulated DEGs are
shown in Figure 2.1E and highlights the upregulation of several well-known placental markers in
human including, ADAM12, SERPINB2, BPGM, CYP19A1, SVEP1, GPC3, PGF, FBN2, and
PAPPA2. Collectively, these results provide a comprehensive list of gene expression differences
between human and rhesus placenta and show that not all established human placental markers are

expressed equivalently in the two species.
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Figure 2.1 Cross-species DE analysis of human and rhesus bulk placental tissue

Volcano plots showing gene expression fold differences between human and rhesus term placental
tissue from DE#1, using data mapped to (A) the human genome and (B) the rhesus genome.
Dashed lines denote DE significance (padj<0.05) and fold change (JL2FC|>2) thresholds; genes
passing padj threshold (green), passing L2FC threshold (cyan), passing both (magenta), or none
(grey). (C) Venn-diagram depicting intersection of DEGs identified using data mapped to human
genome (stripes) and rhesus genome (spotted) to identify intermediate human-upregulated (light
blue) and rhesus-upregulated (light red) genes sets. (D) Venn-diagram depicting the intersection
of the results from the three DE analyses to identify final set of 447 human-upregulated genes
(blue), and 505 rhesus-upregulated genes (red). (E) Top 25 most significant differentially expressed
(ranked by mean padj) human-upregulated (blue) and rhesus-upregulated genes (red); box plots
depict average Log2 fold change of each gene from the three DE analyses. (F) Differential

expression results of HPGs. (Left) Proportion of placental marker genes analyzed (purple) or
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excluded from (brown) DE analysis. Analyzed genes are further classified as either not differentially
expressed (not DE) (grey), human-upregulated (blue), or rhesus-upregulated (red). (Right)
ENSEMBL-classification of HPGs excluded from DE analysis; “no rhesus ortholog” (orange), “low
confidence rhesus ortholog” (yellow), or “no one2one rhesus ortholog” (green). (G) Heatmap of
differentially expressed HPGs; human-upregulated genes (L2FC>2) are shown in blue and rhesus-
upregulated genes (L2FC<2) are shown in red.
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2.3.2 Comparison of human, rhesus, and mouse placenta confirms the overall
molecular similarity between primate placentas

To validate the primary DE analysis and provide an unbiased assessment of the molecular similarity
between human, rhesus, and mouse placenta, an orthologous cross-species transcriptomic
comparison was performed that relied exclusively on RNA-seq data mapped to respective species
genome. We used an approach similar to the one recently described by Sun et al. [261] in which
Transcripts Per Million (TPM) normalized gene expression values were calculated for each sample
(Table 2.4-2.6), then filtered to include only genes with one-to-one orthologues across all three
species (human, rhesus, and mouse) for cross-species comparison. Consistent with Sun et. al,
hierarchical clustering of TPM-normalized expression data showed that rhesus placental samples
were more closely related to human than mouse (Supplemental Figure 2.4A,B, Table 2.7). A total
of 1787 DEGs, including 879 human-upregulated and 814 rhesus-upregulated DEGs, were
identified between human and rhesus placenta using TPM-normalized expression data (Table 2.8).
Of the 952 DEGs identified in our primary DE analysis, 58% (n=554) were also identified by the
TPM-based analysis (Supplemental Figure 2.4C). It should be noted that ~8% (73/952) of DEGs
in our primary analysis were excluded from the novel TPM-based approach due to lack of
ENSEMBL-defined one-to-one human-to-mouse ortholog, including preeclampsia associated
genes (ERVW-1, KISS1, LGALS13, SIGLEC6) and HPGs (GPC3, INSL4, MAGEA4, NAA11,
OLAH, PSKH2) (Supplemental Figure 2.4D,E). Thus, while the inclusion of mouse in the TPM-
based transcriptomic comparison allowed for an unbiased assessment of molecular similarities
between human and rhesus, it also minimized the number of orthologous genes that could reliably
be compared, thereby excluding several key DEGs identified by our primary analysis. Nonetheless,
the results of the TPM-based comparative analysis confirm the overall molecular similarity
between human and rhesus placenta, as well as the stringency and confidence of our primary DE

approach and the final DEG set reported.
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2.3.3 Genes implicated in human pregnancy complications are upregulated in human
compared to rhesus placenta

To elucidate the translatability of human placental markers between human and rhesus, a set of
previously defined HPGs [262] was examined for differential expression between the two species.
Out of the 190 HPGs, ~72% (n=137/190) were included in the primary DE analysis, while 28%
(n=53/190) were excluded due to nonexistent (43%), low confidence (32%), or a lack of “one2one”
(25%) ENSEMBL-defined rhesus ortholog (Figure 2.1F). In certain cases, ENSEMBL-defined
orthology conflicts with orthologous genes described by previous studies. For instance, the GH2
gene is defined as having no ENSEMBL rhesus ortholog despite the well-described placentally
expressed GH/CS locus in the rhesus genome that is highly similar to human [263-265]. Further,
both HLA-G and CGA are defined as having only “low-confidence” rhesus orthologs, opposed to
previous studies describing highly similar orthologous genes in the rhesus genome [122,123]. Of
the 137 HPGs included in the analysis, the vast majority (~75%; n=102/137) showed similar
expression levels between human and rhesus placenta. The remaining ~25% of HPGs (n=35/137)
were identified as differentially expressed between the two species, with ~18% (n=25/137)
upregulated in human and ~7% (n=10/137) upregulated in rhesus placenta (Figure 2.1F). Notably,
several HPGs associated with invasive EVTs (ADAM12, PAPPA2, PGF) [266-268], and pregnancy
complications such as preterm birth and preeclampsia (ADAM12, HSD17B1, KISS1, LGALS13,
PAPPA2, SIGLEC6, ERVW-1) [269-275], were found to be upregulated in human compared to
rhesus placenta (Figure 2.1G). Over-representation analysis (ORA) demonstrated that genes
associated with pregnancy disorders including, “preeclampsia” (padj=6.73E-04), “HELLP
syndrome” (padj=1.48E-01), “Gestational trophoblastic tumor” (padj=1.52E-01), and “Eclampsia”
(padj=4.43E-01) were indeed upregulated in human compared to rhesus placenta (Supplemental
Figure 2.5). Overall, these results provide a comprehensive list of differentially expressed HPGs

between human and rhesus placenta that should be considered when studying certain aspects of
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placentation in rhesus, particularly those that are associated with EVT invasion, preeclampsia, or

other placenta-related diseases.

2.3.4 DEGs detected between human and rhesus placenta largely reflect species-
specific changes

While both the human and rhesus RNA-seq data used for our DE analysis were isolated from
placenta samples collected from third trimester cesarean sections without labor, we note that the
publicly available rhesus data was generated from a slightly earlier (~80%) gestational age (GA)
than the term human placental samples. Therefore, some of the gene expression differences
observed between the human and rhesus samples may be the result of GA rather than species-
specific changes. However, examination of a set of previously defined “GA-specific” genes
expressed in primate placentas [276] revealed that only a single GA-specific gene (BAALC) was
identified as differentially expressed in our analysis. In addition, closer examination of the rhesus
placenta RNA-seq data showed little to no expression of Y-linked genes in any of the samples,
suggesting an unequal distribution of male and female samples may have influenced the cross-
species comparison. To determine whether any of the DEGs identified were due to sex-specific
rather than species-specific differences, we compiled a set of sex-differentially expressed (SDE)
genes via DE analysis of known male (n=6) and female (n=5) human placentas. A total of 11
significant SDE genes were identified (Table 2.9), five of which overlapped with our human-
upregulated DEGs (ZFY, RPS4Y1, KDM5D, DDX3Y, CCK). Therefore, sex-specific changes
accounted for only ~0.53% (5/952) of the DEGs in the cross-species analysis of human and rhesus
placentas. These results indicate that the DEGs identified in our study largely reflect species-

specific changes rather than GA-related or sex-specific differences.
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2.3.5 Establishment of TERT-immortalized rhesus cell lines from placenta and skin
fibroblasts

Because the placenta is a heterogeneous organ comprised of many cell types in addition to
trophoblasts, such as immune, stromal and vascular cells [277], we next sought to isolate primary
trophoblasts from bulk rhesus placentas for immortalization and characterization, including a
comparison of gene expression. While previous studies have successfully isolated and cultured
primary trophoblasts from first and third trimester rhesus placenta [278-281], no rhesus
immortalized trophoblast cell lines currently exist for in vitro investigations. Using the strategy
described in Figure 2.2A, we isolated primary trophoblast cells from rhesus placental tissues
collected at gestational day 26 (~6 wks human pregnancy), day 28 (~7 wks human pregnancy), day
50 (~12 wks human pregnancy), day 141 (~34 wks human pregnancy), and day 149 (~35 wks
human pregnancy). After depletion of contaminating immune cells using immunopurification, the
cells were cultured for 24 h before transduction with lentivirus containing TERT and puromycin
resistance (PAC) genes for antibiotic selection. First and third trimester primary cell isolation
methods resulted in ~98% and ~69% Cytokeratin (KRT7) positive trophoblast cells, respectively
(Supplemental Figure 2.6). A total of six immortalized rhesus placental (iRP) cell lines were
generated, including four from first trimester (iRP-D26, iRP-D28A, iRP-D28B, iRP-D50) and two
from third trimester (iRP-D140, iRP-D141) rhesus placentas. Male and female rhesus primary skin
fibroblasts were also used to establish two immortalized rhesus fibroblast (iRFb) cell lines, iRFb-
XY and iRFb-XX, as controls. Cultures of iRP-D26 and iRP-D28A contained purely polygonal
epithelial-like cells, while the other cell lines appeared heterogeneous with a mix of large flattened
and elongated fibroblast-like cells (Figure 2.2B). Expression of the lentiviral-transduced genes,
TERT and PAC, was confirmed in each of the cell lines via RT-PCR (Figure 2.2C). These results
suggested that the lentiviral-based TERT-transduction strategy was quite robust, with 100%

(n=8/8) of attempts resulting in the generation of a cell line with stable TERT expression. Moreover,
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both the iIRP-D26 and iRP-D28A have been cultured beyond 30 passages, further supporting

successful TERT-immortalization of these cell lines.

* Cell culture + TERT Puromycin selection &
propagation

lentiviral transduction

TERT (199 bp) PAC (198 bp)

Figure 2.2 Establishment of TERT immortalized rhesus cell lines

(A) Schematic of primary trophoblast cell isolation from rhesus placental tissue and TERT
immortalization. (B) Phase contrast microphotographs of immortalized placental cell lines. (C)
Confirmation of TERT immortalization via RT-PCR detection of TERT and PAC gene expression.
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2.3.6 Assessment of genomic integrity in TERT-immortalized rhesus cell lines

Cell lines are known to develop genetic abnormalities during immortalization and/or prolonged cell
culture, such as aneuploidies, copy number variations (CNVs), and chromosomal fusions. This is
particularly true for cell lines derived by Simian Virus 40 (SV40) or a similar transformation
approach as has been shown for first trimester human trophoblast cell lines [282,283], but it can
also occur in TERT-immortalized human trophoblasts over time [255]. In addition, primary
trophoblasts normally undergo cell fusion (syncytialization), which can complicate nuclear
assessment. Here, CNVs and whole chromosome counts were determined using low-input DNA-
seq and metaphase spreads, respectively. Approximately ten cells from each TERT-immortalized
cell line were manually transferred into a single tube and prepared for DNA-seq as previously
described [284]. Normal diploid copy-numbers were observed for all autosomes in iRP-D26, iRP-
D28A, and iRP-D141, although sub-chromosomal losses of Chrl and Chr7 were observed in iRP-
D26, sub-chromosomal gains of Chrl1and Chrl6 in iRP-D28A, and a small sub-chromosomal loss
of Chrl in iRP-D141 (Figure 2.3A). In contrast, numerous whole and sub-chromosomal CNVs
were identified in the other iRP cell lines, iRP-D28B, iRP-D50, and iRP-D149 (Figure 2.3A). As
expected, CNV analysis of the female rhesus fibroblasts (iRFb-XX) showed normal diploid copy
numbers for all 21 rhesus chromosomes, while the male fibroblasts (iRFb-XY) exhibited the
expected ChrX “loss” and detection of ChrY (Figure 2.3A,B). Comparison to the male iRFb-XY
control revealed a single copy of ChrX without the detection of ChrY in iRP-D26, highlighting the
loss of a whole sex chromosome (Figure 2.3A,B). Metaphase spreads of iRP-D26 cells confirmed
the loss of one to two whole chromosomes, supporting the DNA-seq results, and suggesting the
existence of chromosome fusion in cells with only 40 chromosomes (Figure 2.3C,D). Examination
of metaphase spreads from iRP-D28B, iRP-D50, and iRP-D149 further demonstrated a
heterogenous mix of predominantly polyploid cells, containing between three (triploid) and four
(tetraploid) sets of chromosomes (Figure 2.3C,D). Overall, these results suggest that TERT-
immortalization can be used to establish normal diploid rhesus placental cell lines, but we expect
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that these cells cell could accumulate chromosomal abnormalities with continued passaging as has

been shown for human TERT-immortalized trophoblast cell lines [255,285].
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Figure 2.3 Assessment of genomic integrity in immortalized placental cell lines

(A) Manhattan plots of whole genome CNVs organized by chromosome; copy number gains (red),

copy number losses (blue) show the presence of CNV in most of the placental cell lines but not in

the fibroblast used for comparison. (B) Box plots depicting proportion of Chr Y mapped reads

normalized to known male sample, iRFb-XY; cell lines were identified as male if mean > 0.5 (blue),

or as female if mean < 0.5 (pink). (C) Representative metaphase spreads; 10uM scale bar. (D) Box

plots of chromosome count results; median + standard deviation values included above each plot.
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2.3.7 iIRP-D26 and iRP-D28A represent two highly pure TERT-immortalized rhesus
trophoblast cell lines

In order to identify the placental cell lines containing a pure population of trophoblast cells, we
analyzed each line for expression of highly conserved trophoblast and non-trophoblast cell markers
[157], including, KRT7, a pan-trophoblast cell marker; CDH1, a mononuclear trophoblast cell
marker; VIM, non-trophoblast stromal marker; and PTPRC (CD45), a pan-leukocyte marker.
Antibodies for these markers were first validated in rhesus placental tissues using IHC staining and
the observed expression patterns were consistent with known patterns in the human placenta
(Figure 2.4A). Immunofluorescent (IF) staining using the same antibodies showed robust staining
of KRT7 and CDH1 trophoblast markers, and the absence of VIM and CD45 staining in both iRP-
D26 and iRP-D28A, indicating the enrichment of trophoblasts and the absence of mesenchymal
and immune cells within these cell lines, respectively. In contrast, the remaining iRP cell lines (iRP-
D28B, iRP-D50, iRP-D141, and iRP-D149) were largely contaminated with VIM positive
mesenchymal cells (Figure 2.4B). These findings were consistent with gRT-PCR expression
analysis, which showed significant enrichment of KRT7 and CDH1 expression in iRP-D26 and
iRP-D28A compared to the other cell lines or bulk rhesus placental tissue (Figure 2.4C).
Additionally, VIM and PTPRC (CD45) expression was not detected by qRT-PCR in iRP-D26 and
iRP-D28A but were highly expressed in all other cell lines analyzed (Figure 2.4C). Thus, despite
careful trophoblast isolation procedures, only 50% (n=2/4) of the attempts with first trimester
placentas and 0% (n=2/2) with third trimester placentas resulted in highly pure immortalized
trophoblast cell lines. This indicated that contamination of non-trophoblast stromal cells occurred
in ~67% (n=4/6) of the primary trophoblast isolations and that only the iRP-D26 and iRP-D28A

cell lines should be carried forward for further characterization.
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Figure 2.4 iRP-D26 and iRP-D28A represent two highly pure rhesus immortalized trophoblast
cell lines

(A) IHC staining of gestational day 50 rhesus placental tissue for mononuclear trophoblast (KRT7
and CDH1), stromal (VIM), and immune cell (PTPRC) markers (DAB, brown); hematoxylin nuclear
counter stain (blue). (B) IF staining of immortalized cell lines for KRT7 (red), CDH1 (green), VIM
(green), and PTPRC (red); DAPI nuclear counterstain (blue); results show that iRP-D26 and iRP-
D28A cells express known mononuclear trophoblast markers, KRT7 and CDH1. (C) Bar graphs of
gRT-PCR expression results; bulk rhesus placental samples (purple), iRP cell lines (green).
Statistical significance was determined using two-sided unpaired t-test with alpha of 0.05 (*p<0.05,
**p<0.01).
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2.3.8 Transcriptomic comparison of immortalized and primary rhesus trophoblast cells
To characterize gene expression levels in the immortalized trophoblast cell lines and compare them
to first trimester rhesus primary trophoblast (RPT) cells, RNA-seq was performed on two replicates
each of iRP-D26, iRP-D28A, and freshly isolated first trimester RPTs. RPT trophoblast purity was
confirmed via KRT7 staining and showed ~98% KRT7+ trophoblast cells (Supplemental Figure
2.6). For reference, publicly available human and rhesus peripheral blood mononuclear cells
(PBMC) [286,287], human primary trophoblasts (HPT) [288,289], BeWo [289,290], and rhesus
bulk placenta [258] RNA-seq datasets were also included in the assessment. Principle component
analysis (PCA) based on the expression of all analyzed genes (n=15,787) revealed that a majority
of the sample variance was due to tissue-type differences, separating the PBMC samples from the
placental/trophoblast samples (Figure 2.5A). Bulk human and rhesus placenta samples clustered
closely together, further supporting the overall molecular similarity between these two closely
related species. Both iRP-D26 and iRP-D28A clustered with the primary trophoblast samples,
indicating that our newly generated immortalized trophoblast cell lines were most similar to freshly
isolated RPT cells. In contrast, the BeWo samples formed a distinct cluster away from the other
trophoblast samples, confirming the major transcriptomic differences between primary trophoblasts
and this widely-used choriocarcinoma model. (Figure 2.5A). Despite broad transcriptomic
similarities across the human and rhesus placenta/trophoblast samples, distinct HPG expression
was observed between the two species. Hierarchical clustering of the samples based on this
expression showed clustering of placenta/trophoblasts by species, with iRP-D26, iRP-D28A, RPT,
and bulk rhesus placenta samples forming a distinct branch and HPT and bulk human placenta
forming another (Figure 2.5B). Thus, except for HPGs, transcriptomic profiles were largely shared
between our newly generated immortalized trophoblast cell lines and freshly isolated RPT cells,
demonstrating the suitability of these lines for in vitro primate placental studies.

To identify DEGs and specific pathways in immortalized trophoblasts versus RPTs, DE
analysis was performed between (1) iRP-D26 vs. RPT and (2) iRP-D28A vs. RPT. Out of the total
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21,575 protein-coding rhesus genes examined, 5884 DEGs (padj<0.05 & |L2FC|>|1|) were found
between iRP-D26 and RPT, with ~39% (n=2,290) upregulated and ~61% (n=3,594) downregulated
in iRP-D26 (Figure 2.5C, Table 2.10). Further, a total of 6,017 DEGs were identified between
iRP-D28A and RPT, with ~43% (n=2,592) upregulated and ~57% (n=3,425) downregulated in
iRP-D28A (Figure 2.5C, Table 2.11). Over-representation analysis demonstrated that genes
associated with herpes simplex virus 1 (HSV1) infection were upregulated in both iRP-D26 and
iRP-D28A compared to RPTs. Since HSV1 infection is known to upregulate TERT activity [291],
upregulation of HSV1-associated genes in both immortalized trophoblast cell lines is likely a result
of TERT-immortalization induced expression changes. In addition, genes associated with human
EVTs and extracellular matrix organization were upregulated in both iRP-D26 and iRP-D28A,
while genes associated with human STBs, CTBs, and the immune system were downregulated in
both immortalized trophoblast cell lines relative to RPTs (Supplemental Figure 2.5). These results
suggest that the RPT samples may have contained a more heterogeneous population of trophoblast
subtypes than the immortalized trophoblast cell lines. Thus, downregulation of immune
system/response related genes may be due to the absence of specific trophoblast subtypes (CTB
and/or STB) in the cell lines, or the presence of cytokine-stimulated trophoblasts within the freshly

isolated RPT samples analyzed.

64



A B placental markers (n=137)

H.PBIC SRR3380437
SRR3390461

[ )
100-
50- max
8 @
8 ) © Heow
2
& @ neac placenta 021
] T placonta 044
g Y @ Hpecenia f TN
2  placonta 077
& Q vt Fplaconta.t
& O Pz TSR0
& O il 24
] Q@ @ imrozan
Q @ rnrauc
-50- @ Fnpiaconta
@ et
RRs00000 min
~100- h placenta SHR7650021
Dlacenta SAA5058990
placenta SA7650022
8 .01
100
PC1: 33% variance
c iRP-D26 vs. RPT iRP-D28A vs. RPT iRP-D26 vs. iRP-D28A

n.s. Log2 FC ® padj @ padj&Log2 FC

3004 3004 . NFE2L3 | | 3004 | |
| | | |
| | | |
| | | |
o
B 200 2004 . | | 2004 | | .
é ‘GJ%M‘Z | | * JNHA | | sm2
z B R e I
E R I
T 1004 1004 yA?gé. "‘ﬁRvFiRDA | 2oes o8 o 100 | | T
. o®, . .
'PU'SP!;: eu, | | "&‘:‘ = e | | "Ga.m
* .t O o e AN | oo £iGE2BRY
ABEM12 R Toe o
OA; YA et FRD-. ..
4 R ——— _— 2= PN S g X BN e
0 0 T |-
T T T T T T
10 10 10 10

Figure 2.5 Transcriptomic comparison of immortalized and primary rhesus trophoblast cells

(A) PCA plot of RNA-seq gene expression from human and rhesus bulk placentas, PBMCs, primary
trophoblasts, BeWo, iRP-D26 and iRP-D28A cell lines. (B) Heatmap of HPG expression results.
Color scale depicts minimum (purple) and maximum (yellow) one plus log2 normalized expression
values compared across all human and rhesus samples. (C) Volcano plots of DE analysis results;
positive L2FC values represent genes upregulated in iRP-D26 compared to RPT (left), iRP-D28A
compared to RPT (middle), iRP-D26 compared to iRP-D28A (right).
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2.3.9 Functional characterization of immortalized trophoblast cell lines

In order to test whether iRP-D26 and iRP-D28A behaved more like CTBs or EVTs, the fusogenic
potential of the cell lines was assessed by treating them with forskolin, an activator of adenylate
cyclase and known inducer of fusion and STB formation in BeWo human choriocarcinoma [146]
and trophoblast stem cells [292]. Unlike RPTs and/or forskolin treatment of BeWo cells, neither
iRP-D26 nor iRP-D28A showed upregulation of key fusogenic/STB genes (ERVFRD-1 and
ERVW-1) or obvious changes in syncytialization when treated with forskolin (Supplemental
Figure 2.7A-D). Additionally, monkey chorionic gonadotropin (mCG) secretion could not be
detected in either the iRP-D26 or iRP-D28A cell line (Supplemental Figure 2.7F). Since mCG is
primarily secreted by the syncytiotrophoblast, this indicated that the cell lines might be more EVT-
like in origin. Indeed, both iRP-D26 and iRP-D28A showed upregulation of several genes known
to facilitate human EVT and/or tumor cell invasion (Table 2.10-2.11), including SDC2, TIMP3,
MMP14, and ADAM12 [293-296]. Thus, to evaluate whether the immortalized trophoblast cell lines
were capable of invasion, trans-well migration and Matrigel extracellular matrix invasion assays
were performed. When grown on uncoated transmembrane inserts (n=3) for 48 h, both the iRP-
D26 and iRP-D28A cell lines exhibited migration to the bottom side of the insert, indicating that
the cell lines possessed migratory capabilities (Figure 2.6A,B). Additionally, 22% of the iRP-D26
and 30% of the iIRP-D28A migratory cells were also able to invade through Matrigel-coated inserts
(n=3) after 48 h of culture (Figure 2.6C). However, despite previous studies showing an increased
level of EVT invasion under hypoxic conditions [297,298], no significant differences in invasion
were identified when the assays were performed under hypoxic (1% O3) compared to normoxic
conditions (Figure 2.6C). This further supports the idea that even though they are prevalent
throughout pregnancy (Supplemental Figure 2.1), EVTs in rhesus placentas appear to be less
invasive than their human counterparts. Nonetheless, using gRT-PCR the EVT-like characteristics
of both iRP-D26 and iRP-D28A were confirmed by high expression levels of IGF2 (Figure 2.6D),
which is most abundantly expressed by EVTs in both human and rhesus [299,300]. Despite high
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levels of IGF2 mRNA, the iRP-D26 and iRP-D28A cell lines did not exhibit substantial IGF2
protein secretion (Figure 2.6E) known to promote EVT migration [301,302]. Thus, cultures of
these cell lines with IGF2 supplemented media and/or co-culture with IGF2 secreting cells may

enhance their migration and invasion abilities in subsequent studies.
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Figure 2.6 Functional characterization of iRP-D26 and iRP-D28A

(A) Representative micrographs of iRP-D26 and iRP-D28A trans-well inserts after migration and
Matrigel invasion assays. Nuclei were counterstained with DAPI (blue). (B) Box plot of average cell
counts (n=5) from uncoated (migration, n=3) and Matrigel-coated (invasion, n=3) inserts under
normoxia (blue) and hypoxia (red) conditions. A two-sided unpaired t-test with alpha of 0.05 was
used to determine significance. (C) Box plot of percent invasion (ratio of invasive cells relative to
migratory cells) determined for each of the cell lines under normoxic (blue) and hypoxic (red)
conditions. (D) Bar chart of IGF2 qRT-PCR expression levels (n=2 for iRFb; n=4 for iRP samples)

and (E) Bar chart of IGF2 protein secretion levels; error bars depict standard error (SE).
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2.4 Discussion
The wide variety of placental morphologies and physiologies that exist among mammals makes it
difficult to adequately model human placentation and placental pathologies in other species [303-
305]. However, many distinctive features of human placentation are reportedly conserved in rhesus
monkeys [3-7]. Despite this conservation, no study has been conducted to comprehensively assess
the molecular similarities and potential differences between human and rhesus placental tissues.
Comparative analyses of human and closely related species are beginning to identify specific
genetic and molecular changes that seem to account, in part, for specific aspects of human
evolution, including human diseases [306]. Thus, identification of the molecular differences
between human and rhesus placenta is not only needed to elucidate the translatability between
human and rhesus placental studies, but it may also provide valuable insight into the molecular
origin of human placental diseases, such as preeclampsia. Here, we performed a cross-species
transcriptomic comparison of human and rhesus placental tissue in order to identify molecular
differences and ultimately elucidate the translatability between human and rhesus placental
investigations. Further, to increase the accessibility of rhesus in vitro placental studies, we
generated and thoroughly characterized two highly pure TERT-immortalized rhesus trophoblast
cell lines that retained features of primary rhesus trophoblasts cells.

Our DE analysis of human and rhesus placental tissue revealed that while a majority of
HPGs were similarly represented, certain genes were differentially expressed between the two
species. Specifically, genes associated with preeclampsia and several well-known invasive EVT
markers were upregulated in human compared to rhesus placenta. These results are consistent with
previously reported differences between human and rhesus placentation, such as the increased
extent and depth of interstitial EVT invasion [3,4,307] and heightened risk of preeclampsia in
humans [308]. Even though preeclampsia is thought to originate in the first trimester, many of the
molecular and/or cellular processes that occur during first trimester can also occur at lower levels

or in a smaller number of cells in third trimester placentas, including EVT differentiation and
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invasion. Additionally, third trimester placental abnormalities are well-documented in cases of
preeclampsia [309] and thus, examination of third trimester placental tissues may still provide
insight into the genes associated with preeclampsia as shown here. While this study was not
designed to provide mechanistic insight into preeclampsia, our findings are not surprising
considering that preeclampsia occurs frequently in humans and rarely in rhesus and other primates.
Comparison of first trimester human and rhesus placental transcriptomes would likely identify
more significant differences and/or numerous additional human-upregulated genes related to
preeclampsia. However, it is difficult to simultaneously analyze first trimester placentas and allow
the pregnancy to continue unless chorionic villous samples are collected as part of prenatal
screening. Nonetheless, our results provide novel insight into the molecular differences underlying
human and rhesus placentation and an evolutionary perspective of how preeclampsia and other
pregnancy-related diseases may have arisen during human development.

Despite the existence of several previous cross-species placental transcriptomic
comparisons [310,311], a majority of the DEGs identified here have not been previously reported.
Unlike prior studies that compared placental gene expression across numerous distantly-related
species and examined only highly-conserved orthologous genes [310,311], our study was able to
compare and identify differential expression of recently-evolved primate placental genes such as
LGALS13 [312]. In particular, we show that LGALS13 is significantly upregulated in human
compared to rhesus placenta. This gene encodes galectin-13, which interacts with glycoproteins
and glycolipids to facilitate the expansion of uterine arteries and veins during pregnancy in an
endothelial cell-dependent manner via the eNOS and prostaglandin signaling pathways [313].
While downregulation of LGALS13 in preeclampsia and other pregnancy disorders is thought to
contribute to aberrant uteroplacental blood flow [272,314], lower expression in rhesus placenta
may underlie differences in the extent and depth of EVT invasion or represent an alternative
mechanism for uterine vessel expansion. Thus, our results suggest that recently-evolved highly-
expressed human placental genes may contribute to the increased risk of aberrant placentation and
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preeclampsia [2]; however, further investigation of the evolutionary and functional requirements
of these genes is required to confirm this notion.

Ideally, equivalent gestational ages should be used to compare DE in placentas between
primates, but access to early third trimester samples (~80% gestation) from healthy human
pregnancies was not possible due to obvious ethical constraints. Further, since rhesus monkeys are
known to consume the placenta immediately after birth, both in captivity and in the wild, placentas
from time-mated breeding pregnancies are typically collected before term to prevent the risk of
losing precious third trimester rhesus placental samples. Due to these limitations, and the samples
used for DE analysis it was possible that some of the gene expression differences we detected
between the human and rhesus were due to GA rather than species-specific differences. However,
examination of a set of previously defined “GA-specific” placentally-expressed genes [276]
demonstrated that only a single GA-specific gene (BAALC) was differentially expressed in our
analysis. Further, the seemingly unequal distribution of male and female samples within the rhesus
RNA-seq data used suggested that some of the gene expression differences we detected might have
been sex-specific rather than species-specific differences. However, only five SDE (ZFY, RPS4Y1,
KDM5D, DDX3Y, CCK) overlapped with DEGs identified from our cross-species analysis. Taken
together, this suggests that GA- and sex-related changes accounted for a small percentage of the
DEGs in our cross-species analysis, substantiating that the DE differences detected between human
and rhesus placenta were largely species-specific.

Although there are previous reports of primary rhesus first and third trimester trophoblast
collections [278-280], the procedure for their isolation is laborious and the cells have a finite
lifespan once in culture. Immortalization of isolated primary rhesus trophoblast cells could help
overcome these limitations, but such a cell line does not currently exist. In this study, we generated
several TERT-immortalized cell lines from freshly isolated primary rhesus placental cells and
demonstrated the robustness of the lentiviral-based TERT-immortalization approach. However,
contamination with non-trophoblast stromal cells occurred in the majority of primary trophoblast
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isolations. Thus, additional efforts to reduce contaminating non-trophoblast cells during primary
cellisolation, such as additional immunopurification steps or FACS sorting, should be implemented
to increase the success rate of future attempts. In total, six TERT-immortalized rhesus placental
cell lines were generated; however, only two of the lines (iRP-D26 and iRP-D28A) consisted of
highly pure mononuclear trophoblast cells devoid of large-scale CNVs. These results are consistent
with previous studies that revealed few karyotypic differences in TERT-immortalized cells
compared to SV40-immortalized cells [315]. Nevertheless, genome duplication may still occur in
TERT-immortalized trophoblast cells over time with continued passaging [255], suggesting that
the genome integrity of the cell lines be routinely monitored.

Despite broad transcriptomic similarities across human and rhesus placenta/trophoblast
samples, distinct HPG expression was observed between the two species, indicating that not all
human placental markers are conserved in rhesus. Transcriptomic differences between
immortalized and primary rhesus trophoblasts likely reflect TERT-induced gene expression
differences, changes acquired with extended culture, enrichment of specific rhesus trophoblast cell
subtypes, or the stage of differentiation captured in the immortalized cell lines. We suspect that the
increase of HSV1 associated genes in iRP-D26 and iRP-D28A compared to RPTs was the result of
TERT-immortalization since HSV1 infection upregulates TERT activity [291]. However, the
upregulation of EVT markers and extracellular matrix organization-related genes is likely due to
an enrichment of EVT-like cells in the immortalized cell lines compared to primary trophoblast
samples. Thus, even though we intended to isolate and immortalize CTBs, it is possible that residual
cell column EVTs were still attached to the villous tissue and carried over during primary
trophoblast isolation, or that TERT-immortalization drove the cells towards a more EVT-like
phenotype during culture. We note that the same isolation procedure used here resulted in the
generation of other immortalized human first trimester EVT cell lines that retained characteristics
of their in vivo counterparts [141,313,314]. Single-cell RNA-seq studies of human first trimester
placenta recently identified the presence of several different EVT and CTB subtypes [277] as well
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as cells at different stages of EVT/STB differentiation within primary trophoblast isolates [316].
Thus, the differences we detected within and between the immortalized trophoblasts and RPTs may
reflect two distinct subtypes or unique stages of EVT differentiation (e.g. interstitial, endovascular,
cell column, etc.) normally present in first trimester rhesus placenta. Integration of rhesus placenta
single-cell RNA-seq data would help elucidate whether these transcriptomic differences represent
natural variation among rhesus trophoblast populations or are simply a byproduct of
immortalization and continued culture; however, no such dataset currently exists. Nonetheless,
iRP-D26 and iRP-D28A showed overall transcriptomic similarity to primary rhesus trophoblasts
and retained expression and functional characteristics of invasive EVTSs, highlighting the suitability
of these lines for future in vitro functional investigations. Specifically, these cell lines could be
used for overexpression and/or knockdown studies of the genes identified as differentially
expressed in human placentas here or other reports since primary cells, trophoblast or otherwise,
are notoriously difficult to transfect. In particular, we envision assessing the function of genes
shown to be upregulated in human placentas that are associated with preeclampsia to determine the
effects on trophoblast invasion and signaling as well as provide insight into the mechanisms
underlying the disproportionate incidence of pregnancy-related disease between humans and non-
human primates.

In conclusion, our comparative analysis between human and rhesus bulk placenta showed
that while a majority of HPGs are similarly expressed between the two species, certain genes are
differentially expressed between human and rhesus placenta. These results suggest that rhesus is a
suitable surrogate for most investigations of human placentation; however, notable molecular
differences related to EVT function and preeclampsia should be considered and further interrogated
in future investigations. Moreover, we generated immortalized rhesus trophoblast cell lines that
represent a useful tool for primate placental investigations, especially for in vitro experiments that
interrogate the putative function of genes identified in this study. Transcriptomic comparison and
functional assessment of these cell lines suggest that they retain attributes of primary first trimester
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rhesus EVTs. Collectively, the results of this study: (1) provide a comprehensive list of genes
differentially expressed between human and rhesus placenta that informs the translatability of
primate placental investigations; (2) help delineate the underlying molecular basis of increased
EVT invasion and heightened susceptibility to preeclampsia and other pregnancy-related diseases
in human; and (3) offer a reliable source of first trimester rhesus trophoblasts for current and future

in vitro studies of early primate placentation.

2.5 Methods

2.5.1 Tissues and cell lines

Deidentified human term placental samples were collected by and acquired through the Labor and
Delivery Unit at the Oregon Health and Science University Hospital and deposited into a repository
under a protocol approved by the Institutional Review Board with informed consent from the
patients. A total of five different human placentas from healthy cesarean section term births,
ranging from 38.9 to 41.3 weeks gestation, were used for RNA-seq library generation (Table 2.1).
All rhesus monkey (Macaque mulatta) tissues were collected in compliance with the guidelines
established by the Animal Welfare Act for housing and care of laboratory animals and conducted
per the Institutional Animal Care and Use Committee (IACUC protocols #0514 and #0580) at the
Oregon National Primate Research Center (ONPRC). All rhesus placentas were collected from time
mated breeding pregnancies delivered via cesarean section. Two frozen rhesus third trimester
placental samples, collected at 140 and 141 gestational days, were used for RNA isolation and gRT-
PCR validation of DE analysis results. Six fresh rhesus placentas were used for primary rhesus
trophoblast TERT-immortalization, including two placentas from term (D141, D149) and four
placentas from the first trimester (D26, D28A, D28B, D50). An additional first trimester rhesus
placenta (D50) was used for primary trophoblast culture and RNA-seq analysis; these cells were

not included in TERT-immortalization experiments. For all samples, the placentas were separated
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from the fetus and amniotic sac, collected in cold sterile saline, and immediately processed for
isolation of primary trophoblasts. The primary female and male rhesus macaque skin fibroblasts
cell lines, Fb.XX (AG08312) and Fb.XY (AG08305), were acquired through Coriell Institute.
Frozen stocks of the highly pure rhesus first trimester trophoblast cell lines, iRP-D26 and iRP-
D28A, were generated at various passage numbers and can be made available to researchers upon
request. While earlier passages were used for the initial characterization (passage 8-26), later
passages were subjected to functional analyses, including Matrigel invasion, forskolin treatment,

and hormone/growth factor secretion (passage 19-32) (Table 2.12).

2.5.2 RNA isolation and purification

Frozen placental samples were ground into a powder using liquid nitrogen-cooled mortar and pestle
then directly added to TRIzol reagent (Thermo Fisher #15596026); for cell lines media was
removed and TRIzol reagent was added directly to the tissue culture dish. RNA was isolated from
TRIzol reagent, treated with Turbo DNAse (Thermo Fisher #AM1907), and purified using RNA

Clean and Concentrator-5 spin columns (Zymo #R1013) according to manufactures instructions.

2.5.3 RNA-seq library preparation and sequencing

NEBNext® Ultra Il Directional RNA Library Prep Kit for lllumina and NEBNext rRNA Depletion
Kit (NEB, Ipswich, MA) was used to generate RNA-seq libraries from purified RNA following the
manufacturer’s instructions. Libraries were quantified with the Qubit High Sensitivity dsDNA
Assay (Invitrogen, Carlsbad, CA) and size distribution was assessed with a 2100 Bioanalyzer High
Sensitivity DNA Analysis Kit (Agilent). Multiplexed bulk human placental libraries were
sequenced on the NextSeq500 platform using 150 cycle single-end protocol generating a total of
36.9 to 70.9 million 101bp reads per sample. Multiplexed rhesus trophoblast cell lines were
sequenced on the NextSeq500 platform using a 100-cycle single-end protocol generating a total of

57.8 to 68.5 million 75bp reads per sample.
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2.5.4 Human and rhesus orthologous gene annotations

Human protein-coding gene annotations (GRCh38.99) including associated rhesus orthologous
gene annotations (Mmul10.99) were downloaded from ENSEMBL BioMart [317,318]. Gene
annotations used for DE analysis were filtered to include only human protein-coding genes with

9

“high-confidence” “one2one” rhesus orthologous genes, producing a final set of 15,787 human
gene annotations and associated 15,787 rhesus orthologs. A total of 13,471 orthologues genes
passed the minimum DEseq2 default expression threshold for differential expression statistical

analysis.

2.5.5 Differential expression analysis

For human and rhesus cross-species DE analysis, raw fastq files were trimmed of low-quality and
adapter sequences using Trimmomatic [319] and mapped to both the human (GCh38) and rhesus
(Mmul10) reference genomes using Bowtie2 [320] with --very-sensitive parameter. The resulting
BAM files were filtered to remove low-quality and multi-mapped reads (MAPQ >10) using
samtools [321] view -q 10. Raw read counts for GRCh38.99 human gene annotations were
generated from GRCh38 mapped data, while raw read counts for Mmul10.99 rhesus gene
annotation were generated from Mmull0 mapped data, using featureCounts [322] —primary and
filtered to include gene annotations described above. Gene counts were normalized and DEGs
(padj<0.05 & Log2FC>|2|) were identified using default setting of DEseq2 [323]. DE analysis was
performed with human mapped data (DE-GRCh38) and with rhesus mapped data (DE-Mmul10).
A gene was considered differentially expressed only if it was identified as significantly (padj<0.05)
upregulated or downregulated (|L2FC|>2) by both DE-GRCh38 and DE-Mmul10 analyses. The DE
analysis was repeated a total of three times, with three independent sets of human placental RNA-
seq data (Supplemental Figure 2.2A-C). The first DE analysis included the five human placental
RNA-seq samples generated by our group (DE#1), the second DE analysis included six publicly

available human placental RNA-seq datasets (DE#2), and the third DE analysis included two
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publicly available human placental RNA-seq datasets (DE#3); all three DE analyses included the
same four publicly available rhesus placental RNA-seq datasets. The final set of DEGs consisted
only of genes determined to be significantly upregulated or downregulated by all three DE analyses.

The DE analysis between male and female human placental samples was performed as
described above with the exception that trimmed reads were mapped exclusively to human
reference genome. Additionally, the DE analysis between immortalized trophoblast and RPT cells
was performed as described above with the following exceptions: (1) trimmed reads were mapped
exclusively to rhesus reference genome, (2) differential expression was analyzed for all 21,575
protein-coding rhesus gene annotations (ENSEMBL v98), and (3) a gene was identified as
significantly differentially expressed if padj<0.05 and Log2FC>[1|.

PCA and heatmap visualizations were generated using DEseq2 variance stabilizing
transformation (VST) normalized human gene count data. PCA analysis was performed with VST-
normalized expression data from all genes included in DE analysis. Morpheus web tool
(https://software.broadinstitute.org/morpheus) was used to generated heatmap and perform
hierarchical clustering (metric: one minus Pearson correlation, linkage method: complete).
Statistical over-representation analysis of the human and rhesus upregulated gene lists was
performed using g:Profiler webtool [324]. Custom background gene lists containing the final
15,787 orthologs described earlier and 21,575 rhesus protein-coding genes were used for
human/rhesus upregulated and iRP over-representation tests, respectively. Query DEG lists were
tested for over-representation of several functional genes sets, including the default g:Profiler
biological pathway (KEGG, Reactome, and WikiPathways) gene sets; Human Protein Atlas (HPA)
trophoblast  subtypes gene sets (https://www.proteinatlas.org/humanproteome/celltype);
“Rare_Diseases_GeneRIF_Gene Lists” and “Jensen DISEASES” human disease gene sets

extracted from Enrichr webtool [325,326] ( ).
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https://maayanlab.cloud/Enrichr/

2.5.6 gRT-PCR

Primers were carefully designed to amplify both human and rhesus sequences of all genes
examined, with noted exceptions (Table 2.13). Purified RNA was reverse transcribed into
complementary DNA (cDNA) using SuperScript VILO ¢cDNA Synthesis Kit (Thermo Fisher
#11754050). Samples were prepared for high-throughput qRT-PCR using 96.96 gene expression
dynamic array (Fluidigm BioMark) following manufactures protocol “Fast gene expression
analysis using Evagreen”. Briefly, preamplification of cDNA was performed using 500nM pooled
primer mix, unincorporated primers were removed with exonuclease | treatment, and diluted 5-fold
before samples and detectors were loaded and run on a 96.96 array with the following thermocycler
settings: 70°C for 40 min, 60°C for 30 s, 95°C for 1 min, 40 cycles of 95°C 15 s, 59.5°C for 15 s,
72°C for 15 s. Two no template control (NTC) samples and four technical replicates of each
reaction were included. The analysis was performed using gbase+ software, with GAPDH, HPRT1,
and TBP serving as the reference genes used for normalization. Statistical significance was
determined using a two-sided unpaired t-test with an alpha of 0.05. Mean calibrated normalized
relative quantities (CNRQ) were exported from gbase+, Log2 transformed, then used as input for

heatmap generation with Morpheus web tool.

2.5.7 Human placental marker gene set analysis

HPGs were defined by combining previously identified placenta “tissue enriched” and “group
enriched” genes from The Human Protein Atlas [262]. A total of 190 human placental markers
were extracted from this database, including 91 “placenta enriched” genes having at least four-fold
higher mRNA level in the placenta compared to any other tissue, and 99 “placenta group enriched”
genes having at least four-fold higher average mMRNA level in a group of 2-5 tissues compared to
any other tissue [262]. Human placental marker genes lacking an ENSEMBL-defined “one2one”
or “high-confidence” rhesus orthologous gene could not reliably be compared and were excluded

from our DE analysis.
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2.5.8 Rhesus primary trophoblast cell isolations

Primary trophoblast cells were isolated from rhesus placentas using protocols adapted from
previously described methods for human first trimester tissue [141,327,328] and human term tissue
[24]. All rhesus placentas were obtained immediately after cesarean section delivery, and
procedures were performed in a biosafety cabinet using ice-cold and sterile solutions unless
otherwise noted. Placental tissue was transferred to a petri dish and covered with sterile saline, and
the villous tissue was dissected from the decidua and chorionic plate using scissors and forceps;
decidua and fetal membranes were discarded. To remove any contaminating blood, the villous
tissue was washed until clear with several changes of sterile saline then crudely minced using
SCissors.

For first trimester placentas, villous tissue was transferred to a 50 mL tube containing
warmed 0.25% trypsin solution and incubated at 37°C for 10 min, inverting mixing every 2-3 min.
The tissue was allowed to settle at bottom of the tube for 5 min before the supernatant was discarded
and the tissue was washed with three changes of 1X phosphate-buffered saline without Ca2+ and
Mg2+ (PBS--) (Caisson Labs #PBLO05). To release the CTB, the tissue was transferred to a fresh
petri dish containing warmed 0.25% trypsin 0.2mg/mL DNAse | solution, and a scalpel or glass
slide was used to thoroughly scrape the villi. The surrounding trypsin solution containing desired
CTBs was collected through a 70um cell strainers into 50 mL tubes containing 5 mL fetal bovine
serum (FBS) (Fisher #16-140-063). Cells were centrifuged at 300g for 10 min and resuspended in
Hanks Balanced Salt Solution (HBSS). This suspension was carefully layered over an equal volume
of Lymphocyte Separation Media (Corning #25-072-Cl) in a 15 mL conical tube, and centrifuging
the gradient at 400g for 15min with the break off. While the red blood cells collect as a pellet at the
bottom of the tube, the interface between the HBSS and LSM, containing the trophoblast cells, was
carefully removed using a transfer pipet. The cells were pelleted then resuspended in cell culture
media (CCM): DMEM high-glucose glutaMAX (Fisher, #10566-016), 10% FBS, 100 U/mL Pen-
Strep (Fisher #15-140-148).
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For term placentas, villous tissue was digested for 30 min shaking at 37°C with 0.25%
trypsin and 0.2mg/mL DNAse |. Supernatant was reserved and the digest was repeated two
additional times. The three digests were combined and centrifuged through Normal Calf Serum.
Pellets were resuspended in DMEM and re-pelleted. Cells were carefully layered over a preformed
Percoll gradient layered at 60, 55, 50, 45, 35, 30 and 25%, prior to centrifugation at 2800 rpm for
30 min without brake. The CTB cells between 35% and 55% were collected, counted, and
resuspended in CCM. For both first trimester and term placentas, cells were centrifuged at 300g for
10 min, and the cell pellet was resuspended to 108 cells/mL in 1X Nanobead buffer (BioLegend
#480017). Contaminating immune cells were depleted using anti-CD45 Magnetic Nanobeads
(BioLegend #488028) following the manufactures instructions. Purified trophoblast cells were
resuspended in complete trophoblast media (CTM): MEM — Earle’s with D-Val (Caisson Labs
#MEL12), 10% Normal Human Serum (Gemini Bio #100-110), 100 U/mL Pen-Strep, 1mM
Sodium Pyruvate (Fisher #11-360-070), and 0.1M HEPES (Fisher #15-630-106); and grown on
enhanced tissue culture dishes (Corning Primaria, #C353802) in a humidified 37°C environment
with 5% CO,. Primary rhesus trophoblasts included in RNA-seq (D50B) were harvested after

nanobead immuno-purification and additional CTM wash step.

2.5.9 TERT-immortalization

Primary rhesus trophoblasts and rhesus skin fibroblast cells were immortalized using Alstem’s
TERT-immortalization kit (Alstem #CILV02) following manufactures instructions. In brief,
following isolation of primary cells or 24 h after thawing of skin fibroblasts, the cells were plated
at a density of 1.5 x 10° cells/well in a 6-well plate and transduced the following day. Each well
received 1 mL of media containing 4 pL recombinant TERT lentivirus and 500x TransPlus reagent
(Alstem # VV020). After 16 h, the media was replaced with fresh culture media, and the cells were
allowed to recover for 48 h before beginning puromycin selection (Santa Cruz Biotechnology #SC-

108071). Cells were treated with 800ng/mL puromycin for a total of 72 h. The surviving cells were
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propagated and represent the TERT-immortalized cell lines established and characterized
throughout these studies. Mock transductions using the same transduction conditions without
lentivirus added to media were included throughout puromycin selection to ensure depletion of

non-transduced cells.

2.5.10 Cell culture

All cell lines were grown in a humidified 37 °C environment with 5% CO2. Cell culture media was
changed every 2 days, and cells were enzymatically passaged using TrypLE (Gibco). Primary and
TERT-immortalized trophoblast cell lines were cultured in CTM, while fibroblast samples were
cultured in CCM. iRP-D26 and iRP-D28A cell lines were passaged at a density of 30,000 cells/cm?,

while all other lines were passaged at a density of 15,000 cells/cm?.

2.5.11 DNA sequencing and chromosome copy number calling

Cells were dissociated using TryplE, pelleted, and resuspended in PBS™ containing 0.05% trypsin-
EDTA (Thermo Fisher Scientific). A stereomicroscope was used to isolate, wash, and collect cells
into individual sterile PCR tubes. Immediately after collection, PCR tubes containing single-cells
(n=4), five-cells (n=1), and ten-cells (h=1) were flash-frozen on dry ice, and stored at -80C until
library preparation. Individual samples underwent DNA extraction and whole-genome
amplification, library pooling, DNA sequencing were performed as previously described [284].
Multiplexed libraries were loaded at 1.6pM and sequenced on the NextSeq 500 platform using 75
cycle single-end protocol. The resulting sequencing data was filtered, trimmed and mapped to the
rhesus reference genome (Mmul8) as previously described [284]. Chromosome copy number
calling and plots were generated using Ginkgo [329]. The proportion of Chr Y reads was
determined for each sample using by dividing the number of reads mapped to Chr Y by the total

number of mapped reads. The relative proportion of Chr Y reads was identified by normalizing
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samples to the known male sample (iRFb-XY), and samples with a mean relative proportion > 0.50

were identified as male.

2.5.12 Metaphase spread chromosome counts

Cells were treated with 0.015ug/mL colcemid overnight (~12 h) to induce metaphase arrest. Cells
were dissociated using TryplE, pelleted, and resuspended in a warm hypotonic solution (0.06 M
KCI, 5% FBS) for 15 min before being fixed with 3:1 methanol:acetic acid. Slides were made and
baked at 95C for 20 min, cooled, trypsinized for 45 s and stained with Wright’s stain. At least 20
metaphase spreads brightfield images were captured using 100X objective on Nikon microscope

and counted using FI1JI software.

2.5.13 IHC staining

Paraffin sections were deparaffinized and rehydrated through xylene and graded alcohol series,
then washed for 5 min in running tap water. Antigen unmasking was performed using sodium
citrate (pH 6.0) buffer in a pressure cooker for 20 min, washed in three changes of PBS. An
endogenous enzyme block was performed by incubating sections in 0.3% hydrogen peroxide for
10 min, washed in three changes of PBS. Nonspecific proteins were blocked by incubating sections
in 5% horse serum for 30 min Primary antibodies were diluted as described for IF staining, and
tissue was incubated in primary antibody dilutions for 2 h at room temperature. Mouse 1gG H+L
(Vector Labs, BA-2000) and rabbit 1IgG H+L (Vector Labs, BA-1100) biotinylated secondary
antibody dilutions were prepared at 1:250 in PBS + 1% BSA. The tissue sections were incubated
in secondary antibody dilution for 1 h at room temperature, then washed in three changes of PBS.
VECTASTAIN Elite ABC HRP Kit (Vector Laboratories, PK-6100) and ImmPACT DAB
Peroxidase HRP substrate (Vector Labs, SK-4105) were used according to manufacturer’s
instructions. Nuclei were counterstained with hematoxylin (Electron Microscopy Sciences, 26043-

05), and imaged using a brightfield microscope.

81



2.5.14 |F staining

The cell culture media was removed from cells, fixed with ice-cold methanol for 15 min at -20C,
then washed in three changes of PBS. Nonspecific proteins were blocked by incubating cells in 5%
donkey serum for 30 min anti-KRT7 (mouse monoclonal, Dako, M7018), anti-CDH1 rabbit
monoclonal (Cell Signaling, 3195S), anti-VIM rabbit monoclonal (Cell Signaling, 5741T), and
anti-PTPRC rabbit monoclonal (Cell Signaling, 13917S) antibodies were diluted in PBS + 1% BSA
(KRT7 1:250, CDH1 1:250, VIM 1:250, CD45 1:250), and incubated for 2 h at room temperature.
The cells were then washed in three changes of PBS, before incubating in secondary antibody
dilutions for 1 h. at room temperature. Alexa Fluor 488 and 594 (Life Technologies) secondary
antibody dilutions were prepared at 1:1000 in PBS + 1% BSA. Cells were counterstained with
DAPI and washed with three changes of PBS before imaging. Images of cells were captured using

20X objective on epifluorescence microscope and processed using FIJI software.

2.5.15 Trans-well migration and Matrigel invasion assay

24-well trans-well inserts with 8uM pores (Falcon #353097) were coated with 1.2mg/mL Matrigel
(Corning #354234), following the manufacturer’s instructions. Migration and invasion assays were
performed by culturing cells at 37°C for 48 h on uncoated (n=3) and Matrigel-coated (n=3) trans-
well inserts, respectively. Assays were carried out under both normoxia and hypoxia (~1% O)
conditions. A total of 25,000 cells in 250 uL serum-free media was added to each insert and 650
uL of complete trophoblast media was added to each surrounding insert. At 48 h, the cells
remaining on the topside of the insert were wiped away with sterile cotton swap before the insert
was fixed with 4% paraformaldehyde and the nuclei were stained with DAPI. The 10X objective
of a Nikon Eclipse epifluorescence microscope was used to capture five micrographs of the bottom
side of each insert, and the number of cells/nuclei were counted automatically using FIJI software
with default threshold and measure functions. For each insert, the mean average cell counts across

the five micrographs were used to calculate the “average cell counts per insert” reported. For each
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cell line, the mean average cell counts across all three uncoated inserts was used as the denominator
for calculating the percent invasion (coated/uncoated) represented. A two-sided t-test with an alpha

of 0.05 was used to determine the significance between conditions.

2.5.16 IGF2 secretion assay

Culture media samples were collected from cell lines cultured for 48 h (n=2 for: iRFb, iRP-D26,
iRP-D28A, iRP-D28B; n=4 for rhesus serum pool), then centrifuged for 5min at 300g to remove
cellular debris before IGF-2 secretion analysis. Secreted IGF-2 concentrations were determined by
ELISA following the manufacturer’s instructions (R&D Systems DG-100, Minneapolis, MN) in
the Endocrine Technologies Core (ETC) at ONPRC. The assay range was 12.5 — 800 pg/mL. Intra-
assay variation for an in-house monkey serum pool was 4.0%. All samples were quantified in a
single assay and no inter-assay variation was determined. The assay was validated for use in
monkey samples by the ETC prior to the analysis of samples. This validation included analysis of
a dilution series to test for assay specificity as well as a spike and dilution analysis to test for analyte

recovery and matrix effects.

2.5.17 Transcriptomic comparison of human, rhesus, and mouse placenta

Human gene annotations (GRCh38.101) including associated rhesus (Mmul10.101) and mouse
(GRCm38.101) orthologous gene annotations were downloaded from Ensembl BioMart [317,318].
Gene annotations were filtered to include only human protein-coding genes with “one2one” rhesus
and mouse orthologous genes. The orthologues were further filtered to exclude ribosomal genes
and genes from chromosomes X, Y and MT, producing a final set of 14,054 orthologous human,
rhesus and mouse 1:1:1 gene annotations. The method used for transcriptomic comparison of three
species is largely based off a previously described approach [261]. For this, we used RNA-seq data
generated in-house from human (n=5) and publicly available rhesus (n=4) and mouse (n=4)

placenta RNA-seq data (Table 2.1). Raw fastq files were trimmed of low-quality and adapter
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sequences as described in main manuscript. Transcripts per Million (TPM) gene expression values
were calculated using RSEM v1.3.1 [330] with reference genome and gene annotation downloaded
from Ensembl (version 101) [317,318]. For this, trimmed data were mapped to respective
genomes/gene annotations (RSEM index) using Bowtie2 [320] with the following parameters --
sensitive --dpad 0 --gbar 99999999 --mp 1,1 --np 1 --score-min L,0,-0.1. DEseq2 was used for
normalization and differential expression calling, with TPM values as inputs. One plus Log?2
normalized TPM values were used for heatmap generation and hierarchical clustering using

Morpheus webtool. DE results were filtered to include only genes with |L2FC|>2 and padj<0.05.

2.5.18 Forskolin fusion assay

The cell lines were passaged onto 6-well plates and treated the following day with either media
containing 25uM forskolin or DMSO. After 48 h, two wells from each condition were processed
for RNA isolation and a single well was processed for IF staining as described in the Methods
Section. Four technical replicates were included in subsequent gRT-PCR analysis, and five

micrographs of immunostained cells were captured per condition.

2.5.19 mCG secretion levels

mCG radioimmunoassay (RIA) was performed on media collected after two days in culture from
both iRP-D26 (n=2) and iRP-D28A (n=2) cell lines. Highly purified hCG for radioiodination and
reference standard was obtained from Dr. Leo Reichert, Tucker Endocrine Research Institute (P.O.
Box 0811, Tucker, GA 30085-0811; Endoc 1973; 92: 411-6). Each ampule of hCG contained 50
micrograms. An ampule of hCG was re-dissolved in 50 ml of phosphate-buffered saline (PBS) so
that the concentration of hCG was 1 mg/ml. After being completely dissolved, the hCG was
separated into aliquots of 5 mg/5 ml for radioiodination. For reference standards, 24.95 ml of 1%
BSA-PBS was added to one hCG ampoule, resulting in a concentration of 200 ng/ml which was

divided into 0.5 ml per aliquot and stored at -80C. Ovine antiserum H-26 has been established in
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RIA and used extensively for measuring monkey CG concentrations in blood, urine and cells
(Hodgen G, J Clin Endocrinol Metab 39: 457, 1974). While the antiserum was generated against
ovine luteinizing hormone (LH), it was targeted toward monkey CG, and, for a very long time, has
been the only antibody available to a few laboratories for measuring monkey CG. H-26 antiserum
was diluted to 1:2000 for use as the primary antibody in our laboratory. For precipitation, the anti-
rabbit gamma globulin, NIH #1, was diluted to 1:50 for use in the mCG RIA. Assay tubes were
centrifuged at 3000 rpm for 30 min in a Beckman J-6 refrigerated centrifuge. Before the assay,
hCG was radioiodinated with lodine-125 (1-125) (Perkin-Elmer, Billerica, MA) for use as a trace.
Briefly, 1.0 mCi of fresh 1-125 was mixed with 5 pg of hCG for 1 minute under oxidative
conditions. The reaction was stopped by adding reductive solution, and the I-125-labeled hCG was
separated from free 1-125 by column chromatography (using Bio-Gel P60, 200-300 wet mesh, from
Bio-Rad, Hercules, CA). The fractions containing proteins were tested with antibody within 24 h
and the specific and non-specific bindings were assessed. All samples for mCG determinations
were assayed at the original concentration. Overall, the characteristics of the standard curves
indicated that the assays were well executed. Of the 12 standard points in serial dilutions of hCG
from 10 ng/ml to 0.0049 ng/ml, 10 maintained dose-response between 5-95% binding. The highest
point (10 ng/ml) and the lowest point (0.0049 ng/ml) were outside the 5% confidence limit at the
upper and lower end of the standard curve, respectively. However, these standard points did not
affect the calculation of samples as the sample values were based on their specific bindings. The

sensitivity of the assay was estimated to be 0.1 ng/ml (at about 90% binding).
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2.6 Supplemental Figures
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Supplemental Figure 2.1 Rhesus placenta IHC

Rhesus placental tissue at ~80% gestation stained for KRT7 (DAPI/brown). Tissue from gestational
day 134 (left) and 135 (right), imaged using 4X (top) and 20X objective (bottom). Dashed boxes

denote regions examined at higher magnification.
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Supplemental Figure 2.2 Human versus rhesus placenta differential expression

(A-C) Schematic of DE analysis (A) DE#1 (B) DE#2 (C) DE#3. (D,E,G,H) Volcano plots showing

gene expression fold differences between human and rhesus term placental tissue from (D,E)

DE#2 and (G,H) DE#3 using data mapped to (D,G) human genome and gene annotations (DE-

GRCh38), and data mapped to (E,H) rhesus genome and gene annotations (DE-Mmul10). Dashed

lines denote DE significance (padj<0.05) and fold change (|L2FC|>2) thresholds; genes passing

significance threshold (green), passing L2FC threshold (cyan), passing both (magenta), or none

(grey). (F,I) Venn-diagram depicting intersection of DE-GRCh38 (stripes) and DE-Mmul10 (spotted)

results to identify intermediate human upregulated (light blue) and rhesus upregulated (light red)
genes sets from (F) DE#2 and (I) DE#3.
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Supplemental Figure 2.3 gRT-PCR validation of DEGs identified from DE analysis

(A) gRT-PCR relative gene expression quantities (mean + SEM) of human (blue) and rhesus (red)
bulk placental samples; all samples were normalized to GAPDH, HPRT1, and TBP, and scaled to
rhesus bulk placental samples. Four technical replicates for PCR reaction, and two biological
replicates for each group species were included. Statistically significant differences between
human and rhesus groups were identified using two-sided unpaired t-test with alpha of 0.05
(*p<0.05, **p<0.01). (B) Heatmap depicting human versus rhesus log2 fold-change values
determined via gqRT-PCR and the RNA-seq based DE analyses.
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Supplemental Figure 2.4 TPM-based transcriptomic comparison of human, rhesus and mouse
placenta

(A) Heatmap depicting expression levels (Log2(1+ TPM)) of genes differentially expressed between
human and mouse placenta, and (B) HPGs. Hierarchal clustering shows rhesus samples cluster
more closely to human than mouse samples for both gene sets, highlighting molecular similarities
between human and rhesus placental samples. (C) Venn-diagram depicting the intersection of
DEGs (Human vs. Rhesus) identified from our primary DE approach (left) and TPM-based DE
strategy (right). (D) Heatmap comparing Log2 fold change of differentially expressed HPGs
identified from the primary DE approach between human and rhesus, and (E) TPM-based DE
strategy; grey boxes denote NA values; black boxes denote excluded genes; *=genes excluded
from TPM-based analysis due to lack of mouse orthologue; #=genes excluded from primary DE
analysis due to low-confidence rhesus orthologue.
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Supplemental Figure 2.5 Functional over-representation analysis

Over-representation analysis of human-upregulated and rhesus-upregulated DEG sets (top), iRP-
D26 upregulated and downregulated DEG sets (middle), and iRP-D28A upregulated and
downregulated DEG sets (bottom); functional terms with padj<0.1 (green), padj<0.5 (yellow);
JD=Jensen_DISEASES, RDGR=Rare_Diseases_GeneRIF_Gene_Lists, HPA=Human Protein
Atlas, REAC=Reactome, WP=WikiPathways.
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Supplemental Figure 2.6 Purity of primary rhesus trophoblast cell isolations

KRT7 IF staining of primary rhesus trophoblast cells isolated from D50 first trimester (left) and D149
third trimester (middle) rhesus placenta. Bar graph depicts average percent KRT7 positive cells
calculated across five immunostained micrographs from 1st (n=1) and 3rd (n=1) trimester primary

cell cultures.
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Supplemental Figure 2.7 Functional characterization of primary and immortalized rhesus
trophoblast cells.

= RP-D26 = RP-D2BA » Blank Medium = Pregnant Cyno pool = OVX-108

(A) CDH1 IF staining of RPT cells after 24 h, 48 h, and 72 h in culture, showing spontaneous
fusion/syncytialization of RPTs (B-D) Heatmaps of gRT-PCR RNA expression levels. Color scale
depicts minimum (purple) and maximum (yellow) Log?2 relative gene expression values compared
across (B) RPT cells after 24 h, 48 h, and 72 h in culture (C) bulk rhesus placenta, iRP, and iRFb
cell lines; (D) iRP and BeWo cell lines treated with DMSO (n=2) or Forskolin (n=2) for 48 h.
Statistically significant differences between DMSO and forskolin treatment groups were identified
using two-sided unpaired t-test with alpha of 0.05 (*p<0.05, **p<0.01, ***p <0.001). (E) CDH1 IF
staining of iRP and BeWo cell lines treated with DMSO or Forskolin for 48 h (F) Bar graph of mCG
secretion concentrations detected via radioimmunoassay (RIA) in cell culture media from iRP-D26
(blue), iIRP-D28A (pink), blank media (green); and in serum from pregnant (light blue) and

ovariectomized (OVX) cynomolgus macaques (orange).
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2.7 Tables

Table 2.1 Sample details

Sample name Sample type Sample subtype species ID
H-placenta-021 bulk placenta H.placenta (DE#1) Human SRR12363247
H-placenta-044 bulk placenta H.placenta (DE#1) Human SRR12363246
H-placenta-077 bulk placenta H.placenta (DE#1) Human SRR12363245
H-placenta-123 bulk placenta H.placenta (DE#1) Human SRR12363244
H-placenta-160 bulk placenta H.placenta (DE#1) Human SRR12363248
H.placenta.SRR3096525 bulk placenta H.placenta (DE#2) Human SRR3096525
H.placenta. SRR3096545 bulk placenta H.placenta (DE#2) Human SRR3096545
H.placenta. SRR3096594 bulk placenta H.placenta (DE#2) Human SRR3096594
H.placenta.SRR3096612 bulk placenta H.placenta (DE#2) Human SRR3096612
H.placenta.SRR3096624 bulk placenta H.placenta (DE#2) Human SRR3096624
H.placenta.SRR3096625 bulk placenta H.placenta (DE#2) Human SRR3096625
H.placenta.SRR4370049 bulk placenta H.placenta (DE#3) Human SRR4370049
H.placenta.SRR4370050 bulk placenta H.placenta (DE#3) Human SRR4370050
M.placenta.SRR649373 bulk placenta M.placenta Mouse SRR649373
M.placenta.SRR649374 bulk placenta M.placenta Mouse SRR649374
M.placenta.SRR943344 bulk placenta M.placenta Mouse SRR943344
M.placenta. SRR943345 bulk placenta M.placenta Mouse SRR943345
Rh.placenta.SRR5058999 bulk placenta Rh.placenta Rhesus SRR5058999
Rh.placenta. SRR5059000 bulk placenta Rh.placenta Rhesus SRR5059000
Rh.placenta.SRR7659021 bulk placenta Rh.placenta Rhesus SRR7659021
Rh.placenta.SRR7659022 bulk placenta Rh.placenta Rhesus SRR7659022
H.PBMC.SRR3389246 PBMC H.PBMC Human SRR3389246
H.PBMC.SRR3390437 PBMC H.PBMC Human SRR3390437
H.PBMC.SRR3390461 PBMC H.PBMC Human SRR3390461
H.PBMC.SRR3390473 PBMC H.PBMC Human SRR3390473
Rh.PBMC.SRR2467156 PBMC Rh.PBMC Rhesus SRR2467156
Rh.PBMC.SRR2467157 PBMC Rh.PBMC Rhesus SRR2467157
Rh.PBMC.SRR2467159 PBMC Rh.PBMC Rhesus SRR2467159
Rh.PBMC.SRR2467160 PBMC Rh.PBMC Rhesus SRR2467160
BeWo0.SRR6443610 trophoblast BeWo Human SRR6443610
BeWo0.SRR6443613 trophoblast BeWo Human SRR6443613
BeWo0.SRR6443614 trophoblast BeWo Human SRR6443614
BeWo0.SRR6443615 trophoblast BeWo Human SRR6443615
BeWo0.SRR6443616 trophoblast BeWo Human SRR6443616
BeWo0.SRR9118949 trophoblast BeWo Human SRR9118949
BeWo0.SRR9118950 trophoblast BeWo Human SRR9118950
HPT.SRR2397323 trophoblast HPT Human SRR2397323
HPT.SRR2397324 trophoblast HPT Human SRR2397324
HPT.SRR2397332 trophoblast HPT Human SRR2397332
HPT.SRR2397333 trophoblast HPT Human SRR2397333
HPT.SRR2397341 trophoblast HPT Human SRR2397341
HPT.SRR2397342 trophoblast HPT Human SRR2397342
HPT.SRR6443608 trophoblast HPT Human SRR6443608
HPT.SRR6443609 trophoblast HPT Human SRR6443609
HPT.SRR6443611 trophoblast HPT Human SRR6443611
HPT.SRR6443612 trophoblast HPT Human SRR6443612
iRP-D26-01 trophoblast iRP Rhesus SRR12363173
iRP-D26-02 trophoblast iRP Rhesus SRR12363172
iRP-D28A-01 trophoblast iRP Rhesus SRR12363171
iRP-D28A-02 trophoblast iRP Rhesus SRR12363170
RPT-D50-01 trophoblast RPT Rhesus SRR12363169
RPT-D50-02 trophoblast RPT Rhesus SRR12363168
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Table 2.2 Human-upregulated DEGs (top 50 out of 448)

H.GenelD H.Gene.name Rh.GenelD Mean L2FC Mean padj

ENSG00000148848 ADAM12 ENSMMUG00000009661 6.36 1.87E-114
ENSG00000144366 GULP1 ENSMMUG00000008265 6.04 1.63E-100
ENSG00000197632 SERPINB2 ENSMMUG00000016617 8.55 1.70E-87
ENSG00000112195 TREML2 ENSMMUG00000049500 8.36 3.31E-80
ENSG00000172331 BPGM ENSMMUG00000004598 5.72 1.75E-77
ENSG00000164867 NOS3 ENSMMUG00000020437 5.96 5.61E-77
ENSG00000137869 CYP19A1 ENSMMUG00000002553 5.38 3.90E-74
ENSG00000177707 NECTIN3 ENSMMUGO00000009998 5.79 1.14E-71
ENSG00000169550 MUC15 ENSMMUG00000012926 9.85 1.28E-63
ENSG00000039068 CDH1 ENSMMUG00000011850 4.81 5.60E-63
ENSG00000011347 SYT7 ENSMMUG00000005122 5.07 2.42E-59
ENSG00000165124 SVEP1 ENSMMUG00000047960 4.13 1.13E-54
ENSG00000186417 GLDN ENSMMUG00000005976 5.89 8.25E-49
ENSG00000103485 QPRT ENSMMUG00000042891 5.10 1.80E-46
ENSG00000258839 MC1R ENSMMUG00000053514 7.36 2.45E-42
ENSG00000147257 GPC3 ENSMMUG00000009622 5.16 1.44E-41
ENSG00000119630 PGF ENSMMUG00000002909 5.59 8.22E-41
ENSG00000037280 FLT4 ENSMMUG00000018693 6.24 8.27E-41
ENSG00000138829 FBN2 ENSMMUG00000010682 3.73 5.82E-40
ENSG00000197872 FAM49A ENSMMUG00000020385 3.52 9.22E-40
ENSG00000164309 CMYA5 ENSMMUG00000020733 6.41 8.37E-39
ENSG00000114841 DNAH1 ENSMMUGO00000016974 481 1.23E-38
ENSG00000197043 ANXA6 ENSMMUG00000021053 2.73 4.25E-38
ENSG00000112186 CAP2 ENSMMUG00000001990 5.05 4.37E-38
ENSG00000116183 PAPPA2 ENSMMUG00000023214 11.21 5.10E-38
ENSG00000105198 LGALS13 ENSMMUG00000004245 5.45 6.53E-36
ENSG00000182492 BGN ENSMMUG00000012743 2.89 2.96E-35
ENSG00000154265 ABCA5 ENSMMUG00000018608 3.15 1.62E-34
ENSG00000178338 ZNF354B ENSMMUG00000008976 3.97 6.76E-34
ENSG00000070182 SPTB ENSMMUG00000019172 3.96 9.36E-34
ENSG00000147113 DIPK2B ENSMMUGO00000041157 4.61 1.30E-33
ENSG00000035499 DEPDC1B ENSMMUG00000018379 3.80 1.63E-33
ENSG00000167232 ZNF91 ENSMMUG00000003688 7.05 1.70E-31
ENSG00000063660 GPC1 ENSMMUG00000056083 4.21 3.08E-31
ENSG00000148218 ALAD ENSMMUG00000031965 3.78 1.13E-30
ENSG00000026559 KCNG1 ENSMMUG00000000683 5.70 5.98E-30
ENSG00000163293 NIPAL1 ENSMMUG00000018625 5.77 6.98E-30
ENSG00000159450 TCHH ENSMMUG00000056263 6.61 9.18E-30
ENSG00000054277 OPN3 ENSMMUG00000005669 3.62 9.21E-30
ENSG00000012171 SEMA3B ENSMMUG00000020117 3.29 1.37E-29
ENSG00000196411 EPHB4 ENSMMUG00000007375 3.09 4.29E-29
ENSG00000173269 MMRN2 ENSMMUG00000011851 2.75 8.30E-28
ENSG00000109062 SLC9A3R1 ENSMMUG00000005737 2.50 1.80E-27
ENSG00000005108 THSD7A ENSMMUG00000012694 4.26 3.40E-27
ENSG00000204323 SMIM5 ENSMMUG00000063604 4.63 5.29E-26
ENSG00000025772 TOMM34 ENSMMUG00000013211 3.22 3.65E-25
ENSG00000174652 ZNF266 ENSMMUG00000061661 3.52 4.03E-25
ENSG00000138166 DUSP5 ENSMMUG00000057793 3.17 2.05E-24
ENSG00000152583 SPARCL1 ENSMMUG00000019047 3.58 2.11E-24
ENSG00000165895 ARHGAP42 ENSMMUG00000022603 3.55 1.18E-23
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Table 2.3 Rhesus-upregulated DEGs (top 50 out of 505)

H.GenelD H.Gene.name  Rh.GenelD mean L2FC  mean padj

ENSG00000116678 LEPR ENSMMUG00000003265 -8.60 1.36E-278
ENSG00000134259 NGF ENSMMUG00000062180 -9.50 3.05E-114
ENSG00000114251 WNT5A ENSMMUG00000061281 -6.33 1.27E-103
ENSG00000002587 HS3ST1 ENSMMUG00000001341 -6.95 4.79E-98
ENSG00000183067 IGSF5 ENSMMUG00000003427 -5.41 2.42E-93
ENSG00000087085 ACHE ENSMMUG00000058568 -6.31 1.80E-86
ENSG00000099139 PCSK5 ENSMMUG00000022023 -4.98 1.14E-84
ENSG00000127241 MASP1 ENSMMUG00000013004 -6.89 7.75E-79
ENSG00000186854 TRABD2A ENSMMUG00000008855 -7.15 3.05E-75
ENSG00000156113 KCNMA1 ENSMMUG00000018390 -6.27 1.28E-68
ENSG00000116761 CTH ENSMMUG00000019326 -8.47 1.49E-66
ENSG00000137634 NXPE4 ENSMMUG00000012268 -8.47 2.28E-65
ENSG00000084710 EFR3B ENSMMUG00000016461 -5.03 5.80E-64
ENSG00000196517 SLC6A9 ENSMMUG00000015158 -4.31 1.73E-60
ENSG00000136689 ILIRN ENSMMUG00000013014 -6.39 1.40E-58
ENSG00000152952 PLOD2 ENSMMUGO00000011577 -3.57 2.59E-50
ENSG00000158201 ABHD3 ENSMMUG00000004382 -3.91 1.63E-49
ENSG00000124212 PTGIS ENSMMUG00000021692 -7.84 1.23E-48
ENSG00000121769 FABP3 ENSMMUG00000064353 -5.63 2.03E-48
ENSG00000126107 HECTD3 ENSMMUG00000012993 -2.98 5.40E-48
ENSG00000120211 INSL4 ENSMMUG00000058221 -5.55 9.60E-48
ENSG00000116663 FBXO6 ENSMMUG00000023668 -4.30 1.75E-47
ENSG00000168785 TSPANS ENSMMUG00000011702 -3.70 2.15E-47
ENSG00000116191 RALGPS2 ENSMMUG00000017551 -3.93 2.67E-47
ENSG00000099960 SLC7A4 ENSMMUG00000063154 -5.54 1.63E-44
ENSG00000254535 PABPCA4L ENSMMUG00000007193 -5.39 2.72E-44
ENSG00000113578 FGF1 ENSMMUG00000057828 -4.61 3.60E-44
ENSG00000149294 NCAM1 ENSMMUG00000004688 -7.02 8.42E-43
ENSG00000163710 PCOLCE2 ENSMMUG00000012406 -4.96 1.67E-41
ENSG00000183196 CHST6 ENSMMUG00000001563 -6.11 2.38E-41
ENSG00000166578 IQCD ENSMMUG00000001128 -5.28 3.23E-41
ENSG00000131171 SH3BGRL ENSMMUG00000001689 -3.64 9.85E-41
ENSG00000006210 CX3CL1 ENSMMUG00000059578 -6.23 4.02E-39
ENSG00000167641 PPP1R14A ENSMMUGO00000028772 -4.66 4.47E-39
ENSG00000173567 ADGRF3 ENSMMUG00000004383 -3.98 2.32E-38
ENSG00000125089 SH3TC1 ENSMMUG00000030400 -4.58 2.86E-37
ENSG00000102575 ACP5 ENSMMUG00000002974 -4.13 8.53E-37
ENSG00000023330 ALAS1 ENSMMUG00000005596 -3.17 1.17E-36
ENSG00000123496 IL13RA2 ENSMMUG00000022224 -10.71 1.27E-36
ENSG00000041880 PARP3 ENSMMUG00000022203 -3.76 1.50E-36
ENSG00000141540 TTYH2 ENSMMUG00000003981 -3.93 3.00E-36
ENSG00000135919 SERPINE2 ENSMMUG00000006161 -6.30 2.18E-35
ENSG00000139405 RITAl ENSMMUGO00000056457 -2.91 7.72E-35
ENSG00000103034 NDRG4 ENSMMUGO00000014618 -4.62 2.12E-34
ENSG00000065183 WDR3 ENSMMUG00000008513 -3.68 7.90E-32
ENSG00000125753 VASP ENSMMUG00000022938 -2.89 1.90E-31
ENSG00000187957 DNER ENSMMUG00000002103 -5.30 3.42E-31
ENSG00000149260 CAPN5 ENSMMUG00000018174 -4.07 4.05E-31
ENSG00000101844 ATG4A ENSMMUG00000007190 -3.63 4.25E-31
ENSG00000140853 NLRC5 ENSMMUG00000000769 -4.30 5.60E-31
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Table 2.4 Mean TPM of human bulk placenta (Top 50)

H.Gene.name H.Gene.ID Avg.TPM
RN7SL1 ENSG00000276168  174327.0
RN7SL2 ENSG00000274012 72330.3
AL162581.1 ENSG00000202198 34732.7
RN7SK ENSG00000283293 34564.3
CSH1 ENSG00000136488 287745
AL627171.2 ENSG00000282885 22635.1
CSH2 ENSG00000213218 16903.2
RN7SL5P ENSG00000265735 16567.3
RN7SL4P ENSG00000263740 10175.5
RMRP ENSG00000277027 9163.5
RMRP ENSG00000269900 9136.7
RPPH1 ENSG00000277209 7826.6
RN7SKP71 ENSG00000201428 5207.4
MALAT1 ENSG00000251562 4995.8
RN7SKP80 ENSG00000202058 4892.6
H19 ENSG00000130600 4460.9
RNU4-2 ENSG00000202538 4434 .5
MIR663B ENSG00000221288 3840.4
TFPI2 ENSG00000105825 3803.8
FP236383.4 ENSG00000280614 3699.7
FP671120.6 ENSG00000280800 3691.9
FP236383.5 ENSG00000281181 3687.0
AL355075.4 ENSG00000259001 3571.3
RN7SL3 ENSG00000278771 3474.8
AD000090.1 ENSG00000283907 3330.6
RNU2-2P ENSG00000222328 3067.3
KISS1 ENSG00000170498 2989.8
CGA ENSG00000135346 2934.3
FP671120.7 ENSG00000281383 2727.8
MT-CO1 ENSG00000198804 2460.1
RN7SKP203 ENSG00000200488 2386.8
CYP19A1 ENSG00000137869 2357.0
PSG4 ENSG00000243137 2217.6
HBA2 ENSG00000188536 2128.7
PSG1 ENSG00000231924 2025.3
FBLN1 ENSG00000077942 2016.4
HBA1 ENSG00000206172 2000.0
ADAM12 ENSG00000148848 1974.7
SNORA73B ENSG00000200087 1828.3
MT-ATP6 ENSG00000198899 1797.9
MT-ND4 ENSG00000198886 1688.7
RNU1-4 ENSG00000207389 1649.0
RNU1-28P ENSG00000206588 1636.0
RNU1-1 ENSG00000206652 1630.0
RNU1-2 ENSG00000207005 1619.7
RNVU1-18 ENSG00000206737 1614.5
MT-CO3 ENSG00000198938 1610.2
ul ENSG00000275405 1605.5
PAPPA ENSG00000182752 1597.7
RNU1-3 ENSG00000207513 1593.8




Table 2.5 Mean TPM of rhesus bulk placenta (Top 50)

Rh.Gene.name Rh.Gene.ID Avg.TPM
GHV ENSMMUGO00000039847  116039.7
CSH2 ENSMMUG00000023707 441727
ENSMMUG00000011358 41919.9
ENSMMUGO00000000578 41390.4
CSH4 ENSMMUG00000023706 32589.8
ENSMMUG00000064479 21498.8
ENSMMUG00000059128 21009.3
SERPINE2 ENSMMUG00000006161 20541.8
ENSMMUG00000049459 20155.4
ENSMMUGO00000061777 182115
WFDC2 ENSMMUG00000002751 15085.1
ENSMMUG00000028689 8368.3
IGF2 ENSMMUG00000047449 8152.9
ENSMMUG00000039210 6822.0
INSL4 ENSMMUG00000058221 6172.5
ENSMMUG00000056194 5102.4
ENSMMUG00000028699 5014.2
ENSMMUG00000061010 4736.5
FBLN1 ENSMMUG00000002424 4603.7
ENSMMUG00000049833 4496.2
ENSMMUG00000047533 3941.4
ENSMMUG00000055813 3827.1
ENSMMUG00000055687 3636.6
ENSMMUG00000050799 3203.3
ENSMMUG00000058532 3176.8
SLC43A3 ENSMMUG00000010601 2641.1
B2M ENSMMUGO00000060797 2639.3
mml-mir-675 ENSMMUG00000032643 2424.5
SAT1 ENSMMUGO00000060580 2327.2
IGFBP1 ENSMMUG00000059330 2322.1
NOTUM ENSMMUG00000049343 2145.3
TFPI2 ENSMMUG00000020581 2145.2
FN1 ENSMMUG00000012321 2080.6
ENSMMUG00000054416 2041.0
ENSMMUG00000054167 2040.7
ENSMMUG00000062077 2002.3
TPT1 ENSMMUG00000022979 1989.3
EEF1A1 ENSMMUG00000004852 1911.4
ENSMMUG00000061125 1877.2
DEFB1 ENSMMUG00000053229 1744.3
ENSMMUG00000063316 1723.7
ENSMMUG00000028701 1718.2
IL13RA2 ENSMMUG00000022224 1717.3
ISM2 ENSMMUG00000013555 1656.3
ENSMMUG00000052127 1637.2
S100A6 ENSMMUG00000008917 1606.6
ENSMMUG00000058325 1518.8
LEPR ENSMMUG00000003265 1504.8
ENSMMUG00000002320 1456.1
GDF15 ENSMMUG00000050122 1417.7
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Table 2.6 Mean TPM of mouse bulk placenta (Top 50)

M.Gene.name  M.Gene.ID Avg.TPM
Tpbpa ENSMUSG00000033834 20515.2
Pri3bl ENSMUSG00000038891 17450.7
Tpbpb ENSMUSG00000062705 17094.2
H19 ENSMUSG00000000031 11119.2
Ctsj ENSMUSG00000055298 9538.3
Hbb-bs ENSMUSG00000052305 8280.7
Prl2c3 ENSMUSG00000056457 7461.7
mt-Atp8 ENSMUSG00000064356 6977.5
CT010467.1 ENSMUSG00000106106 6892.4
Hba-al ENSMUSG00000069919 6594.8
Pri8a9 ENSMUSG00000006490 6499.7
Gm27786 ENSMUSG00000098816 6424.5
mt-Col ENSMUSG00000064351 5945.6
Ctsq ENSMUSG00000021439 5929.0
Eeflal ENSMUSG00000037742 5926.6
Prl2c2 ENSMUSG00000079092 4930.8
Gm29216 ENSMUSG00000101249 4791.1
Hba-a2 ENSMUSG00000069917 4754.4
Psg21 ENSMUSG00000070796 4701.5
Gm28661 ENSMUSG00000102070 4652.2
mt-Co2 ENSMUSG00000064354 4619.0
mt-Nd1 ENSMUSG00000064341 3963.1
Pri2bl ENSMUSG00000069258 3944.4
Gm10925 ENSMUSG00000100862 3757.7
mt-Atp6 ENSMUSG00000064357 3754.4
Hsp90aal ENSMUSG00000021270 3659.4
mt-Cytb ENSMUSG00000064370 3417.7
Cts3 ENSMUSG00000074870 3119.1
Calr ENSMUSG00000003814 3116.3
Hsp90abl ENSMUSG00000023944 3069.0
Psg16 ENSMUSG00000066760 3061.8
Cts6 ENSMUSG00000021441 2797.3
Tfpi ENSMUSG00000027082 2669.0
Cregl ENSMUSG00000040713 2591.9
Ceacamll ENSMUSG00000030368 2589.3
Prl2c5 ENSMUSG00000055360 2585.8
Cdknlc ENSMUSG00000037664 2537.7
Hspa8 ENSMUSGO00000015656 2525.5
Pri7al ENSMUSG00000006488 2525.5
mt-Co3 ENSMUSG00000064358 2453.8
Gm28437 ENSMUSG00000101111 2452.8
Gm24270 ENSMUSG00000076281 2306.7
mt-Nd2 ENSMUSG00000064345 2305.5
Npm1 ENSMUSG00000057113 2289.6
Actgl ENSMUSG00000062825 2262.7
Hsp90b1 ENSMUSG00000020048 2200.9
Psg23 ENSMUSG00000074359 2182.5
Pegl10 ENSMUSG00000092035 2174.1
Hbb-bt ENSMUSGO00000073940 2119.7
Actb ENSMUSG00000029580 1966.4
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Table 2.7 human/mouse bulk placenta TPM DE analysis (Top 50)

H.Gene.ID Gene.name baseMean log2FoldChange padj

ENSG00000148848 ADAM12 1333.8 8.74 3.69E-100
ENSG00000138829 FBN2 256.6 7.16 1.09E-57
ENSG00000165124 SVEP1 353.5 7.54 1.09E-57
ENSG00000172493 AFF1 229.4 7.08 1.09E-57
ENSG00000166147 FBN1 150.2 5.72 9.40E-56
ENSG00000164292 RHOBTB3 397.4 8.80  3.33E-53
ENSG00000072778 ACADVL 309.1 3.64 1.45E-52
ENSG00000124491 F13Al1 210.1 6.87 1.86E-51
ENSG00000167703 SLC43A2 230.1 4.45  4.13E-49
ENSG00000070031 SCT 429.2 -8.99 1.45E-48
ENSG00000263001 GTF2I 112.4 3.80 8.60E-48
ENSG00000105825 TFPI2 2604.4 7.82 3.86E-46
ENSG00000133316 WDR74 557.8 5.15 5.29E-46
ENSG00000012171 SEMA3B 426.1 6.94 4.26E-45
ENSG00000130382 MLLT1 169.6 3.72 5.49E-44
ENSGO00000151014 NOCT 133.0 -4.42 6.06E-44
ENSGO00000167434 CA4 310.5 -8.19 1.54E-41
ENSG00000132386 SERPINF1 120.2 6.47 2.03E-40
ENSG00000137203 TFAP2A 94.7 4.34 5.86E-40
ENSG00000119630 PGF 200.8 4.48 6.70E-40
ENSGO00000173757 STATS5B 100.6 5.79 5.94E-39
ENSG00000067606 PRKCZ 162.0 3.26 6.76E-39
ENSG00000066827 ZFAT 80.9 4.65 7.79E-39
ENSG00000135048 CEMIP2 133.0 5.01 1.87E-38
ENSGO00000153071 DAB2 370.0 4.36 4.19E-38
ENSG00000074181 NOTCH3 90.4 5.54 6.66E-38
ENSG00000145715 RASAl 174.7 2.80 1.43E-37
ENSGO00000137869 CYP19Al 1594.3 14.23 1.51E-37
ENSG00000183955 KMT5A 133.4 -3.86 1.91E-37
ENSG00000119535 CSF3R 247.6 8.53 1.95E-37
ENSG00000135346 CGA 1988.0 14.55 2.35E-37
ENSG00000082438 COBLL1 255.5 3.24 5.16E-37
ENSG00000132470 ITGB4 86.1 3.91 1.55E-36
ENSG00000157557 ETS2 122.6 -3.30 7.93E-35
ENSG00000115461 IGFBP5 86.3 5.03 1.28E-34
ENSG00000143382 ADAMTSL4 136.4 5.94 1.45E-34
ENSGO00000135111 TBX3 93.9 4.11 2.18E-34
ENSG00000206538 VGLL3 196.0 4.05 4.27E-34
ENSG00000065882 TBC1D1 76.5 4.11 5.89E-34
ENSG00000123243 ITIH5 84.3 3.81 9.36E-34
ENSG00000148926 ADM 179.1 3.34 2.74E-33
ENSG00000049249 TNFRSF9 185.7 -8.46 2.85E-33
ENSG00000108821 COL1A1 613.1 3.87  3.54E-33
ENSG00000107175 CREB3 103.8 -3.82  3.58E-33
ENSG00000182752 PAPPA 1082.6 13.67 1.14E-32
ENSG00000019582 CD74 117.0 5.57 1.56E-32
ENSG00000141736 ERBB2 88.5 6.15 2.35E-32
ENSG00000170458 CD14 80.4 5.90 5.41E-32
ENSGO00000054654 SYNE2 94.4 3.06 5.43E-32
ENSG00000188994 ZNF292 61.2 4.59 5.43E-32
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Table 2.8 human/rhesus bulk placenta TPM DE analysis (Top 50)

H.Gene.ID Gene.name baseMean log2FoldChange padj

ENSG00000114251 WNT5A 335.4 -6.02 7.05E-113
ENSG00000134802 SLC43A3 1170.5 -9.06 2.70E-107
ENSG00000163710 PCOLCE2 309.5 -4.77 4.60E-104
ENSG00000116678 LEPR 667.9 -8.89 8.81E-101
ENSG00000148848 ADAM12 1117.2 6.62 8.81E-101
ENSG00000145287 PLACS8 190.6 -5.18  3.20E-99
ENSGO00000167552 TUBA1A 230.1 -2.99 7.02E-91
ENSG00000167641 PPP1R14A 223.3 -4.15 4.45E-89
ENSG00000099960 SLC7A4 564.5 -6.73 2.52E-87
ENSG00000023330 ALAS1 155.6 -3.56  3.85E-86
ENSG00000167703 SLC43A2 194.8 3.90 8.78E-82
ENSGO00000111341 MGP 166.9 -3.54 2.86E-78
ENSG00000011007 ELOA 100.3 -4.40 1.29E-76
ENSG00000213366 GSTM2 118.2 -4.75 1.08E-74
ENSG00000138829 FBN2 218.7 4.77 2.97E-74
ENSG00000125868 DSTN 184.5 -2.87 3.35E-71
ENSG00000136160 EDNRB 145.1 -3.12 9.56E-70
ENSG00000152952 PLOD2 100.1 -3.36 3.46E-69
ENSG00000011052 NME1-NME2 96.8 -4.20 6.42E-67
ENSGO00000117245 KIF17 154.7 -6.86 1.45E-66
ENSG00000119630 PGF 167.6 4.43  3.73E-65
ENSGO00000112715 VEGFA 104.3 -5.31 1.33E-64
ENSG00000102760 RGCC 242.8 -2.37 3.79E-64
ENSG00000137869 CYP19A1 1359.1 5.06 7.61E-64
ENSG00000130164 LDLR 119.6 -3.28 8.21E-64
ENSG00000133316 WDR74 461.5 5.72 1.73E-63
ENSG00000100345 MYH9 316.3 2.31 1.57E-61
ENSG00000158201 ABHD3 87.7 -4.14 2.38E-59
ENSG00000119632 IFI27L2 127.3 -6.58 3.24E-59
ENSGO00000151150 ANK3 121.8 4.60 7.19E-59
ENSG00000065717 TLE2 118.5 -3.30 2.88E-58
ENSG00000127241 MASP1 145.4 -6.87 6.09E-58
ENSG00000186480 INSIG1 221.4 -3.01 2.29E-57
ENSG00000197111 PCBP2 120.7 2.81 2.65E-56
ENSG00000140285 FGF7 81.4 -5.04  3.70E-56
ENSG00000242265 PEG10 316.8 4.09 6.16E-56
ENSG00000264364 DYNLL2 73.3 -3.39 7.98E-56
ENSG00000004399 PLXND1 121.5 3.11 2.79E-55
ENSG00000270800 RPS10-NUDT3 215.7 -4.02  9.63E-55
ENSGO00000174021 GNG5 87.2 -3.06 1.01E-54
ENSG00000136888 ATP6V1G1 92.7 -2.78 1.20E-53
ENSG00000165124 SVEP1 306.8 4.12 2.54E-53
ENSG00000135919 SERPINE2 9231.6 -6.75  4.86E-53
ENSG00000099953 MMP11 189.6 3.86 6.68E-53
ENSG00000101443 WFDC2 6710.9 -15.76 8.92E-53
ENSG00000125753 VASP 152.1 -2.37 1.05E-52
ENSG00000178104 PDE4DIP 93.2 3.63 3.44E-52
ENSG00000137270 GCM1 138.1 -2.61  4.28E-52
ENSG00000148110 MFSD14B 79.2 -2.97 6.05E-51
ENSG00000135862 LAMC1 195.6 2.15 9.14E-51




Table 2.9 male/female human bulk placenta DE analysis (All DEGS)

H.Gene.name H.GenelD baseMean log2FoldChange padj

KDM5D ENSG00000012817 363.82 9.38 1.60E-42
DDX3Y ENSG00000067048 1073.31 8.34  3.10E-15
ZFY ENSGO00000067646 557.02 8.88 1.71E-55
EPYC ENSG00000083782 23.62 -4.61 2.79E-02
USP9Y ENSG00000114374 844.57 8.33 5.50E-50
RPS4Y1 ENSG00000129824 307.93 8.88 2.14E-45
NLGN4Y ENSG00000165246 41.88 8.67 7.21E-13
uTyYy ENSG00000183878 748.32 8.35 1.53E-106
SRY ENSG00000184895 4.29 5.39 3.72E-02
CCK ENSG00000187094 440.44 2.15 1.40E-02
EIF1AY ENSG00000198692 81.71 7.55 1.55E-19
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Table 2.10 iRP-D26/RPT DE analysis (Top 50)

Rh.Gene.name Rh.GenelD baseMean log2FoldChange padj
ERVFRD-1 ENSMMUG00000043161 4533.9 -7.18 0.00E+00
SH3BGRL2 ENSMMUG00000062749 7348.3 -5.76  0.00E+00
PEG3 ENSMMUG00000055669 39724.0 -9.13 0.00E+00
LAMB3 ENSMMUG00000016925 5388.9 6.53  0.00E+00
MMP1 ENSMMUG00000002037 22181.0 10.03 0.00E+00
SIAH1 ENSMMUG00000007400 8820.2 -4.68  0.00E+00
SDC2 ENSMMUG00000000963 4523.8 6.63 0.00E+00
HTRA1 ENSMMUG00000056637 32953.6 4.86 0.00E+00
FRMD6 ENSMMUGO00000018274 6474.6 -4.91 0.00E+00
LUM ENSMMUG00000016995 6710.0 7.08  0.00E+00
SEMA6D ENSMMUG00000012144 4385.0 -7.69  0.00E+00
MPP1 ENSMMUG00000005772 4056.6 -5.88 0.00E+00
LEPR ENSMMUG00000003265 5461.9 -8.11  0.00E+00
FN1 ENSMMUG00000012321 802152.0 3.79 0.00E+00
SPOCK2 ENSMMUG00000002122 4280.6 -6.66  0.00E+00
CRISPLD2 ENSMMUG00000011245 10657.9 4.28 0.00E+00
PAGE4 ENSMMUG00000003082 8482.7 -7.19  0.00E+00
LAMB1 ENSMMUG00000006567 10315.6 -6.52 0.00E+00
MBNL3 ENSMMUG00000003071 26070.9 -4.48  0.00E+00
NFE2L3 ENSMMUG00000003615 20434.8 -7.14  0.00E+00
PCDH7 ENSMMUG00000011898 3952.7 6.73 3.44E-294
CLDN1 ENSMMUG00000001915 3294.1 -6.60 1.31E-281
DAB2 ENSMMUG00000019879 3282.9 -4.99 1.35E-270
JUN ENSMMUG00000059326 9171.3 -4.11 7.80E-266
GREB1L ENSMMUG00000003974 5421.3 4.12 4.26E-263
FDX1 ENSMMUG00000060188 5959.4 -4.61 2.75E-257
SLC2A3 ENSMMUG00000046124 35819.2 4.58 4.35E-257
KCTD12 ENSMMUG00000060210 3199.9 -6.40 3.78E-251
MPP7 ENSMMUGO00000020663 4516.7 -5.84 2.00E-247
SLC12A2 ENSMMUG00000011214 2704.3 5.08 2.35E-247
FOSB ENSMMUG00000014430 3001.7 -7.08 1.55E-244
CDO1 ENSMMUG00000061758 2371.8 -6.71 2.06E-240
SLC13A4 ENSMMUG00000016386 3548.7 -8.30 5.02E-235
PECAM1 ENSMMUG00000011809 7464.1 -3.65 1.59E-234
REPS2 ENSMMUG00000010598 2756.6 4.39 9.40E-234
PATJ ENSMMUG00000003113 2096.3 5.81 1.57E-231
ENSMMUG00000011582 2410.5 -7.12 8.94E-231
FREM2 ENSMMUG00000002702 2166.6 5.72 4.67E-229
COL17A1 ENSMMUG00000015325 7802.3 3.61 1.53E-228
LAMA3 ENSMMUG00000004321 2275.0 5.28 1.73E-226
ENSMMUG00000051498 1917.2 5.20 6.99E-226
TBC1D9 ENSMMUGO00000015246 2854.1 -7.89 4.35E-224
OXGR1 ENSMMUG00000064141 3353.1 8.49 4.46E-224
LAPTM4B ENSMMUGO00000008926 12586.1 3.52 1.15E-223
COL8A1 ENSMMUG00000002935 3227.6 -8.10 1.91E-222
INTS6L ENSMMUG00000017881 2774.8 -4.33 7.93E-215
ITGB8 ENSMMUG00000006898 1963.6 -5.18 5.00E-209
LOXL2 ENSMMUGO00000050549 3756.1 6.54 1.48E-207
NOTUM ENSMMUG00000049343 8495.5 -5.70 1.75E-204
SLC25A29 ENSMMUG00000009738 1734.2 -5.44 2.35E-201
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Table 2.11 iRP-D28A/RPT DE analysis (Top 50)

Rh.Gene.name Rh.GenelD baseMean log2FoldChange padj
MBNL3 ENSMMUG00000003071 23563.1 -9.66 0.00E+00
NFE2L3 ENSMMUG00000003615 19230.9 -7.65 7.10E-242
SLC1A4 ENSMMUG00000010279 7448.2 6.01 4.17E-189
LAMB3 ENSMMUG00000016925 9154.1 7.39 1.19E-175
GCM1 ENSMMUG00000022083 8282.2 -10.36 1.18E-168
SPOCK2 ENSMMUG00000002122 4038.5 -6.61 2.24E-163
PCDH7 ENSMMUG00000011898 5805.4 7.37 1.61E-161
ENSMMUG00000063583 6514.0 -9.77 1.09E-160
INHA ENSMMUGO00000007483 12412.8 8.30 4.74E-160
ISM2 ENSMMUGO00000013555 8920.4 -9.75 1.18E-159
CGA ENSMMUG00000000222 9077.4 -9.66 1.43E-146
FOSB ENSMMUG00000014430 2825.1 -7.54 1.00E-144
SLC27A6 ENSMMUG00000017031 4744.7 7.67 6.55E-143
PDK4 ENSMMUG00000021389 3025.3 -7.09 1.62E-138
NOTUM ENSMMUG00000049343 7866.6 -10.72 2.15E-138
SEMASA ENSMMUG00000020160 2176.5 6.63 1.89E-134
COL12A1 ENSMMUG00000019261 15009.8 5.61 7.72E-133
FRMD6 ENSMMUG00000018274 6041.0 -5.50 7.06E-131
CPE ENSMMUG00000023400 12024.1 5.33 2.50E-126
LAMA3 ENSMMUGO00000004321 5747.3 6.72 1.99E-123
PTPRD ENSMMUG00000006952 1989.9 7.98 4.06E-123
SLC26A2 ENSMMUG00000029776 10845.5 -5.16 1.81E-122
ENSMMUG00000011582 2274.5 -7.01 1.05E-120
CDKN1C ENSMMUG00000037980 6484.0 -10.62 9.64E-119
UPK1B ENSMMUGO00000057343 4522.4 4.70 2.98E-116
EFEMP1 ENSMMUG00000016872 30181.7 -4.89 1.87E-111
MYO10 ENSMMUG00000012672 2845.0 -5.51 5.33E-109
SYT16 ENSMMUG00000042895 1517.0 6.85 7.30E-108
ENSMMUG00000045497 1478.4 -6.00 8.59E-108
PAGE4 ENSMMUG00000003082 7954.9 -9.80 1.19E-106
LOXL2 ENSMMUG00000050549 5070.7 7.06 1.19E-106
LEPR ENSMMUG00000003265 5139.0 -9.62 6.27E-103
PIK3CD ENSMMUGO00000006224 6817.3 4.12 2.32E-99
TCP11L1 ENSMMUG00000002539 3005.3 4.48 3.54E-99
MPEG1 ENSMMUG00000045775 1689.3 -8.00  4.26E-98
EPB41L3 ENSMMUG00000019418 4319.1 -4.80 6.97E-97
HTRA1 ENSMMUGO00000056637 17271.7 3.98 8.15E-96
ABTB2 ENSMMUG00000058619 1682.9 -5.01 1.92E-95
VIT ENSMMUG00000001278 10075.0 7.26 8.91E-93
CPM ENSMMUG00000000946 1195.3 -6.71 2.51E-92
SERPINF1 ENSMMUG00000022194 4514.8 -5.43 2.52E-92
CACNA2D3 ENSMMUG00000047365 2055.1 7.13 6.11E-92
ENSMMUG00000051498 1686.5 5.09 1.02E-91
ATP6V0A4 ENSMMUG00000006547 1386.4 -7.39 2.34E-91
CDC42EP4 ENSMMUG00000018148 1200.2 -7.04 5.38E-91
PATJ ENSMMUG00000003113 3077.3 6.46 2.81E-89
SVEP1 ENSMMUG00000047960 2022.3 -8.31 3.10E-88
MMP2 ENSMMUGO00000004475 1256.6 -5.75 4.91E-88
TRABD2A ENSMMUG00000008855 3843.5 6.61 1.30E-87
IL4R ENSMMUG00000004666 1230.2 -7.60 1.70E-87
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Table 2.12 iRP cell culture passage details

iRP- iRP- iRP- iRP- iRP- iRP- iRFb- iRFb-
D26 D28A D28B D50 D141 D149 XX XY
Phase contrast p.14 p.15 p.11 p.8 p.8 p.9 NA NA
TERT & PAC RT-PCR p.16 p.17 p.13 p.11 p.11 p.12 p.8 p.8
IF staining p.16 p.17 p.13 p.11 p.11 p.12 p.8 p.8
gqRT-PCR p.16 p.17 p.13 p.11 p.11 p.12 p.8 p.8
mCG secretion assay p.16 p.17 NA NA NA NA NA NA
single-cell DNA-seq p.17 p.18 p.14 p.12 p.12 p.13 p.9 p.9
Metaphase spreads p.19 p.20 p.16 p.14 p.14 p.15 NA NA
RNA-seq p.25 p.26 NA NA NA NA NA NA
qRT-PCR
(DMSO/Forskolin) p.25 p.26 p.19 NA NA NA NA NA
IGF2 secretion assay p.30 p.31 p.23 NA NA NA p.12 p.12
Matrigel invasion assay p.31 p.32 NA NA NA NA NA NA
Table 2.13 Primers

Gene.name Species Forward_primer_seq Reverse_primer_seq

BMP1 H &Rh AGTCCCTGGGGGAGACCTAT CCGTTCACCTCATACTTGGG

CDH1 H & Rh GCCGAGAGCTACACGTTCAC GCTGTCCTTTGTCGACCG

EGFR H & Rh GAGGTGGTCCTTGGGAATTT TGAGGACATAACCAGCCACC

ENPEP H & Rh AGCACACAGCCGAATATGCT TGCCAAAATCTGGAATAGCG

ERVFRD-1 H &Rh TGGAGCAGTTGCTGAGCTTT GCAGCTCGTTTTGTGACCAG

ERVV-1 H & Rh TCGAGACAAGTCACCCCAAA GTGTGCCTTGGGAAGCAAATA

ERVV-2 H & Rh TTCCACTCCAGGTTTCGCTT TCCCTCCTTAGAGGTGCTTT

ERVW-1 H & Rh AGCAGAGGAGCTTCGAAACA AGAGGTCCTAAGAAGGGGAGAA

GAPDH H & Rh GGAAGGTGAAGGTCGGAGTC GTTGAGGTCAATGAAGGGGTC

GCM1 H&Rh GCCTCTGAAGCTCATCCCTT GGATGATCATGCTCTCCCTTT

GULP1 H & Rh TGATGGCAACTGTATGATAGAAGC TCATGATGAGGATCAGCCAA

HPRT1 H & Rh GCTGAGGATTTGGAAAGGGT CATCTCGAGCAAGACGTTCA

TERT H CCAAGAACGCAGGGATGTCG AGGGCAGTCAGCGTCGTC

IGF2 H & Rh GGACACCCTCCAGTTCGTCT CGGAAACAGCACTCCTCAAC

KRT7 H & Rh GGATGCCCTGAATGATGAGA CACCACAGATGTGTCGGAGA

LEPR H & Rh AACCTTCAATTCCAGATTCGC TCTGGAACTGGGAGACTGACA

LIFR H & Rh TGCGAGCCTATACAGATGGTG CACTCCAACAATGACAGCCA

LIPF H & Rh CTATGTTGGCCATTCCCAGG CACAGTGGCAACAGGAGCTA

LVRN H & Rh TCATCCAAGTTATGTGGCCC TTGCTTCCATTCACATCTTCTTT

CGA H & Rh CCGGGTGCCCCAATATATCA AGCTACACAGCAAGTGGACTC

MMP2 H &Rh AGTACGGCTTCTGTCCCCAT CATAGGATGTGCCCTGGAAG

NCAM1 H & Rh GGATGGCAGTGAGTCAGAGG ACATCACACACAATCACGGC

NGF H & Rh CACAGGGAATGTGGTGAGGT GAGCTGAGCTTGGGTCCAG

NOS3 H & Rh AGGTGGGGAGCATCACCTAT TGTAGGTGAACATTTCCTGTGC

PAPPA H & Rh TGGCAGGAGTAGCAACTTGG ACAGTGCATTCTGGCGACTT

PAPPA2 H & Rh GACAGAACAACCCAGCCATC CTTTCCCTTGTCCTTCCCTG

PGF H & Rh CTTGCTTCCTGCAGCTCCT CTTCCACCTCTGACGAGCC

PTPRC H & Rh CACTCGGGCTTTTGGAGAT ACCTCTCTTCCAGTTGCTTTTTC

PAC NA TGACCGAGTACAAGCCCAC ACACCTTGCCGATGTCGAG

SDC1 H&Rh GCCAAGCTGACCTTCACACT TCCCCAGAGGTTTCAAAGGTG

SP1 H & Rh AGGCCTCCAGACCATTAACC GACCAAGCTGAGCTCCATGA

TBP H & Rh AACAACAGCCTGCCACCTTA GCCATAAGGCATCATTGGAC

TP63 H & Rh GACGTGTCCTTCCAGCAGTC GGGTCATCACCTTGATCTGG

VIM H & Rh TCTGGATTCACTCCCTCTGG TCAAGGTCATCGTGATGCTG
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2.8 Availability of data and materials

All RNA-seq and DNA-seq raw sequencing data generated in this study have been submitted to the
NCBI Sequencing Read Archive (SRA; https://www.ncbi.nlm.nih.gov/sra/) under BioProject
accession number PRINA649979. Additional publicly available RNA-seq data from human,
rhesus, and mouse were downloaded from NCBI SRA using SRA Toolkit (http://ncbi.github.io/sra-
tools/): human placenta (DE#2): SRR3096525, SRR3096545, SRR3096594, SRR3096612,
SRR3096624, SRR3096625 [259]; human placenta (DE#3): SRR4370049, SRR4370050 [260];
HPT: SRR2397323, SRR2397324, SRR2397332, SRR2397333, SRR2397341, SRR2397342,
SRR6443608, SRR6443609, SRR6443611, SRR6443612 [288,289]; human PBMC: SRR3389246,
SRR3390437, SRR3390461, SRR3390473 [286]; human BeWo: SRR6443610, SRR6443613,
SRR6443614, SRR6443615, SRR6443616, SRR9118949, SRR9118950 [289,290]; rhesus
placenta: SRR5058999, SRR5059000, SRR7659021, SRR7659022 [258]; rhesus PBMC:
SRR2467156, SRR2467157, SRR2467159, SRR2467160 [287]; mouse placenta: SRR649373,

SRR649374, SRR943344, SRR943345 [331] (Table 2.1).
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3.1 Abstract

Background: There is a growing body of evidence indicating the importance of
endogenous retrovirus (ERV) derived proteins during early development and reproduction in
mammals. Recently, a protein derived from the youngest ERV in primates, ERVK (HML2), was
shown to be expressed during human placentation. Since a number of highly similar ERVK proviral
loci exist across the human genome, locus-specific analysis of ERVK transcription and
identification of the coding sequence expressed in the human placenta is difficult. Thus, despite its
activity in early human development, the native expression and function of ERVK in the human
placenta remains largely uncharacterized.

Results: In this study, we comprehensively examined locus-specific ERVK transcription
across several different human placental tissues and cell types. Through a combination of RNA-
seq and siRNA knock-down analyses, we identified the expression of a single ERVK locus,
ERVK11g23.3, as (1) being significantly upregulated in preterm placenta, (2) predominantly
expressed by mononuclear trophoblasts, (3) capable of encoding a truncated viral-like envelope
protein, and (4) contributing to the expression cytokines involved in both antiviral and anti-
inflammatory innate immune responses in HPTs and BeWo cells, respectively.

Conclusions: Collectively, the results of this study: highlight the utility of studying locus-
specific ERVK expression, provide a thorough characterization of locus-specific ERVK
transcription from human placental tissues, and indicate that altered expression of placental
ERVK11g23.3 influences IFN antiviral response, which may contribute to preterm birth and other

pregnancy complications.
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3.2 Background

Mammalian genomes are littered with thousands of copies of endogenous retroviruses (ERVS),
mobile genetic elements that are relics of ancient retroviral infections. ERVs are abundant within
the DNA of all vertebrates and specifically comprise ~8% of the human genome [332]. Despite
being considered ‘junk DNA’ for many years, there has been a growing interest in the biological
role of ERV-derived proteins in human early development and reproduction, including
placentation. ERV proviral insertions within the human genome are classified into different groups
based on sequence similarity [333]. Full-length ERV insertions possess similar genomic
organization to exogenous retroviruses, including two flanking long terminal repeats (LTRs), an
internal sequence corresponding to group-specific antigen (gag), protease (pro), polymerase (pol),
and envelope (env) proviral genes (Figure 1.3). The vast majority of ERVs within the genome are
truncated and/or have become highly mutated and thus, are unable to produce functional viral
proteins and are non-infectious [334]. However, a few ERV insertions have remained relatively
well-conserved, and contain open reading frames (ORFs) that can encode viral-like proteins.
Several ERV viral-like proteins expressed during development are known to play important
physiological roles. The most notable examples of this are the Syncytin proteins, which are
expressed during human placentation. Syncytin-1 [335] and Syncytin-2 [195] are encoded from env
genes of ERVW and ERVFRD groups, respectively. Similar to exogenous retroviral envelope
proteins, Syncytin proteins contain fusion peptide (FP) and/or immunosuppression (ISU) domains.
Exogenous retroviruses utilize the FP and ISU domain to facilitate fusion of the viral particle into
the host cell and suppression of the host immune response, respectively [246,247]. However, unlike
exogenous retroviruses, the Syncytin proteins, containing these domains, have been co-opted to
facilitate important processes underlying normal human placentation. Specifically, Syncytin FPs
are utilized by mononuclear cytotrophoblasts (CTBs) to facilitate the cell fusion underlying the

formation and maintenance of the multinucleated syncytiotrophoblast (STB) layer [194-196,336],
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and there is evidence suggesting that the ISU domain of Syncytin-2 aids maternal immune evasion
during pregnancy [217].

Similar to Syncytins, ERVK envelope (ERVK-env) protein has been shown to be
expressed during human placentation. This protein is derived from the ERVK (HML-2) group, the
youngest and most recently expanded ERV in primate genomes [239-242]. Thus, unlike the ERV
families encoding the Syncytin proteins, dozens of ERVK proviral insertions with intact envelope
ORFs exist across the human genome. While there are no replication-competent ERVK proviral
insertions, the presence of polymorphic ERVK insertions in human indicates that the family was
active and infectious up until at least 5-6 million years ago [337,338]. A consequence of this recent
activity is that many ERVK loci are highly-similar, which makes it difficult to analyze locus-
specific ERVK expression using traditional short-read RNA-seq data. Due to these challenges, a
thorough characterization ERVK placental expression, including locus-specific transcription,
splicing, and putative protein-coding sequences has been lacking.

Several studies using ERVK ancestral-predicted consensus sequences, have identified a
functional FP [248-250] and ISU domain [251] within the ERVK-env protein, and its ability to
elicit cell fusion when ectopically expressed in cell lines or incorporated into viral particles [248-
2501, as well as inhibit immune cell proliferation in vitro [251]. These reports suggest that placental
ERVK expression, and specifically ERVK-env protein expression, may facilitate trophoblast cell
fusion and/or maternal immunosuppression during normal placentation. However, since it is
unclear which ERVK loci are expressed in the placenta, whether ERVK-env is fusogenic and/or
immunosuppressive at this site remains unknown. Here, we hypothesize that ERVK expression,
and specifically ERVK-env protein, has been co-opted to facilitate trophoblast cell fusion and/or
maternal immunosuppression during normal placentation. Additionally, since trophoblast
dysfunction and heightened inflammation are associated with pregnancy complications [339,340],
we further postulate that abnormal ERVK expression is associated with placental dysfunction in
preterm birth. Thus, to test these hypotheses, we aimed to (1) thoroughly characterize placental
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ERVK expression, including locus-specific transcription levels and ERVK-env protein-coding
potential, (2) identify ERVK loci differentially expressed between placenta from healthy and
pathological pregnancies, and (3) assess the fusogenic and/or immunomodulatory function of

placentally-expressed ERVK.

3.3 Results

3.3.1 ERVK-env protein is expressed in the STB layer of term placenta, but its
expression varies across preterm placentas.

ERVK-env protein expression has previously been documented in human placental tissues from
healthy pregnancies [10]. Since functional FP and ISU domains were identified within the
ancestral-predicted ERVK-env protein and trophoblast dysfunction and heightened inflammation
are commonly associated with preeclampsia and preterm birth [339,340], aberrant placental ERVK-
env protein expression may be associated with these pregnancy complications. Thus, we sought to
compare placental ERVK-env protein expression and localization between normal and pathological
pregnancy conditions. For this, we preformed immunohistochemical (IHC) staining on human
placental tissue collected from term (n=4) and preterm (n=4) pregnancies using a well-established
commercially available anti-ERVK-env monoclonal antibody [10] (Table 3.1). In term placenta
samples, ERVK-env staining was observed at the maternal-fetal interface in multinucleated STBs.
The staining pattern was diffuse throughout the cytoplasm and microvilli of the STB (Figure 3.1A),
similar to the known STB secreted proteins, CGB and KISS1 [262]. In preterm placental tissue, a
similar expression pattern was observed, however variable staining intensities were noted across
the four different samples examined (Figure 3.1A). The absence of non-specific staining was
confirmed by substituting the anti-ERVK-env antibody with an appropriate mouse igG2A isotype
control (Figure 3.1B). Collectively, these results show that ERVK-env protein is expressed by
placental trophoblasts, and suggest that the expression level may be affected in placenta from

preterm birth pregnancies.
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(A) IHC staining of human term (n=4) and preterm (n=4) placental tissue sections for ERVK-env

TM protein and (B) mouse igG2A isotype negative control. Positive staining (DAB, brown), nuclear
counterstain (purple). (C) ERVK-env IF staining of HPTs at 8, 24, 48, 72 h (left to right); ERVK-env
(green) and DAPI nuclear counterstain (blue). (D) qRT-PCR of HPTs at 8, 24, 48, 72 h (n=3 each);

four technical replicates were used per sample and samples were normalized to GAPDH.
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3.3.2 ERVK-env protein is predominantly expressed in unfused mononuclear CTBs in
vitro.

Mononuclear CTB cell fusion is critical for the formation and maintenance of the multinucleated
STB layer in the placenta [24,25]. Similar to the Syncytin proteins, the ERVK-env protein is
speculated to play a role in CTB fusion and STB formation. This is largely based on the fusogenic
capabilities of ancestral-predicted recombinant ERVK-env proteins [248-250], and the report that
native ERVK-env protein is expressed at the cell surface of villous CTBs in the human placenta
[10], which is the expected localization of a protein involved in CTB cell-cell fusion [341]. To
further evaluate native ERVK-env expression and localization throughout CTB differentiation and
fusion, we utilized human primary trophoblast (HPT) cell cultures, which consist highly purified
CTBs that spontaneously differentiate and fuse into STBs over time [24,25]. Thus, we examined
ERVK-env protein and mRNA expression in HPTs after 8, 24, 48, and 72 h in culture (Figure
3.1C-D). ERVK-env protein expression and localization was assessed via immunofluorescence
(IF) using a well-established monoclonal antibody targeting the TM envelope protein of ERVK
(anti-ENK); while, ERVK-env RNA expression was assessed via qRT-PCR using primers designed
based on the ancestral-predicted ERVK-env sequence (ENK-consensus) [342]. Consistent with
previous reports [10], the IF results showed that ERVK-env protein expression appeared most
prominent around the membrane of mononuclear CTBs 24 h after culturing (Figure 3.1C).
Cytoplasmic staining of multinucleated STBs was also observed in HPT cultures, supporting the
results from our IHC analysis of bulk placental tissues (Figure 3.1A,C). The qRT-PCR results
further demonstrated that the highest ERVK-env transcription levels were detected at 24 h of
culture (Figure 3.1D). Collectively, these data indicate that ERVK-env expression peaks after 24
h in culture and that its protein is predominantly located at the plasma membrane of unfused

mononuclear CTBs, which is consistent with ERVK11g23.3 being involved in trophoblast fusion.
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3.3.3 Multiple ERVK loci with intact envelope ORFs are transcribed in term and
preterm placental samples

A number of ERVK proviral loci exist across the human genome [218], and the transcriptional
activity of each locus is dependent on the tissue/cell type [343]. To identify which specific ERVK
proviral loci are expressed in the placenta, we performed locus-specific ERVK transcriptional
analysis using RNA-seq data from term (n=5) and preterm (n=5) bulk placental samples (Table
3.2). Since a number of highly similar ERVK loci exist across the human genome, several regions
across ERVK loci are non-unique and have low mappability. In order to avoid false positive ERVK
locus expression, non-uniquely mapping RNA-seq reads were discarded for this analysis.
Approximately 49% (61/124) of the ERVK loci (Table 3.3) were expressed (mean normalized read
count >1) in the placental tissue examined (Figure 3.2). A number of the placentally expressed
ERVK loci were predicted to contain envelope ORFs possessing the monoclonal antibody epitope
[10]. This includes ERVK loci with a predicted full-length envelope ORFs (>588aa)
(ERVK60g25.1, ERVK1g21.3a, ERVK6p21.1, ERVK1g22, ERVK1p31l.1a, ERVK1p34.3) [218];
and loci with partial envelope ORFs (>300aa) (ERVK3q21.2b, ERVK1g21.3b, ERVK1g23.3,
ERVK40g35.2, ERVK5(033.2, ERVKX(28b) [218]. Thus, the immunostaining results in Figure 3.1
likely reflect envelope protein expression from one or more of these ERVK loci. Several other
ERVK loci containing partial envelope ORFs with a Furin cleavage site [344], but without the
monoclonal antibody epitope were also expressed in the placentas (ERVK3q12.3, ERVK8q24.3b,
ERVK11g23.3, ERVK1g32.2, ERVK10p14, ERVK3q13.2). Because the Furin cleavage site is
necessary for the formation of a fusogenic TM protein [344], expression these loci may result in

functional Furin-cleaved ERVK-env proteins that are undetected by the antibody used in this study.
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Figure 3.2 ERVK locus-specific RNA expression analysis

Heatmap depicting ERVK locus-specific RNA expression levels in human term (n=5) and preterm
(n=5) placental tissue samples. Only loci with mean normalized read count >1 are shown (n=61).
Loci with full-length envelope ORFs (>588aa, square), partial envelope ORF (>300aa, triangle),
containing ERVK-env antibody epitope (black), or not containing ERVK-env antibody epitope
(white) are shown below each locus.
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3.3.4 ERVK11g23.3 RNA expression is upregulated in preterm compared to term
placental tissue

To determine whether ERVK loci or other genes were differentially expressed between the human
term and preterm placentas, we used the RNA-seq data generated from both conditions to perform
differential expression (DE) analysis. A total of 143 differentially expressed genes (DEGS)
(padj<0.05 and |[L2FC|>1) were identified, including 49 upregulated and 94 downregulated genes
in preterm compared to term placenta (Table 3.4). Consistent with previously studies of pregnancy
complications, NTRK2 and BTNL9 were found to be upregulated [198], while APLN was found to
be downregulated [345] (Figure 3.3). Of all the DEGs, the most significant was TLR7 (padj=9.87E-
08), which was downregulated 2.5-fold in preterm compared to term placenta. The TLR7 gene
encodes the toll-like receptor 7 protein that detects single-stranded RNA and plays an important
role in the recognition of retroviral infections and activation of innate immunity [346]. While the
majority of ERVK loci examined were similarly expressed, one of the top DEGs was the
ERVK11g23.3 locus (also known as ERVK-20, c11 B, HERV-K37), which was found to be
approximately four times higher in preterm compared to term placental tissue (padj=1.20E-05,
L2FC=2.04) (Figure 3.3). Since TLR7 is considered essential for the control of ERVs [347], the
decreased expression of TLR7 may contribute to the upregulation of the ERVK11g23.3 locus in
preterm placenta. These results suggest that differences in antiviral innate immunity may exist
between term and preterm placenta.

To determine whether there were differences associated with a specific trophoblast
subtypes between preterm and term placenta we performed an over-representation analysis (ORA)
using gene sets known to be enriched in multinucleated STBs, mononuclear CTBs, or invasive
extravillous trophoblasts (EVTSs). The analysis revealed that STB-associated genes (CGB5, CGB7,
CGB8, ERVV-1, INHA, GREM2, TCL1B) were significantly over-represented in preterm-
upregulated DEGs, while there was no significant enrichment of CTB or EVT associated genes

found in either the upregulated or downregulated DEG sets. These results suggest that the
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expression differences between term and preterm placenta are predominantly associated with STB

cells rather than the other trophoblast subtypes.
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Figure 3.3 DE analysis of preterm vs. term placental tissue

(A) Volcano plot of preterm vs. term placenta DE results. DEGs (|L2FC| >1 and padj<0.05) are
shown in purple. (B) Bar chart depicting L2FC values of 25 most significant upregulated (top) and
downregulated (bottom) DEGs. (C) Trophoblast subtype ORA results highlighting enrichment of
STB-associated genes in preterm placenta. n.s.=not significant; L2FC=Log2 fold-change;
padj=adjusted p-value; STB=syncytiotrophoblast; CTB=cytotrophoblasts; EVT=extravillous
trophoblasts; HPA=Human Protein Atlas.
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3.3.5 ERVK11g23.3 RNA expression is enriched in undifferentiated mononuclear
CTBs

The transcriptional activity of each ERVK locus is known to vary between different tissue and cell
types [343], and the placenta is a heterogeneous organ comprised of many cell types [277]. To
determine whether ERVK11g23.3 was predominantly transcribed from trophoblasts or some other
placental cell type, we utilized publicly available RNA-seq data to preform DE analysis between
HPTs (n=2) and bulk placenta tissue (n=5). The results showed that ERVK11g23.3 was
significantly upregulated (padj=1.38E-33, L2FC=4.8) in HPTs compared to bulk placenta (Figure
3.4A, Table 3.5), indicating that placental ERVK11g23.3 RNA expression predominantly
originates from trophoblast cells. An additional DE analysis using publicly available RNA-seq data
from undifferentiated (n=6) and differentiated/fused (n=6) HPTs revealed that ERVK11g23.3 was
significantly downregulated (padj=7.87E-21, L2FC=-2.5) in differentiated compared to
undifferentiated HPTs (Figure 3.4B, Table 3.6). Collectively, these results suggest that
ERVK11g23.3 RNA expression is enriched specifically within unfused mononuclear trophoblast

cells of the placenta.
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undifferentiated HPTs (middle), and forskolin-treated vs. untreated BeWo cells. ERVK11g23.3 is
comparison of (B) HPT vs. bulk placenta, (C) differentiated vs. undifferentiated HPTs, and (D)

forskolin-treated vs. untreated BeWo cells. (E) Bar chart of ERVK11g23.3 normalized read counts

(A) Volcano plots of ERVK loci DE results from HPT vs. bulk placenta (left), differentiated vs.
1+Log2(normalized read counts) for ERVK loci with mean normalized read count > 1 from

across forskolin-treated (red) and untreated (blue) BeWo samples.

significantly differentially expressed
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3.3.6 ERVK11g23.3 RNA expression increases in fusogenic BeWo cells

Because the BeWo choriocarcinoma cell line is a well-established model for studying trophoblast
fusion in vitro following treatment with forskolin, we used publicly-available BeWo RNA-seq data
to investigate ERVK11g23.3 expression levels between untreated (n=2) and forskolin-treated (n=3)
BeWo cells [289]. The DE analysis showed significant upregulation (padj=9.69E-03, L2FC=1.2)
of ERVK11g23.3 in forskolin-induced fusogenic cells compared to untreated BeWo cells (Figure
3.4C, Table 3.6). Closer examination of forskolin-treated samples, including cells treated with
forskolin for 24, 48, and 72 h, showed that ERVK11¢23.3 expression was highest in cells at 24h
and 48h, while the expression level at 72h was similar to untreated samples (Figure 3.4E). Since
the fusion of BeWo cells is known to occur between 48 and 72 h after the addition of forskolin

[146], these data suggest that ERVK11g23.3 may be involved in the initiation of BeWo cell fusion.

3.3.7 A spliced envelope transcript is expressed from the ERVK11923.3 locus

While full-length proviral RNA transcripts encode the gag, pro, and pol gene products, the
envelope and accessory proteins are encoded by spliced RNA molecules [348]. Without expression
of a properly spliced transcript, the envelope protein will not be produced and the resulting viruses
are replication-defective [349,350]. As a first step to assess envelope protein-coding ability, we
examined the uniquely-mapped RNA-seq reads for evidence of splicing at the ERVK11q23.3 locus.
Unlike single-end sequencing, paired-end RNA-seq data can increase the alignment coverage of
repetitive sequences, since uniquely-mapping mates can be used to correctly align multimapping
reads. Because several regions across ERVK11g23.3 are non-unique and have low mappability
(Figure 3.5), we relied strictly on the use of paired-end RNA-seq data to identify spliced
ERVK11g23.3 transcripts. Therefore, to identify spliced transcripts we manually examined the
unmapped mates of reads uniquely mapping to the ERVK11g23.3 locus from publicly-available
BeWo paired-end RNA-seq data [290]. We identified numerous unmapped mates spanning splice

sites and ultimately uncovered the presence of at least four splice sites and distinct transcripts
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generated from the ERVK11g23.3 locus (Figure 3.5). This includes a (1) full-length transcript with
a 437aa truncated gag ORF, (2) single-spliced transcript with a 438aa truncated env ORF, (3)
single-spliced transcript with 44aa truncated Np9 (accessory protein) ORF, and (4) double-spliced
transcript with a 74aa full-length Np9 ORF (Figure 3.5). These results suggest that the

ERVK11g23.3 locus has the ability to encode a truncated envelope protein.
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Figure 3.5 Expression of ERVK11g23.3 spliced transcripts

Schematic of the ERVK11q23.3 locus, including proviral genes (grey). Umap tracks (blue) highlight
the regions with low mappability (red). Tracks of mapped RNA-seq data from human primary
trophoblast (HPT) (n=2) and BeWo (n=2) samples are included (black). Unmapped mate reads
from BeWo RNA-seq data were analyzed and identified the presence of at least four splice sites
and three distinct spliced transcripts generated from the ERVK11g23.3 locus. Putative ORFs for

each transcript are shown in yellow.
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3.3.8 Predicted ERVK11g23.3 envelope protein contains fusion and
immunosuppressive domains, but lacks a membrane spanning region

The retroviral envelope gene product encodes a polyprotein that is cleaved by cellular proteases to
yield mature surface unit (SU) and transmembrane (TM) envelope proteins [351], with the FP and
ISU domains located on the TM protein [246,247]. Similar to exogenous retroviruses, the ERVK
ancestral-predicted TM protein contains functional FP and ISU domains [248-251]. Currently, the
presence of these domains within the putative ERVK11g23.3 envelope protein is not known.
Therefore, we examined the amino acid sequence of two overlapping ORFs identified within the
ERVK11g23.3 single-spliced envelope transcript for the presence of the FP and ISU domain
sequences. The first and longest ORF is predicted to encode a partial 438aa polyprotein containing
the SU and part of the TM envelope protein; while the second ORF is 197aa long and corresponds
to the remainder of the TM subunit. The 438aa ORF protein sequence contains a Furin cleavage
site [344], FP [352], and ISU domain [251]; whereas the 197aa ORF protein sequence contains the
MSR and anti-ENK epitope (Figure 3.6A). A hydrophobicity plot along the merged protein
sequences confirmed the presence of both a FP and MSR, which are known to be hydrophobic
[246,247] (Figure 3.6B). Compared to the ancestral-predicted ERVK-env sequence [342], an
apparent 2bp deletion at the end of the ISU domain caused a frameshift and subsequent premature
stop codon in the ERVK11g23.3 envelope protein. Notably, a +1 frameshift near the end of the first
ORF could result in translation of full-length envelope protein from this locus (Figure 3.6C).
However, Sanger sequencing of cDNA from HPTs (n=6 clones) showed no insertions, deletions or
splicing events that would allow a full-length envelope protein to be translated (Figure 3.6C). This
suggests that the single-spliced transcript from the ERVK1123.3 locus encodes a 438aa truncated
envelope protein that may be secreted due to lack of MSR, and is likely not detectable by the
ERVK-env monoclonal antibody used in this study due to lack of epitope. Nonetheless, the
presence of FP and ISU domain indicates that this protein may be involved in trophoblast fusion

and/or immunosuppression.

122



A IsU MSR
Fp o reN N
.| — 0 oRF2 Y
ORF1 1 pi
m rrraeey sieed J
Surface unit (SU) Transmembrane (TM)
6.4k 6.8k 7.2k 7.4k ", 8k 8.4k

a1
5 505

ANSMEMBIEN® BAGONCY  —— HPhOb. /Ky1& & Dooltlie % buried 16 sk 6s

T AR T LA A L o)

estral ERVK

IPT-08h-clone 1
PT-08h-clone2
IPT-08h-clone3

PT-72h-cloned
DNA-clone |
DNA-clane2
DNA-clone3

Figure 3.6 Predicted ERVK11q23.3 envelope protein contains fusion and immunosuppressive
domains, but lacks a membrane spanning region

(A) Schematic of the two overlapping ORFs (yellow) in the ERVK11g23.3 envelope gene. ORF1
(left), contains a well-documented Furin cleavage site (cyan), FP (purple), and ISU domain (blue),
while ORF2 (right), contains ERVK-env monoclonal antibody epitope (green), and MSR (orange).
(B) Plot of hydrophobicity (orange), transmembrane tendency (blue), and % buried residues (gray),
across 9aa windows of the predicted envelope protein. (C) Comparison to the ancestral predicted
ERVK sequence (top track) revealed a 2bp deletion in ERVK11g23.3 envelope gene (orange).
Examination of cDNA clones from HPTs showed several mismatched bases (red), but no
insertions, deletions or splicing events that would result in translation of a full-length envelope
protein.
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3.3.9 Knockdown of ERVK11g23.3 envelope had no effect on HPT and BeWo cell
fusion levels.

Since truncated ERV envelope proteins have previously been shown to influence trophoblast cell-
cell fusion [193], we sought to elucidate the effect of ERVK11g23.3 expression on trophoblast cell
fusion. For this, small interfering RNAs (siRNAs) targeting the envelope gene were used to
knockdown (KD) ERVK11g23.3 expression in both fusogenic BeWo and HPT cells. Greater than
70% of both BeWo and HPT cells showed successful uptake of a fluorescently labeled siRNA
transfection control (Figure 3.7A). An siRNA targeting no known sequence in the human
transcriptome (siNC1) was included as a negative control, and an siRNA targeting the HPRT1 gene
(siHPRT1) was included as positive control. When transfected with siHPRT1 both BeWo (n=4,
p=3.38E-06) and HPT (n=3, p=2.25E-02) showed ~82% reduction in HPRT1 RNA level compared
to siNC1 transfected cells (Figure 3.7B). Out of three different siRNAs tested (SIENK13.13,
SIENK13.7, and siENK13.34) siENK13.34 was determined to be the most effective, reducing
ERVK11g23.3 expression by ~70% (n=4, p=1.21E-04) compared to siNC1 transfected cells
(Figure 3.7C). Thus, siENK13.34 was utilized in all subsequent experiments (referred to as SIENK
hereinafter). To assess the effect of ERVK11g23.3 silencing on cell-cell fusion, IF staining of
plasma membrane marker, E-cadherin (CDH1), was used to calculate the percent fusion for both
SIENK (n=4) and siNC1 (n=4) transfected cells. Transfection of siENK significantly reduced
ERVK11g23.3 expression by ~74% in BeWo cells (p=1.01E-04) and by ~60% in HPTs (p=2.18E-
02). However, this decrease was not associated with any significant changes in cell fusion levels in
either BeWo or HPT cells (Figure 3.8). Despite the role of other ERVs in trophoblast fusion, these
results suggest that ERVK11g23.3 envelope expression is not involved in the cell-cell fusion

normally observed in forskolin-treated BeWo cells or primary human trophoblast cells.
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Figure 3.7 Validation and optimization of ERVK11g23.3 siRNA knockdown

(A) Microphotograph of cells transfected with fluorescently-labeled siRNA control. (B) HPRT1
relative quantities determined via qRT-PCR from cells transfected with siHPRT1 or siNC1. (C)
ERVK11g23.3 envelope transcript (ENK11q23.3) relative quantities determined via gRT-PCR from
BeWo cells transfected with either SIENK13.13, siENK13.34, siENK13.7, siHPRT1, or siNC1. (D)
ENK11g23.3 relative quantities determined via qRT-PCR from cells transfected with siENK13.34
or siNC1. Samples were normalized to GAPDH; error bars reflect SEM; a two-sided unpaired t-test

was used to determine significance.
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Figure 3.8 siRNA KD of ERVK11g23.3 showed no change in trophoblast fusion levels

Representative CDHL1 (red) and DAPI (blue) immunostained microphotographs (n=5 per well) from
BeWo (top) and HPT (bottom) cells transfected with siNC1 (n=3) (left) and siENK (n=3) (right). Bar
charts depict fusion percentage (+ standard deviation) calculated for each condition. A two-sided

unpaired t-test was used to evaluate significance.
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3.3.10 Knockdown of ERVK11g23.3 envelope decreased expression of type | interferon
and antiviral immune response in trophoblast cells.

Innate immune responses can be divided into two categories: acute inflammatory responses and
antiviral responses. The inflammatory response is marked by an induction of small signaling
molecules called cytokines, including interleukin-6 (IL6) and tumor necrosis factor a (TNF)
[353,354], while the antiviral response is characterized by the release of type | interferons (IFN),
including IFNBL1 [355]. To assess the putative role of ERVK11g23.3 in the innate immune
response, we compared the expression level of several immune modulatory genes between siENK
(n=3) and siNC1 transfected (n=3) cells via gRT-PCR. Additionally, since siRNA alone is capable
of inducing double-stranded RNA (dsRNA) triggered innate immune responses [356], we also
compared siNC1 (h=3) to mock (n=3) transfected cell to assess the effect of sSiRNA transfection on
gene expression levels. Indeed, compared to mock transfected cells, HPTs transfected with siNC1
showed significant upregulation of antiviral type I IFN, IFNB1 (12-fold, p=2.62E-02) (Figure 3.9),
suggesting that siRNA transfection likely induces a dsSRNA triggered antiviral response. However,
when HPTs were transfected with SIENK (n=3), a 78% reduction in IFNB1 expression (0.22-fold,
p=8.66E-04) was observed compared to siNC1 (n=3) (Figure 3.9). This suggests that the loss of
ERVK11g23.3 diminishes the antiviral cytokine expression normally initiated by siRNA
transfection. To a lesser extent, SiRNA transfection of HPTs also induced expression of the pro-
inflammatory cytokines 1L6 (3.46-fold, p=4.34E-03) and TNF (3.51-fold, p=3.14E-02) (Figure
3.9). Unlike IFNBL, IL6 and TNF expression levels were not significantly different between sSiENK
and siNC1 transfected HPT cells (Figure 3.9), suggesting that loss of ERVK11g23.3 expression
has no significant effect on the pro-inflammatory response elicited by the siRNA transfection in
HPTs.

In BeWo cells, IFNB1 and TNF expression levels were undetectable in all samples (Figure
3.9), indicating that sSiRNA transfection failed to induce an IFNB1-mediated antiviral and/or an

TNF-associated proinflammatory response. However, there was a significant increase in IL6 (2.65-
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fold, 5.03E-04) and IL10 expression levels in siNC1 (n=3) compared to mock transfected (n=3)
BeWo cells (Figure 3.9). While IL6 is often considered a pro-inflammatory cytokine, in the
absence of TNF and other stress agents, it can induce the expression of immunosuppressive factors,
including IL10 [357-359]. Thus, these results suggest that siRNA transfection of BeWo cells
increased the expression of anti-inflammatory cytokines which are known to promote
immunosuppression. However, KD of ERVK11g23.3 in BeWo cells significantly reduced levels
of IL6 (0.57-fold, p=2.44E-03) and IL10 (0.0004-fold, p=9.59E-03) compared to siNC1 transfected
cells (Figure 3.9), indicating that ERVK11g23.3 expression facilitates upregulation of these anti-
inflammatory cytokines. Collectively, these results show that ERVK11g23.3 expression mediates
the upregulation of antiviral and anti-inflammatory cytokines induced via siRNA transfection of
HPTs and BeWo cells, respectively. Thus, altered expression levels of ERVK11g23.3 in
trophoblast cells at the maternal-fetal interface may result in aberrant antiviral and/or anti-

inflammatory maternal immune responses during pregnancy.
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Figure 3.9 siRNA KD of ERVK11g23.3 decreased expression of several key
immunomodulatory genes
Relative gene expression levels determined via QqRT-PCR of several well-known
immunomodulatory genes from BeWo (purple) and HPT (orange) cells transfected with SIENK13.34
(light colored, n=3) and siNC1 (dark colored, n=3). Samples were normalized to GAPDH and scaled
to siNC1 negative control samples. Error bars reflect SEM. A two-sided unpaired t-test was used

to determine significance.
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3.4 Discussion

It is well-recognized that ERV viral-like proteins can be co-opted to play important biological roles
during normal human placentation. While it is currently known that ERVK-env protein is expressed
in the placenta and that the ancestral-predicted envelope protein possesses fusogenic and
immunosuppressive functions [10,248-251], the characteristics and putative function of natively
expressed ERVK-env protein during human placentation remains unclear. To assess the putative
fusogenic and/or immunosuppressive role of the ERVK-env in the placenta, a more thorough
characterization of placental ERVK expression including, locus-specific transcription levels,
splicing, and envelope protein-coding potential is required. In this study, we comprehensively
examined locus-specific ERVK transcription across several different human placental tissues and
cell types. Through a combination of RNA-seq and siRNA KD analyses, we identified the
expression of a single ERVK locus, ERVK11g23.3, as (1) being significantly upregulated in
preterm placenta, (2) predominantly expressed by mononuclear trophoblasts, (3) capable of
encoding a truncated viral-like envelope protein, and (4) contributing to the expression cytokines
involved in both antiviral and anti-inflammatory innate immune responses in HPTs and BeWo
cells, respectively.

While abnormal placental ERVW and ERVFRD expression has been linked to several
pregnancy complications [360-364], an association between aberrant placental ERVK expression
and pathological pregnancy conditions has not yet been shown. To our knowledge, this is the first
study to evaluate ERVK locus-specific expression levels in human placental samples, and
specifically identify that the ERVK11q23.3 locus is significantly upregulated in preterm compared
to term placental tissue. This discovery was only possible via the implementation of a locus-specific
strategy that examined transcription of each ERVK proviral insertion, since numerous ERVK loci
were found to be similarly expressed between term and preterm placenta. Previous reports using
similar locus-specific strategies have shown that ERVK11g23.3 is transcribed within germ cell

tumors [343], HIV-1 infected HelLa cells [365], as well as embryonic and induced pluripotent stem
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cells [169]. Since ERVK11q23.3 is predominantly expressed by mononuclear CTBs, it is possible
that this cell type is more abundant in preterm placental tissue. However, the DEGs identified
between preterm and term placenta and the subsequent ORA results suggest that CTB abundance
was equal across the two groups.

Previous studies have demonstrated that ERVK-derived transcripts and viral-like proteins
are expressed during human placentation [10,366]. These reports are consistent with our RNA-seq
and immunostaining results, which highlight placental ERVK RNA and ERVK-env protein
expression, respectively. However, some notable differences were observed between our ERVK-
env IHC staining results and those reported by a previous study using the same monoclonal
antibody [10]. While Kammerer et al. showed ERVK-env staining predominantly localized to
mononuclear CTBs within placental tissue, we observed staining majorly localized to the
multinucleated STB layer. Since we followed the IHC procedure described by Kammerer et al., we
speculate that the different staining patterns observed were due to lack of CTBs in the tissue
sections examined or possibly variability between the antibody lots used. Nonetheless, our IF
staining results showed strong ERVK-env membrane staining of mononuclear HPTs, which is
consistent with the CTB expression previously described [10]. Notably, the envelope ORF of the
ERVK11g23.3 locus is not predicted to contain the antibody epitope, suggesting that the protein
staining detected via IHC and IF is not derived from the ERVK11g23.3 locus. A total of twelve
ERVK loci expressed in bulk placenta are predicted to possess an envelope ORF containing the
ERVK antibody epitope. Thus, the ERVK-env protein detected via the monoclonal antibody
(HERM-1811-5) used in this study is likely derived from one or more of these loci.

Numerous studies of exogenous retroviruses have shown that full-length proviral RNA
transcripts encode the gag and pol gene products, while the envelope and accessory proteins are
encoded by spliced RNA molecules [348]. Very similar splicing has been documented for several
ERVK proviruses [367-369]. This is consistent with our examination of BeWo paired-end RNA-
seq data, which revealed the expression of several spliced transcripts from the ERVK11g23.3 locus,

131



including a single-spliced envelope transcript. Previous studies have shown that without expression
of a properly spliced proviral transcript the envelope protein cannot be encoded [349,350]. While
expression of a single-spliced envelope transcript is consistent with envelope protein expression,
confirmation that a truncated envelope protein is encoded from the ERVK11g23.3 locus is still
needed using an alternative ERVK-env antibody or protein-based approach. Notably, a 2bp deletion
relative to ancestral-predicted ERVK introduced a premature stop codon within the envelope ORF,
indicating that the putative ERVK11q23.3 envelope protein is truncated. However, the presence of
a secondary overlapping ORF suggests expression of a full-length envelope protein from this locus
is still possible via a ribosomal frameshift event, which are well-documented in retroviruses [370].

Placental ERVK expression has been hypothesized to aid in maternal immunomodulation
[10], our study implicates its expression to immune regulation. While the mechanism remains
unclear, expression of ERVK11g23.3 viral-like RNA and/or protein sequences is able to modulate
cytokine gene expression levels associated with both antiviral and immunosuppressive immune
responses. Similar to exogenous retroviral infections, previous studies have shown that ERVs can
induce innate antiviral immune responses when expressed in certain tissues and cell lines
[13,371,372]. These reports are consistent with our finding that loss of ERVK11g23.3 in HPTs
significantly reduces expression of IFN1B, a type | IFN involved in antiviral immune response.
Activation of type | IFN response has been shown to exacerbate systemic and uterine
proinflammatory cytokine production, and increase susceptibility to inflammation-induced preterm
birth in mice [373]. Since loss of ERVK11g23.3 expression significantly reduced IFNB1
expression in HPTSs, upregulation of placental ERVK11g23.3 expression may enhance type | IFN
response and reduce the inflammatory challenge required for induction of preterm birth. This is
further supported by our DE results showing that ERVK1123.3 is upregulated in preterm placental
tissue.

In addition to eliciting antiviral immune response, retroviral infections are frequently
accompanied by immunosuppression which allows retroviruses to escape host immunologic
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defenses. This immunosuppression is largely attributed to the retroviral TM envelope protein,
which contains peptide sequences that functionally suppress immune effector cells [247]. Several
ERV-derived envelope proteins sequences, including the ancestral-predicted ERVK-env sequence,
are known to impair immune responsiveness in a similar manner to retroviral TM envelope proteins
[197,217,251,374,375]. Thus, placental ERVK expression may also facilitate maternal
immunosuppression required throughout normal pregnancy. This is consistent with our finding that
SiRNA KD of ERVK11g23.3 in BeWo cells significantly reduced immunosuppressive cytokines,
IL10 and IL6. However, these same results were not observed with siRNA KD of ERVK11¢23.3
expression in HPTs, which predominantly affected antiviral cytokine expression. These different
cytokine responses suggest that BeWo choriocarcinoma cells might not accurately recapitulate
ERVK11g23.3 function in normal trophoblast cells. However, it also suggests that ERVK11g23.3
expression may have multiple functions and/or its function is context-dependent. For instance,
ERVK11g23.3 RNA expression could elicit an antiviral immune response, while ERVK11g23.3
envelope protein elicits an immunosuppressive response. Another possibility is that ERVK11g23.3
only elicits an antiviral immune response in the presence of adequate IFNB1 and TNF, which are
expressed at much higher levels in HPTs compared to BeWo cells. To help clarify this, examination
of additional cytokines and the quantification of both ERVK11g23.3 RNA and protein from HPTs
and BeWo cells should be performed.

Besides ERVK11q23.3, our locus-specific ERVK analysis revealed high expression levels
of a number of other loci within placental tissues and cells. Notably, two of the most highly
expressed loci in bulk placenta, ERVK12g24.33 and ERVK19q13.12b, are located antisense within
the introns of placentally expressed ZNF genes, ZNF140 and ZNF420, respectively. Thus,
expression of ERVK12g24.33 and ERVK19g13.12b can produce antisense transcripts to unspliced
ZNF transcripts, which may inhibit translation of associated ZNF proteins through complementary
binding and induction of the RNA interference pathway [376]. Several ERVK loci highly expressed
in HPTs were not detected within bulk placental samples, including ERVK12g14.1, which was
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shown to be significantly upregulated in HPTs compared to bulk placenta and in undifferentiated
compared to differentiated HPTs. Unlike ERVK11g23.3, ERVK12q14.1 contains a full-length
envelope ORF and is predicted to encode an ERVK-env protein possessing MSR and antibody
epitope. Based on these characteristics, we suspect that the ERVK-env IF staining observed along
the membrane of mononuclear HPTs is likely derived from this locus and may facilitate trophoblast
fusion. Since ERVK12q14.1 expression is not detected within any of the BeWo samples examined,
its putative role is likely enhanced or specific to HPTs. This is the case for cell fusion, which we
show occurs much more in HPTs compared to forskolin treated BeWo cells. In order to assess its
putative fusogenic role, a similar siRNA KD approach specifically targeting the ERVK12qg14.1
locus within HPT cells and/or a transgene overexpression approach in BeWo cells should be used.

In conclusion, we showed that ERVK11g23.3 transcription is upregulated in preterm
placenta and facilitates antiviral cytokine gene expression in trophoblast cells, suggesting that
expression of this element helps activate an antiviral immune response in the placenta. Thus,
aberrant ERVK11923.3 expression levels may contribute to pregnancy complications and/or
diseases affecting innate antiviral immune response and should be further investigated. Moreover,
our analysis revealed that ERVK11g23.3 has the ability to encode a partial envelope protein,
however it is still unclear whether this protein is generated and if it is involved in the innate immune
response we observed in SiRNA transfected trophoblast cells. Thus, the specific mechanism
underlying ERVK11g23.3-mediated antiviral cytokine expression, including the role of
ERVK11g23.3 RNA and proteins, should be further interrogated in future investigation.
Collectively, the results of this study: (1) highlight the utility of studying locus-specific ERVK
expression, (2) provide a thorough characterization of locus-specific ERVK transcription from
human placental tissues, and (3) help delineate the molecular and functional differences between
term and preterm placenta, as well as mononuclear and multinucleated trophoblast cells. Additional
studies focused on identifying other factors mediating trophoblast fusion and/or maternal immune
suppression will not only enhance our understanding of the basic molecular biology underlying
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human placentation, but will also facilitate the development of novel diagnostic tools and

therapeutics for alleviating pregnancy complications with underlying placental defects.

3.5 Methods

3.5.1 Placental tissues and cells

Deidentified human placental samples were collected by and acquired through the Labor and
Delivery Unit at the Oregon Health and Science University Hospital and deposited into a repository
under a protocol approved by the Institutional Review Board with informed consent from the
patients. A total of five different term placenta samples collected from healthy cesarean section
term births (ranging from 38.9 to 41.3 gestational wks), and five preterm placental samples (ranging
from 33.3 to 36.4 gestational wks) were used for RNA isolation and RNA-seq based analyses.
Further, banked formalin-fixed paraffin-embedded tissues (FFPE) tissues collected from human
term (n=4) and preterm (n=4) placentas were used for IHC staining. All FFPE samples were
deidentified and collected from cesarean section deliveries without labor. Frozen vials of HPTs
used for IF and siRNA KD experiments were obtained from Amy Valent’s lab. The HPTs samples,
consisting of highly purified CTB cells, were isolated from human term placental tissue using a

Percoll gradient as previously described [24].

3.5.2 IHC staining

Paraffin sections were deparaffinized and rehydrated through xylene and graded alcohol series,
then washed for 5 min in running tap water. Antigen unmasking was performed using sodium
citrate (pH 6.0) buffer in a pressure cooker for 20 min, washed in three changes of PBS. An
endogenous enzyme block was performed by incubating sections in 0.3% hydrogen peroxide for
10 min, washed in three changes of PBS. Nonspecific proteins were blocked by incubating sections

in 5% horse serum for 30 min. The mouse monoclonal antibody specific for the ERVK-env TM
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protein (Austral Biologicals, HERM-1811-5) was diluted 1:250, and the mouse igG2A isotype was
diluted to an equivalent concentration. The tissue sections were incubated in primary antibody
dilutions for 2 h at room temperature. Mouse 1gG H+L (Vector Labs, BA-2000) and biotinylated
secondary antibody dilutions were prepared at 1:250 in PBS + 1% BSA. The sections were
incubated in secondary antibody dilution for 1 h at room temperature, then washed in three changes
of PBS. VECTASTAIN Elite ABC HRP Kit (Vector Laboratories, PK-6100) and ImmPACT DAB
Peroxidase HRP substrate (Vector Labs, SK-4105) were used according to manufactures
instructions. Notably, all tissue sections were stained in a single batch using the same incubation
times. Nuclei were counterstained with hematoxylin (Electron Microscopy Sciences, 26043-05),

and imaged using a brightfield microscope.

3.5.3 Transcriptional analysis of human ERVK loci

UCSC table browser RepeatMasker track was used to extract bed file of all genomic regions
identified as HERVK-int, LTR5A, LTR5B, or LTR5_Hs (filter by repNames: HERVK-int* OR
LTR5A* OR LTR5B* OR LTR5_Hs*). Nearby regions (within 2000bp) were merged into single
loci using Bedtools merge (options: -s -d 2000 -c 4,5,6 -0 collapse,sum,distinct -delim ";"). Solo
LTR elements were discarded, and only loci containing at least one "HERVK-int" annotation were
examined within the subsequent analysis. RNA-seq raw fastq files were trimmed of low-quality
and adapter sequences using Trimmomatic [319] and mapped to the human (GRCh38) reference
genome using Bowtie2 [320] with --very-sensitive parameter. Resulting BAM files were filtered to
remove low quality and multi-mapped reads (MAPQ >10) using samtools [321] view -q 10. A
custom gtf file including the 124 ERVK loci and ENSEMBL human genome protein-coding gene
annotations (Homo_sapian.GRCh38.98.protein_coding) was used to generate raw read count tables
(n=20128 genes) using featureCounts [322] (—primary). DEseq2 [323] was used to generate VST-
normalized read counts for transcriptomic comparison. The default settings of DEseq2 were used

for DE analyses and genes with padj<0.05 & Log2FC>|1| were identified as DEGs. A total of four
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separate DE analyses were carried out, including (1) preterm (n=5) vs. term (n=5) human placenta
samples, (2) HPTs (n=2) vs. bulk term placenta (n=5), (3) differentiated (n=6) vs. undifferentiated
(n=6) HPTSs, and (4) untreated (n=2) vs. forskolin-treated (n=3) BeWo cells. The human term and
preterm RNA-seq data was generated in-house while all other RNA-seq data was publicly available
and downloaded NCBI SRA using SRA Toolkit (http://ncbi.github.io/sra-tools/). The following
RNA-seq data was used in DE analyses described above: Bulk preterm placenta (SRR13632931,
SRR13632932, SRR13632933, SRR13632934, SRR13632935); Bulk term placenta
(SRR12363244, SRR12363245, SRR12363246, SRR12363247, SRR12363248); HPTs
(SRR6443609, SRR6443611); Undiff. HPTs (SRR2397323, SRR2397324, SRR2397332,
SRR2397333, SRR2397341, SRR2397342); Diff. HPTs (SRR2397327, SRR2397329,
SRR2397336, SRR2397338, SRR2397345, SRR2397347); BeWo (SRR6443614, SRR6443610);
Forskolin-treated BeWo (SRR6443613, SRR6443615, SRR6443616); paired-end BeWo

(SRR9118949, SRR9118950).

3.5.4 Splicing and ORF analysis

Paired-end BeWo RNA-seq data was used. The unmapped mates of reads uniquely mapping to
ERVK11g23.3 locus were extracted from BAM files using samtools. The unmapped sequences
were manually aligned to ERVK11g23.3 DNA sequence using UGENE. The protscale expasy
webtool ( ) with a window size of 9 was used to examine the
“Hydrophobicity (Kyte & Doolittle)”, “Transmembrane tendency”, and “% buried residues” across
the predicted ERVK11g23.3 envelope protein. The ERVK11g23.3 envelope protein sequence
containing ORF1 + ORF2 (partial) was used as input;
ORF1:MVTPVTWMDNPIEVYVNDSVRVPGPTDDRCPIKPEEEGIMINISTGYRYPICLGRA

PGCLIHAVQNWLVEVPTVSPNGRFTYHMVSGMSLRPRVNYLQDFSYQRSLKFRPKGKPC
PKEIPKESKNTEVLVWEECVANSAVILQNNEFGTIIDWAPRGQFDHNCSGQTQLCPSAQV

SPAVDSDLTESLDKHKHKKLQSLYPWEWGEKGISTPRPKIISPVSGPEHPELWRLIVASHH
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IRIWSGNQTSETRDRKPFYTIDLNSSLTVPLQSCVKPPYMLVVGNIVIKPDSQTITCENCRL
FTCIDSTEFNWQQRILLVRAREGVWIPVSMDRPWEASPSIHILTEVLKGILNRSKRFIFTLIA
VIMGLIAVTATAAVAGVALHSSVQSVNFVNDWQKNSARLWNSQSSIDQKLANQINHLR
QTHLDRRQTHELRTSFPVTYV;

ORF2(partial):CNTSDFCITPQIYNESEHHWDMVRHHLQGREDNLTLDISKLKEKIFEASKA
HLNLVPGTEAIAGVADGLANLNPVTWVKTIGSTTIHNLILILVCLFCLLLVCRCTQQLRRD

SDHREWAMMTMAVLSKRKGGNVGKSKRDQIVTVSV.

3.5.5 Cell culture

BeWo cells were cultured at 37C 5% CO; in Ham’s F-12 (Kaighn’s Modification) media (Caisson
Labs, HFL06-500ML) supplemented with 10% FBS (Sigma, 12106C-100ML) and Pen/Strep
(Fisher, 15-140-148). Media was changed every other day, and cells were passaged approximately
every 4 days or at ~80% confluency. For fusion induction, BeWo cells were seeded at 20,000
cells/cm2, treated with 25uM Forskolin (EMD Millipore, 344282-5MG) one day after passaging,
and analyzed 72 h after start of treatment. DMSO treated cells were included alongside forskolin

treated cells as negative/vehicle controls.

3.5.6 siRNA transfection

Custom duplex siRNAs targeting ERVK envelope (siENK) transcripts were designed with IDT’s
online SiIRNA design tool
(https://www.idtdna.com/site/order/designtool/index/DSIRNA_CUSTOM), using ERVK11g23.3
sequence as input. In total, three siRNA’s targeting ERVK with no predicted cross-reacting
transcripts were used: SIENK13.7, sSiENK13.13, and SiENK13.34 (Design IDs: CD.Ri.218416.13.7,
CD.Ri.218416.13.13, CD.Ri.218416.13.34, respectively); siENK13.13 was predicted to uniquely
target ERVK11g23.3 transcripts, while siENK13.7 and SiENK13.34 were predicted to target

putative ERVK transcripts from 29 and 33 ERVK genomic loci, respectively. For BeWo cells,
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transfections were performed 24 h after start of forskolin treatment according to Lipofectamine
RNAIMAX reagent protocol optimized for efficiency, viability and reproducibility. Briefly, for
each well of 24-well plate 1.5ul of RNAIMAX solution (Thermo Fisher, 13778030) and siRNA
were diluted in 50ul Opti-MEM media (Thermo Fisher, 31985062), incubated for 5min at room
temperature, and added to cells containing 500ul culture media (from previous day/containing
forskolin). All siRNAs, including HPRT1 positive control (IDT, 51-01-08-02), nontargeting
universal negative control (NC1) (IDT, 51-01-14-03), and ERVK-targeting SiRNAs were
transfected at a final concentration of 25nM and analyzed 48 h post-transfection (72 h post-
forskolin treatment). Initial fluorescent TYE 563 transfection control used to calculate transfection
efficiency was used at a final concentration of 10nM and analyzed 24 h post-transfection in
unstimulated BeWo cells. For HPTs, RNAIMAX reverse transfection protocol was used. For this,
siRNA + RNAIMAX complexes were prepared inside the wells, after which the freshly thawed
HPT cells and medium were added. All siRNAs, including HPRT1 positive control, NC1, and
ERVK-targeting siRNAs were transfected at a final concentration of 25nM and analyzed 72 h post-

transfection.

3.5.7 RNA isolation and purification

Frozen placental samples were ground into a powder using liquid nitrogen-cooled mortar and pestle
then directly added to TRIzol reagent (Thermo Fisher #15596026); for cell lines media was
removed and TRIzol reagent was added directly to the tissue culture dish. RNA was isolated from
TRIzol reagent, treated with Turbo DNAse (Thermo Fisher #AM1907), and purified using RNA

Clean and Concentrator-5 spin columns (Zymo #R1013) according to manufactures instructions.

3.5.8 qRT-PCR
gRT-PCR analysis was preformed using gbase+ software, with GAPDH as reference gene and

unpaired t-tests (two-sided) were used to determine significance. two sets of gene expression
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primers, ENK11g23.3 1 and ENK11g23.3 2, were designed to uniquely amplify the
ERVK11q23.3 envelope transcript; the first, ENK11923.3_1, targeting the region of the transcript
encoding the surface unit (SU), and ENK11g23.3 2 targeting the region encoding the
transmembrane (TM) portion of the envelope protein. An additional primer set, ENK-consensus,
was designed to amplify putative ERVK envelope transcript sequences from 17 different genomic
loci, including ERVK11g23.3 (chrl:155627693-155627856, chr1:160698826+160698989,
chrl:75382268+75382431, chrl11:118722041-118722204, chr12:58328486-58328649,
chr19:27638644-27638807, chr19:35572497-35572660, chr2:129962985-129963148,
chr22:18946662+18946825, chr3:101699824+101699987, chr3:113025296-113025459,
chr3:125898575+125898733, chr5:156658733-156658896, chr6:77717964-77718127,
chr7:4583453-4583616, chr7:4591957-4592120, chr8:139460933-139461096, chr8:7498902-

7499065).

3.5.9 IF staining

Cell culture media was removed from cells, fixed with ice-cold methanol for 15 min at -20C, then
washed in three changes of PBS. Nonspecific proteins were blocked by incubating cells in 5%
donkey serum for 30 min. Both Anti-ERVK-env mouse monoclonal (HERM-1811-5, Austral
Biologicals, San Ramon, CA, USA) and anti-CDH1 rabbit monoclonal (Cell Signaling, 3195S)
antibody were diluted 1:250 in PBS + 1% BSA, and incubated overnight at 4C. Donkey anti-mouse
Alexa Fluor 488 (A-21202, Invitrogen) and Donkey anti-rabbit Alexa Fluor 594 (A-21207,
Invitrogen) secondary antibodies were diluted 1:1000 in PBS + 1% BSA. The cells were washed
in three changes of PBS, before incubating in secondary antibody dilutions for 1 h at room
temperature. Nuclei were counterstained with DAPI and washed with three changes of PBS before

imaging.
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3.5.10 Trophoblast cell fusion quantification

A total of five E-cadherin (CDH1) immunostained micrographs were captured from each well using
20X objective on Nikon epifluorescence microscope. The CDH1-immunostained micrographs
were deidentified and nuclei were quantified by a blind reviewer using the “cell counter” tools from
the FIJI software package. DAPI staining was used to count the total number of nuclei per
micrograph (ny). An overlay of CDH1 and DAPI was used to quantify the total number of nuclei
within multinucleated cells (nm). A multinucleated cell was identified by the presence of two or
more nuclei bound by a single CDH1-positive membrane staining. The fusion percentage was

calculated for each micrograph using the following formula.

. nm
Fusion percentage = (n_> * 100
t

The mean average fusion percentage was calculated for each well, and these values were used to
compare fusion levels between siNC1 (n=3) and siENK (n=3) transfected cells using a two-sided

unpaired t-test.
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3.6 Tables

Table 3.1 IHC tissue details

ID Category Fetus sex Gest Age (wks.) Labor C-section Mat Age (yr.) Mat Race
PT1 Preterm Female 35 No Yes 24 White Hispanic
PT2 Preterm Female 35 No Yes 23 White Non-Hispanic
PT3 Preterm Female 35 No Yes 19 White Non-Hispanic
PT4 Preterm Male 35 No Yes 22 White Hispanic
T1 Term Female 39 No Yes 28 White Non-Hispanic
T2 Term Male 39 No Yes 32 White Non-Hispanic
T3 Term Male 39 No Yes 24 White Non-Hispanic
T4 Term Male 39 No Yes 29 White Non-Hispanic
Table 3.2 RNA-seq sample details

ID Category Fetus sex Gest Age (wks.) Labor C-section

PT.2010-041 Preterm Female 33.29 No Yes

PT.2010-102 Preterm Male 33.29 No Yes

PT.2010-046 Preterm Male 36.43 No Yes

PT.2012-058 Preterm Female 36.43 No Yes

PT.2010-088 Preterm Male 34.00 No Yes

T.2014-123 Term Male 39.29 No Yes

T.2014-044 Term Male 39.00 No Yes

T.2012-021 Term Female 41.29 No Yes

T.2011-160 Term Female 39.00 No Yes

T.2011-077 Term Female 38.86 No Yes
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Table 3.3 Details of ERVK loci (n=124)

ID chr start stop strand Longest env Antibody ENK-consensus
ORF (aa) epitope primer

ERVK1p36.21a  chrl 12780114 12785935 -

ERVK1p36.21b  chrl 13012446 13021988 - 131

ERVK1p36.21c chrl 13206971 13216513 + 296

ERVK1p36.21d chrl 13352735 13362257 + 162 yes

ERVK1p35.1 chrl 33063515 33065110 +

ERVK1p34.3 chrl 36488983 36491127 - 588 yes
ERVK1p31l.1a chrl 75377085 75383458 + 588 yes yes
ERVK1p31.1b chrl 82223389 82223522 -

ERVK1g21.3a chrl 150632807 150635885 + 588 yes
ERVK1g21.3b chrl 150632885 150634662 - 542 yes

ERVK1q22 chrl 155626665 155635845 - 1375 yes yes
ERVK1g23.3 chrl 160691753 160698953 + 542 yes yes
ERVK1g24.1 chrl 166605365 166611021 - 309

ERVK1g32.2 chrl 207635111 207639291 - 309

ERVK1g43 chrl 238762294 238764473 - 588 yes

ERVK2g21.1 chr2 129961964 129965044 - 687 yes yes
ERVK2g32.1 chr2 186520906 186522372 + 170

ERVK2g36.3 chr2 229180638 229180771 -

ERVK3p26.1 chr3 7061961 7062102 +

ERVK3p25.3 chr3 9847661 9854552 - 113

ERVK3pl2.3a chr3 75536829 75538747 +

ERVK3p12.3b chr3 75551313 75559999 + 245

ERVK3qg12.3 chr3 101691892 101701015 + 416 yes
ERVK3q13.2 chr3 113024276 113033435 - 597 (pol/env) yes
ERVK3g21.2a chr3 125799250 125801161 -

ERVK3g21.2b chr3 125890458 125899596 + 312 yes yes
ERVK3g22.1 chr3 130211771 130212782 +

ERVK3g24 chr3 148563689 148567609 -

ERVK3g27.2 chr3 185562547 185571727 - 312 yes
ERVK4p16.3a chrd 241199 245565 +

ERVK4p16.3b chr4 3977323 3986912 - 234

ERVK4p16.3c chrd 4073396 4075313 +

ERVK4pl6.1a chr4 9034416 9036346 -

ERVK4p16.1b chrd 9121785 9131367 + 342

ERVK4p16.1c chr4 9567313 9569224 -

ERVK4p16.1d chr4 9657955 9667550 + 234

ERVK4q13.2 chr4 68597990 68603505 + 113 yes

ERVK4g32.1 chr4 160658785 160661208 +

ERVK4g32.3 chr4 164995687 165002916 + 192

ERVK4g35.2 chr4 190106258 190113546 - 312 yes

ERVK5p13.3 chrb 30486652 30496098 - 312 yes

ERVK5p12 chrb 46000056 46009900 - 140

ERVK5qg15 chrb 93456673 93458206 -

ERVK5g31.1 chrb 136413959 136414650 -

ERVK5g33.2 chr5 154635952 154644655 - 312 yes

ERVK5033.3 chrb 156657705 156666885 - 312 yes yes
ERVK6p25.2 chré 3054799 3055508 +

ERVK6p22.1 chré 28682590 28692958 + 134

ERVK6p21.1 chré 42893670 42903629 - 698 yes

ERVK6q11.1 chré 60654986 60660975 +

ERVK6q13 chré 73333257 73333407 - 162 yes

ERVK6qg14.1 chré 77716944 77726366 - 698 yes yes
ERVK6g25.1 chré 150859612 150862438 + 699 yes

ERVK7p22.1 chr7 4582425 4600400 - 699 yes yes
ERVK7p14.3 chr7 30718255 30719589 -

ERVK7qgl11.21 chr7 66004683 66007803 - 150

ERVK7g22.2 chr7 104748901 104752819 -

ERVK7934 chr7 141752118 141756120 -

ERVK8p23.1a chr8 7126986 7128897 -

ERVK8p23.1b chr8 7185490 7187404 +

ERVK8p23.1c chr8 7497874 7507337 - 699 yes yes
ERVK8p23.1d chr8 8100097 8102011 -

ERVK8p23.1e chr8 8197177 8206699 + 264

ERVK8p23.1f chr8 12216460 12225988 - 126

ERVK8p23.1g chr8 12458982 12468498 - 261 yes
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ERVK8p23.1h chr8 12565086 12567003 +

ERVK8p23.1i chr8 12623205 12625104 +

ERVK8p22 chr8 17908095 17916431 - 379

ERVK8q11.1 chr8 46264027 46272039 - 264

ERVK8qg24.3a chr8 139459905 139462993 - 699 yes yes
ERVK8g24.3b chr8 145021243 145028834 - 309

ERVK9g34.11 chr9 128850235 128857457 + 60

ERVK9g34.3 chr9 136780313 136789776 - 79 yes
ERVK10p14 chrl0 6824178 6833641 - 322

ERVK10qg22.3 chrl0 80108250 80108670 +

ERVK10qg24.2 chrl0 99820811 99827959 - 214

ERVK11p15.4a  chrll 3447425 3456979 - 164

ERVK11p15.4b  chril 3544465 3546375 +

ERVK11p15.4c chrll 4459434 4461473 -

ERVK11qg12.1 chrll 59000008 59005723 + 189

ERVK11qgl2.3a chrll 62368490 62370999 - 230
ERVK11q12.3b chrll 62375544 62383091
ERVK11qg13.2 chrll 67920365 67922280
ERVK11q13.4a chrll 71673667 71675588

+

ERVK11g13.4b  chril 71764073 71764819 + 162

ERVK11g22.1 chrll 101695062 101704528 + 661

ERVK11g23.3 chrll 118721014 118730174 - 438 yes
ERVK12p11.1 chrl2 34619619 34629282 - 215

ERVK12qg14.1 chrl2 58327458 58336915 - 698 yes yes
ERVK120g23.3 chrl2 107826195 107827421 -

ERVK12g24.11 chr12 110570037 110571520 +

ERVK12g24.33  chrl2 133090535 133096478 - 358

ERVK13g12.13  chrl3 26509516 26510128 +

ERVK14q11.2 chrl4 24009695 24015776 -

ERVK14g32.33 chrl4 105673312 105676203 +

ERVK15qg25.2 chrl5s 84160267 84163612 +

ERVK16p13.3 chrl6 2926158 2927660 +

ERVK16pll.2a  chrl6 34412056 34414804 - 550 yes
ERVK16p11.2b  chrl6 34997025 34999771 + 550 yes
ERVK160g23.3 chrl6 83702132 83702178 -

ERVK17p13.1 chrl7 8056336 8063901 +

ERVK18g21.33  chrl8 63851825 63852338 -

ERVK19p13.3 chrl9 385094 387637 + 114

ERVK19p12a chr19 20276590 20286703 + 285 yes
ERVK19p12b chrl9 22575021 22581759 + 312

ERVK19q11 chrl9 27637589 27646453 - 699 yes yes
ERVK19q13.12a chrl9 35572526 35576532 - 268 yes
ERVK19qg13.12b chr19 37106646 37116164 - 206

ERVK19q13.41 chrl9 52745022 52750454 - 159

ERVK19q13.42 chrl9 53359094 53364791 + 215

ERVK20p1l.21a chr20 23693938 23695327 -

ERVK20p11.21b chr20 23755866 23757247 -

ERVK20q11.22 chr20 34126943 34136578 + 139

ERVK21921.1 chr21 18561340 18569644 - 55 yes
ERVK22q11.21 chr22 18938673 18947848 + 1171 yes yes
ERVK22g11.23  chr22 23536061 23548428 + 141

ERVK22q13.2 chr22 40696388 40696742 -

ERVKXql1.1 chrX 62740078 62742584 +

ERVKXqg12 chrX 66464289 66466342 -

ERVKXqg28a chrX 154588661 154591282 +

ERVKXqg28b chrX 154608422 154615762 - 336 yes

ERVKYp11.2 chrY 6958399 6965343 - 225

ERVKYql11.23a  chrY 24251689 24254888 -
ERVKYQ11.23b  chrY 25415254 25418454 +
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Table 3.4 DEGs preterm/term placenta (All DEGSs)

Gene.name GenelD PT_avg T avg L2FC padj
TLR7 ENSG00000196664 148.9 383.1 -1.37 9.87E-08
ATP11A ENSG00000068650 2693.0 1309.4 1.04 4.81E-07
ERVK11g23.3 NA 36.0 9.1 2.04 1.20E-05
RFLNB ENSG00000183688 457.6 1046.9 -1.20 1.61E-05
AC008687.8 ENSG00000283663 428.8 80.9 2.41 1.61E-05
KCNA7 ENSG00000104848 396.9 63.3 2.65 2.03E-05
SSTR1 ENSG00000139874 14.3 120.6 -3.09 2.22E-05
OLFML3 ENSG00000116774 290.6 748.3 -1.37 2.68E-05
RTN1 ENSG00000139970 61.6 130.7 -1.08 4.13E-05
CGB7 ENSG00000196337 570.2 106.3 2.42 4.13E-05
TAS2R60 ENSG00000185899 72.6 24.3 1.59 4.13E-05
LGI2 ENSG00000153012 88.0 184.4 -1.06 9.03E-05
TMEM176A ENSG00000002933 128.0 288.8 -1.17 1.71E-04
TMEM176B ENSG00000106565 264.8 554.4 -1.07 1.88E-04
CR1 ENSG00000203710 220.5 483.2 -1.13 1.88E-04
GNG2 ENSG00000186469 224.0 470.6 -1.07 2.25E-04
NTF4 ENSG00000225950 412.8 103.7 1.99 2.32E-04
TAS2R41 ENSG00000221855 47.6 15.9 1.63 2.55E-04
BTNL9 ENSG00000165810 618.8 57.5 3.42 2.93E-04
GPIHBP1 ENSGO00000277494 150.4 34.2 2.13 3.09E-04
NTRK2 ENSG00000148053 163.4 48.9 1.74 3.57E-04
SCD5 ENSG00000145284 105.8 228.1 -1.11 3.84E-04
PCDHAC2 ENSG00000243232 57.7 137.4 -1.25 4.25E-04
CYP1B1 ENSG00000138061 474.1 181.0 1.39 4.69E-04
PCDHA3 ENSG00000255408 28.8 69.3 -1.26 5.34E-04
PCDHA7 ENSG00000204963 29.1 68.3 -1.23 5.46E-04
BHLHEA41 ENSG00000123095 234.7 526.1 -1.17 5.78E-04
LRP5L ENSG00000100068 97.6 45.8 1.09 6.70E-04
PCDHA11 ENSG00000249158 28.3 66.8 -1.24 7.28E-04
PCDHA2 ENSG00000204969 27.7 66.5 -1.26 7.28E-04
PCDHA1 ENSG00000204970 27.9 66.5 -1.25 9.26E-04
UBXN10 ENSG00000162543 25.4 58.6 -1.22 9.79E-04
PCDHAG6 ENSG00000081842 284 66.8 -1.24 9.86E-04
TGFA ENSG00000163235 29.9 64.1 -1.09 1.05E-03
APLN ENSGO00000171388 923.6 2392.6 -1.37 1.20E-03
PCDHAC1 ENSG00000248383 28.4 69.2 -1.29 1.23E-03
PCDHA4 ENSG00000204967 29.4 69.8 -1.25 1.25E-03
PCDHAS8 ENSG00000204962 28.7 67.0 -1.22 1.72E-03
CD28 ENSG00000178562 238.5 493.7 -1.05 1.76E-03
PCDHA12 ENSG00000251664 28.5 66.8 -1.23 1.99E-03
PCDHA5 ENSG00000204965 28.7 66.6 -1.21 2.01E-03
CD209 ENSG00000090659 353.9 860.4 -1.28 2.01E-03
PCDHA9 ENSG00000204961 29.3 66.6 -1.18 2.21E-03
GPR34 ENSG00000171659 242.6 505.7 -1.06 2.38E-03
FGF7 ENSG00000140285 71.8 156.8 -1.13 2.42E-03
TTPA ENSGO00000137561 321 985 -1.62 2.50E-03
FOXS1 ENSGO00000179772 53.9 1175 -1.12 2.63E-03
IGSF21 ENSG00000117154 15.2 41.0 -1.41 2.63E-03
CADM3 ENSG00000162706 377.8 1048.6 -1.48 2.63E-03
LMX1B ENSG00000136944 62.6 17 5.15 2.96E-03
FCER1G ENSG00000158869 114.9 249.6 -1.12 3.05E-03
GREM2 ENSG00000180875 741.9 309.2 1.26 3.05E-03
BCL6 ENSG00000113916 1145.5 529.9 1.11 3.23E-03
F13A1 ENSG00000124491 5341.2 10705.9 -1.00 3.43E-03
CX3CR1 ENSG00000168329 59.8 2245 -1.90 3.52E-03
SPX ENSG00000134548 334 146.2 -2.13 3.59E-03
ERVV-1 ENSGO00000269526 1294.3 529.8 1.29 3.88E-03
TBC1D26 ENSG00000214946 54.9 8.5 2.69 3.91E-03
LINGO1 ENSG00000169783 98.4 288.2 -1.55 4.44E-03
PCDHA13 ENSG00000239389 30.0 67.4 -1.17 4.46E-03
MEX3B ENSG00000183496 85.6 1719 -1.00 4.87E-03
VCAM1 ENSG00000162692 297.7 651.4 -1.13 4.91E-03
CGBS8 ENSG00000213030 831.9 78.2 3.41 5.08E-03
CYTL1 ENSG00000170891 44.0 1559 -1.83 5.29E-03
CGB5 ENSG00000189052 1473.5 147.6 3.32 5.62E-03
COL21A1 ENSG00000124749 226.5 498.8 -1.14 5.66E-03
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1.87E-02
1.89E-02
1.89E-02
1.90E-02
1.90E-02
1.92E-02
1.96E-02
1.98E-02
2.03E-02
2.13E-02
2.15E-02
2.25E-02
2.31E-02
2.33E-02
2.36E-02
2.42E-02
2.48E-02
2.58E-02
2.65E-02
2.72E-02
2.76E-02
2.86E-02
3.12E-02
3.13E-02
3.15E-02
3.15E-02
3.18E-02
3.26E-02
3.46E-02
3.49E-02
3.52E-02
3.59E-02
3.59E-02
3.60E-02
3.61E-02
3.70E-02
3.75E-02
3.90E-02
3.99E-02
4.02E-02
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KRT86
OLFML1
TMEM132B
AC098850.3
FRZB

NA
TNFRSF19

ENSG00000170442
ENSG00000183801
ENSG00000139364
ENSG00000266302
ENSG00000162998
ENSGO00000276903
ENSG00000127863

213.5
61.5
39.7
12.8

919.1
69.4

106.1

96.9
127.2
12.6
53.9
2982.7
160.7
217.3

1.14
-1.04

1.69
-2.08
-1.70
-1.21
-1.03

4.12E-02
4.46E-02
4.54E-02
4.73E-02
4.73E-02
4.77E-02
4.92E-02




Table 3.5 DEGs HPTs/Bulk placenta (Top 50)

Gene.name _ GenelD HPT avg Bulk_avg L2FC  padj

CD93 ENSG00000125810 65.7 17555.8 -8.06  0.00E+00
MYLK ENSG00000065534 82.9 5710.5 -6.10 1.73E-294
DLK1 ENSG00000185559 61.3 29232.0 -8.90 2.22E-289
PECAM1 ENSG00000261371 292.7 17711.8 -5.92 5.07E-286
CD34 ENSG00000174059 56.9 7131.5 -6.97 1.12E-283
TNS1 ENSG00000079308 356.1 9879.3 -4.79 6.89E-275
EGFL7 ENSG00000172889 36.8 3034.1 -6.37 1.05E-272
LRP6 ENSG00000070018 205.2 3265.2 -3.99 1.21E-250
MMRN2 ENSG00000173269 86.5 4465.1 -5.69 8.52E-247
KDR ENSG00000128052 44.7 4674.5 -6.71 8.71E-230
LAMCS3 ENSG00000050555 38.3 4887.3 -7.00 1.35E-217
XAGE2 ENSG00000155622 16253.1 621.4 471 2.64E-209
FAT4 ENSG00000196159 16.4 2324.1 -7.15 3.30E-207
GNG11 ENSG00000127920 25.7 3310.6 -7.01 5.43E-204
TCF4 ENSG00000196628 107.7 3831.0 -5.15 4.95E-202
TBX2 ENSG00000121068 139.3 4910.7 -5.14 8.45E-201
GJC1 ENSG00000182963 45.7 2965.0 -6.02 1.06E-200
CSHL1 ENSG00000204414 36.6 13196.4 -850 3.18E-191
A2M ENSG00000175899 489.0 8750.4  -4.16 5.59E-191
LAMA2 ENSG00000196569 99.6 7990.6 -6.33  9.07E-190
GUCY1A2 ENSG00000152402 6.4 73447 -10.17 1.23E-187
TNFRSF1B  ENSG00000028137 19941.6 1876.8 341 1.08E-183
AFF2 ENSG00000155966 23.0 1916.4  -6.38 7.64E-180
DCHS1 ENSG00000166341 32.6 3111.3 -6.57 2.07E-179
EHD2 ENSG00000024422 30.6 2553.7 -6.39 1.36E-178
AGTR1 ENSG00000144891 22.9 2347.8 -6.69 1.39E-174
FLI1 ENSG00000151702 44.5 1296.9 -4.87 A.54E-174
FCGR2B ENSG00000072694 11.2 2399.7 -7.75 1.94E-173
PTPRB ENSG00000127329 35.2 3661.0 -6.70 2.24E-173
AC117378.1 ENSG00000285625 2063.7 28.0 6.21 2.42E-170
APLN ENSG00000171388 18.8 3283.1 -7.46  5.06E-167
SHE ENSG00000169291 15.1 1484.3 -6.62 3.06E-166
TTC28 ENSG00000100154 168.8 2101.8 -3.64 8.86E-163
ARHGAP26  ENSG00000145819 132.4 5507.5 -5.38 1.26E-162
TGIF1 ENSG00000177426 7950.0 990.4 3.01 4.26E-161
S1PR1 ENSG00000170989 20.1 1236.6 -5.94 1.47E-155
MEF2C ENSG00000081189 35.7 1888.9 -5.72  3.84E-154
TSHZ1 ENSG00000179981 108.3 2023.6 -4.22 5.32E-150
SPARCL1 ENSG00000152583 106.7 4023.5 -5.24 4.50E-148
EEF1A1 ENSG00000156508 9809.2 1057.2 3.22 1.63E-146
NR2F1 ENSG00000175745 19.0 28410 -7.22 2.01E-146
CCNDBP1 ENSG00000166946 21429.3 1461.2 3.87 2.43E-146
ZBTB20 ENSG00000181722 200.4 3389.0 -4.08 4.38E-146
MARS ENSG00000166986 8929.8 904.3 3.30 1.83E-144
PDESA ENSG00000138735 99.8 1425.5 -3.84 1.01E-143
C7 ENSG00000112936 345 6472.1 -7.55 1.14E-143
ITPKB ENSG00000143772 113.5 1859.4  -4.03 6.25E-143
ADGRA2 ENSG00000020181 348.8 5379.4  -3.95 9.70E-143
F13A1 ENSG00000124491 2.9 14707.1 -12.30 6.82E-142
SYNM ENSG00000182253 22.8 835.2 -5.19 3.16E-139
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Table 3.6 DEGs Diff./Undiff. HPTs (Top 50)

Gene.name GenelD Diff avg Undiff avg L2FC padj

ZFAT ENSG00000066827  13542.5 3884.6 1.80 0.00E+00
TGFBR3 ENSG00000069702  14691.3 5028.2 1.55 0.00E+00
CDC6 ENSG00000094804 98.7 2046.3 -4.38  0.00E+00
SUMF2 ENSG00000129103 2905.2 695.5 2.06 0.00E+00
TBC1D5 ENSG00000131374 1662.4 216.8 2.94  0.00E+00
SLC30A2 ENSG00000158014 6043.9 42.4 7.16  0.00E+00
DEPP1 ENSGO00000165507  16767.4 1964.2 3.09 0.00E+00
MCM7 ENSG00000166508 973.4 4807.6 -2.30 0.00E+00
DHCR7 ENSG00000172893 4274.8 184.2 4.54  0.00E+00
SFN ENSGO00000175793 45.0 2899.9 -6.02 0.00E+00
TCL1B ENSG00000213231 4919.2 47.3 6.70  0.00E+00
LBH ENSGO00000213626 407.8 3795.1 -3.22  0.00E+00
LGALS13 ENSG00000105198 3981.3 60.4 6.04 4.69E-298
CDCA5 ENSG00000146670 47.0 857.0 -4.19 3.90E-293
FHDC1 ENSG00000137460 10601.9 2506.2 2.08 6.82E-293
ANLN ENSG00000011426 168.2 2003.0 -3.57 1.87E-287
PCNA ENSG00000132646 619.4 3000.1 -2.28 8.37E-287
HSPB1 ENSG00000106211  10068.8 2106.5 2.26 4.64E-280
SDC1 ENSG00000115884  33192.9 1471.7 450 5.77E-280
CCNDBP1 ENSG00000166946  11935.7 2956.6 2.01 3.16E-273
DPEP2 ENSGO00000167261 1152.6 34.9 5.04 4.46E-270
TTC7B ENSG00000165914 2163.5 253.5 3.10 1.92E-263
ADAMTS6 ENSG00000049192 1728.9 155.9 3.47 5.05E-263
CTSA ENSG00000064601 6436.3 1958.8 1.72 5.73E-242
SMC4 ENSG00000113810 538.3 2024.2 -1.91 1.41E-228
CTNNAL1 ENSG00000119326 571.6 2867.3 -2.32 1.60E-226
INHA ENSG00000123999 2925.9 250.9 3.54 3.00E-226
GCLM ENSG00000023909 733.8 7405.7 -3.34 2.75E-225
ANO6 ENSG00000177119 5397.0 17931.8 -1.73 8.90E-224
ARL6IP1 ENSG00000170540 2479.0 9627.7 -1.96 1.37E-220
SPRR3 ENSG00000163209 18.6 15745 -6.40 2.39E-219
PLS1 ENSGO00000120756 896.5 69.7 3.69 4.35E-218
DTL ENSG00000143476 28.3 932.6 -5.03 2.24E-211
WLS ENSGO00000116729 1376.8 4075.5 -1.57 2.68E-210
LIMAL ENSG00000050405 5421.2 22635.1 -2.06 3.10E-210
CDC25A ENSG00000164045 23.9 725.4 -4.90 4.84E-209
CDT1 ENSG00000167513 30.3 513.8 -4.07 3.13E-205
PSMD11 ENSG00000108671 2585.1 5832.9 -1.17 4.74E-202
NDFIP2 ENSG00000102471 2440.0 6486.5 -1.41 6.81E-196
CLIC3 ENSG00000169583 5446.2 396.9 3.78 1.25E-195
ENG ENSG00000106991 9423.0 885.0 3.41 4.80E-195
NAGK ENSG00000124357 3637.0 987.8 1.88 1.13E-194
NA ENSG00000187837 3805.8 331.3 3.52 1.17E-194
HOPX ENSG00000171476 5546.9 228.6 4.60 5.99E-192
SLC9A7 ENSG00000065923 618.4 19904 -1.68 3.19E-191
ELMO1 ENSG00000155849 756.1 26.4 4.84 3.16E-186
NHLRC3 ENSG00000188811 2404.6 270.3 3.15 1.00E-185
Clorfl15 ENSG00000162817  19614.1 4048.0 2.28 3.59E-185
SIDT2 ENSG00000149577 5690.7 1022.0 2.48 8.20E-184
JADE2 ENSG00000043143 4314.1 757.3 251 6.11E-183
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Table 3.7. DEGs Forskolin/Control BeWo cells (Top 50)

Gene.name  GenelD FSK.24h  FSK.48h FSK.72h FSK.avg Ctrl.avg L2FC padj

WNT3A ENSG00000154342  19861.9 23783.4  22143.8  21929.7 454.5 5.59 1.66E-170
OAF ENSG00000184232 7563.0 8040.9 9505.9 8370.0 237.1 5.15 1.30E-68
PLS1 ENSG00000120756 748.5 628.2 585.9 654.2 6879.8 -3.39 1.73E-64
ST3GAL2 ENSG00000157350 386.4 363.9 349.2 366.5 22375 -2.61 9.03E-55
COL9A2 ENSG00000049089 151.7 125.3 127.8 134.9 1189.4 -3.14 1.59E-51
FIGNL2 ENSG00000261308 310.5 230.8 208.3 249.9 2932.2 -3.55 2.08E-48
CCL28 ENSG00000151882 118.3 113.4 94.7 108.8 950.4 -3.12 1.65E-46
FAM102B ENSG00000162636 4597.3 5436.2 5794.0 5275.8 779.4 2.76 2.22E-44
GPRC5A ENSG00000013588 368.2 273.2 221.3 287.6 4747.0 -4.04 3.64E-44
AKR1B10 ENSG00000198074 374 23.7 21.3 27.5 546.1 -4.31 5.59E-42
SLC15A2 ENSG00000163406 55.6 50.3 41.4 49.1 736.0 -3.90 6.27E-41
JPH2 ENSG00000149596 511.8 461.6 378.8 450.7 3073.6 -2.77 8.04E-40
GSDME ENSG00000105928 165.9 150.9 118.4 145.0 11544  -2.99 3.38E-39
CD59 ENSG00000085063  14649.6 15348.0 16166.4  15388.0 4132.1 1.90 8.99E-38
PRR9 ENSG00000203783 2715.9 7702.6 5388.0 5268.8 118.4 5.48 1.56E-37
PRSS22 ENSG00000005001 253.9 267.3 253.3 258.2 1683.0 -2.70 6.95E-36
COLEC12 ENSG00000158270 5474.3 6161.1 6080.4 5905.3 1543.7 1.94 1.49E-35
ovoLl ENSG00000172818  42941.4 55852.3  44166.9  47653.5 8023.2 2.57 2.05E-35
ACHE ENSG00000087085 160.8 109.5 110.1 126.8 1317.1  -3.37 5.62E-35
TCF7L1 ENSG00000152284 56.6 38.5 33.1 42.8 800.0 -4.22 1.41E-33
KRT86 ENSG00000170442 1760.0 1893.6 1319.8 1657.8 173.3 3.25 3.17E-33
AL049629.2 ENSG00000284969 7003.7 7682.9 8321.1 7669.2 1828.1 2.07 1.43E-32
PLA2G15 ENSG00000103066 7607.5 6321.9 6416.6 6782.0 1575.5 2.11 5.74E-32
LIF ENSG00000128342 112.3 89.7 86.4 96.1 683.9 -2.83 5.76E-31
NTN4 ENSG00000074527 167.9 137.1 129.0 144.7 905.2 -2.64 2.05E-30
FAM110A ENSG00000125898 662.5 598.7 570.5 610.6 24119 -1.98 3.43E-30
RHOV ENSG00000104140 1542.5 1032.6 1239.3 12715 142.7 3.16 1.28E-29
AC244197.3 ENSG00000241489 5219.4 5747.9 6636.8 5868.0 1359.1 2.11 3.25E-29
CRYBA2 ENSG00000163499 551.3 508.9 454.5 504.9 2063.0 -2.03 5.61E-29
IDS ENSG00000010404 6680.0 7561.6 8685.7 7642.4 1714.6 2.16 5.61E-29
CABLES1 ENSG00000134508 497.7 432.0 404.8 444.8 19456 -2.13 6.90E-28
MTMR11 ENSG00000014914 251.9 259.4 224.9 245.4 10245 -2.06 9.77E-28
KCTD15 ENSG00000153885 208.4 141.0 125.5 158.3 1369.1 -3.11 2.83E-27
SYNE3 ENSG00000176438 1352.4 1307.8 1201.4 1287.2 5001.1 -1.96 9.79E-27
ATP8B2 ENSG00000143515 821.3 1241.7 661.7 908.2 68.0 3.74 1.15E-26
FGF18 ENSG00000156427 398.5 1037.5 616.7 684.3 10.0 6.06 2.20E-26
TP63 ENSG00000073282 424.8 537.5 452.2 471.5 2002.5 -2.09 3.94E-26
NR4A3 ENSG00000119508 1007.5 1402.4 21235 1511.1 103.5 3.87 5.89E-26
VTN ENSG00000109072 665.6 765.3 699.5 710.1 167.3 2.09 2.05E-25
S100A16 ENSG00000188643 242.8 376.7 3255 315.0 19959 -2.66 3.97E-25
VLDLR ENSG00000147852 1634.6 1455.7 1474.8 1521.7 5170.9 -1.76 4.02E-25
GPR37 ENSG00000170775 638.3 715.0 642.7 665.3 2590.8 -1.96 1.13E-24
AL445423.3 ENSGO00000286231 17719.6 14902.2  13591.9  15404.6 3882.2 1.99 1.62E-24
INSL4 ENSG00000120211 992.3 1586.9 1558.9 1379.3 135.5 3.34 2.34E-24
FAM222A ENSG00000139438 1614.4 2083.9 1950.7 1883.0 440.5 2.10 2.44E-24
SP6 ENSG00000189120 89054.0 102984.1  70229.8 87422.6 17369.0 2.33 3.03E-24
ITGB6 ENSG00000115221 263.0 272.2 264.0 266.4 1109.3 -2.06 3.09E-24
SLC25A18 ENSG00000182902 110.3 101.6 72.2 94.7 735.6 -2.95 3.79E-24
HSD11B2 ENSG00000176387 5262.9 11219.6 5495.7 7326.0 501.2 3.87 3.79E-24
THEMIS2 ENSG00000130775 522.9 485.2 510.2 506.1 109.1 2.22 4.86E-24
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Table 3.8. Primers

Primer Set ID Forward Reverse Description Reference
ENK-consensus CTGAGGCAATTGCAGGAGIT GCTGICTCTTCGGAGCTGIT Amplifies transcripts Lietal

derived from several ERVK [228]

loci within the region

encoding the TM envelope

protein
ENK11g23.3 AGACGATCGCTGCCCTATCA TGCTCTCCCTAGGCAAATAGGA Amplifies transcripts This study

derived specifically from

ERVK11g23.3 within the

region encoding the SU

envelope protein
HPRT1 GCTGAGGATTTGGAAAGGGT CATCTCGAGCAAGACGTTCA HPRT1 gene This study
IFNB1 CATCTATGAGATGCTCCAG  TTTTCCCCTGGTGAAATCIT IFNB1 gene This study
IL6 GAAGATTCCAAAGATGTAGC TTCTGCCAGTGCCTCTTTGC IL6 gene This study
TNF GGCCTGTACCTCATCTACT  TGATGGCAGAGAGGAGGT TNF gene (TNFo) This study
IL10 GCAGAGTGAAGACTTTCTTT GGCATCACCTCCTCCAGGTA IL10 gene This study
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CHAPTER 4: Conclusions, Future Directions, and Clinical
Applications

4.1 General Conclusions

Given the importance of the placenta to reproductive success and the shared characteristics of
normal placentation to cancer metastasis and immunological diseases, the number of studies
evaluating the molecular underpinnings of human placentation has significantly increased in recent
years. These studies not only emphasize how crucial the early stages of placental development are
for a successful pregnancy but also highlight the importance of viral-like ERV proteins during
human placentation. In this dissertation, | have developed several resources to enable studies of
early human placental development using the highly translatable rhesus animal model and
investigated the expression and function of ERVK during human placentation. | believe that my
work has made several contributions to not only placental research but also to the fields of
comparative genomics and mobile DNA. First, |1 have generated the telomerase-immortalized
rhesus first trimester trophoblast cell lines, iRP-D26 and iRP-D28A, which retain characteristics of
both human and rhesus primary trophoblasts and should prove valuable for studying the early stages
of primate placental development and fostering future rhesus in vitro and in vivo placental
investigations. Since placental dysfunction is associated with major pregnancy-related diseases and
many placental abnormalities are thought to arise during early pregnancy [2], these cell lines can
be used to help elucidate the molecular and cellular processes underlying the early stages of
placentation and the origin of these diseases. Secondly, our cross-species transcriptomic
comparison between human and rhesus bulk placenta showed that while a majority of genes are
similarly expressed between the two species, certain genes are differentially expressed between
human and rhesus placenta. These results suggest that rhesus is a suitable surrogate for most
investigations of human placentation; however, notable molecular differences related to EVT

function and preeclampsia are present and should be further investigated in future cross-species
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placental studies. Additionally, the comprehensive list of differentially expressed genes identified
between human and rhesus placenta will aid future rhesus-based translational investigations as well
as evolutionary studies of primate placentation. Finally, the finding that ERVK11923.3 is
upregulated in human preterm placenta and modulates expression of type | interferon genes when
knocked down in trophoblast cells is pivotal considering that activation of the antiviral type | IFN
response can increase susceptibility to inflammation-induced preterm birth [373]. In the future, |
think that ERVK11g23.3 will prove to be an important player in the antiviral immune response
during normal and abnormal human placentation. Overall, investigation of ERV activity and
integration of the highly-translatable rhesus macaque animal model into human placental studies,
similar to the work presented here, should enhance our understanding of human placentation and

may provide novel therapeutic and diagnostic approaches for pregnancy-related diseases.

4.2 Future Directions
I believe the work presented in this dissertation provides a strong foundation for several future

experiments and studies, which I have outlined below.

4.2.1 Chapter 2: Transcriptomic analysis of primate placentas and novel rhesus
trophoblast cell lines informs investigations of human placentation

1. Since our cross-species comparison of human and rhesus bulk placental tissue revealed
significant expression differences of several well-known human trophoblast subtype

markers, it would be important to identify whether these gene expression differences reflect

expression level differences between specific human and rhesus trophoblasts subtypes (eg.

human EVTs express higher levels of ADAM12 compared to rhesus EVTSs), or trophoblast

subtype quantity differences between the two species (eg. the human placenta contains a

greater number of EVTs compared to the rhesus placenta). This could be accomplished via

a comparison of human and rhesus placenta single-cell RNA-seq data. This type of analysis
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could also be used to address the following unanswered questions that are emphasized by

our work: Are all human trophoblast subtypes also present in rhesus placenta? Are there

trophoblast subtypes unique to human and/or rhesus? Are trophoblast subtypes present in

equal numbers across human and rhesus placenta tissue? What are the inherent molecular

differences between human and rhesus EVTs, CTBs, and STBs?

While evolutionary changes likely account for some of the gene expression differences
identified between human and rhesus placenta, examination of additional non-human
primate placental samples is required before such conclusions can be made and the

following questions can be addressed: What aspects of human placentation are truly unigue

to human? Do these human-specific aspects contribute to increased susceptibility of

pregnancy complications in human? Can rhesus trophoblasts be humanized to recapitulate

these unique aspects?

Since several well-known human EVT markers were significantly downregulated in rhesus
compared to human placenta and our novel EVT-like immortalized rhesus trophoblast cell
lines exhibited only low levels of invasion, this suggests that rhesus EVTs are less invasive
than human EVTs. This is further supported by examination of ADAM12 expression
between human and rhesus trophoblast cells, which is known to promote trophoblast cell
invasion when spliced into a short secreted (ADAM12S) isoform [45]. While abundant
expression of the ADAM12S isoform was observed from human trophoblast samples,
negligible expression of this isoform was observed within rhesus primary and/or
immortalized trophoblast cell cultures (Figure 4.1). Closer examination of non-human
primate mRNA sequences and gene annotations (NCBI RefSeq) suggests that the
ADAM12S isoform is unique to human, chimp, bonobo, and gorilla, and is not expressed
by orangutan, gibbon, or rhesus. However, in these species, the splice donor and acceptor
sequences do not appear to be missing or altered; thus, it is currently unclear what recent

molecular-evolutionary changes caused the expression of the ADAM12S isoform (data not



shown). To determine whether human trophoblasts are truly more invasive than rhesus,

future investigations directly comparing the invasion levels of human and rhesus primary

EVTs should be performed. Additionally,_rhesus trophoblast invasion levels with and

without ADAM12S expression should be investigated, to specifically address the role of

ADAM12 expression on rhesus trophoblast invasion.
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Figure 4.1 ADAM12 gene expression across human and rhesus trophoblast cells.

UCSC genome browser of ADAM12 gene. The top track depicts two alternatively spliced isoforms,
ADAM12L (top) and ADAM12S (bottom). The short secreted (ADAM12S) alternatively spliced
isoform of ADAM12 promotes trophoblast cell invasion, while the long transmembrane isoform
(ADAM12L) does not. Human primary trophoblast (HPT) cell samples (bottom four tracks) show
abundant expression of the ADAM12S isoform, while rhesus primary trophoblast (RPT) and
immortalized rhesus trophoblast (iRP-D26 and IRP-D28A) samples appear to only express the
ADAM12L isoform. All human and rhesus RNA-seq samples were mapped to hg38 using bowtie2

and visualized using the UCSC genome browser.
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4.2.2 Chapter 3: Investigation of ERVK expression and function in placentation

156

1. Because the ERVK11g23.3 envelope ORF lacks the epitope of the monoclonal antibody

used throughout the study, we were unable to determine whether this locus encodes an
envelope protein. Thus, in future investigations, it would be important to determine

whether this locus encodes an envelope protein and if the antiviral immune response

observed in HPTSs is driven by the presence of RNA and/or protein from this particular

locus. This could be accomplished using an alternative antibody that specifically
recognizes the predicted ERVK11g23.3 protein sequence, or via transfection of an
expression construct that would encode a tagged or fluorescently-labeled ERVK11g23.3
envelope protein. Alternatively, CRISPR could be used to edit the native ERVK11g23.3
locus to encode a tagged or fluorescently labeled envelope protein. Further, if
ERVK11g23.3 is found to encode an envelope protein, an antibody or fluorescently-tagged
protein should be used to examine the envelope protein distribution before and after SIRNA
knockdown. Not only would this type of analysis validate the knockdown experiments,
closer examination of its protein distribution would provide further insight into its putative
function.

Our locus-specific ERVK expression analysis revealed numerous placentally transcribed
ERVK loci. Since ERV viral-like proteins are known to play important functional roles

during mammalian placentation, it would be important to identify whether any of these

transcribed loci also encoded viral-like proteins and to further characterize those potential

proteins. Thus, these results should be used as the foundation for future investigations

aimed at addressing the following questions: Which placentally-transcribed ERVK loci

express an envelope protein? For each ERVK envelope protein expressed, where is it

located (cell type and subcellular localization)? Does it contain functional FP and/or ISU

domains? Which placentally-transcribed ERVK loci express other viral-like proteins (gag,

pro, pol)? Many of these questions could be addressed via the expression of tagged/labeled
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ERVK envelope proteins using the same techniques discussed in the previous point.
Additionally, since several placentally-expressed ERVK loci were found to contain partial
or full-length envelope ORFs possessing the epitope of the monoclonal antibody used in

this study, it would be valuable to identify the precise ERVK loci and coding sequence

contributing to the ERVK envelope protein expression observed via IHC and IF staining.

Several ERVK loci highly expressed in HPTs were not detected within bulk placental
samples, including ERVK12q14.1, which was shown to be significantly upregulated in
HPTs compared to bulk placenta and in undifferentiated compared to differentiated HPTSs.
Unlike ERVK11g23.3, ERVK12g14.1 contains a full-length envelope ORF and is
predicted to encode an ERVK protein possessing a membrane spanning region and
antibody epitope. Based on these characteristics, | suspect that the ERVK IF staining
observed along the membrane of mononuclear HPTs is likely derived from this locus and
may facilitate trophoblast fusion. Since ERVK12g14.1 expression was not detected within
any of the BeWo samples examined, its putative role is likely enhanced or specific to HPTSs.
This was the case for cell fusion, which we show occurs much more in HPTs compared to

forskolin-treated BeWo cells. In order to assess its putative fusogenic role, a similar siRNA

KD approach specifically targeting the ERVK12g14.1 locus within HPTs cells and/or an

overexpression approach in BeWo cells should be used.

It is unclear whether downrequlation of TLR7 expression in the preterm placenta

contributes to the upregqulation of ERVK11g23.3 or vice versa. Thus, in future studies, it

would be important to examine TLR7 gene expression levels within ERVK11g23.3
knockdown vs. control HPT samples, as well as ERVK11923.3 expression levels in TLR7
knockdown vs. control HPTs.

To confirm that knockdown of ERVK11g23.3 decreases the antiviral interferon response

in HPTs, additional markers of type I IFN signaling should be examined. Thus, in addition

to IFNB1, the expression level of STAT1, IRF9, and other interferon-stimulated genes



(1SGs) should be analyzed. Further, since ERVK11q23.3 expression is upregulated in
preterm placentas and heightened type | IFN immune response can contribute to preterm

birth, the effect of ERVK11g23.3 overexpression on the antiviral interferon response

should be examined in vitro using trophoblast cells, as well as in vivo using the rhesus

animal model. In order to determine whether the immunomodulatory effects are specific to

the ERVK11g23.3 locus or shared among other ERVK loci, it would be important to target

additional placentally-expressed ERVK loci and assess immunoregulatory function

following knockdown or overexpression experiments.

4.3 Clinical Applications

Besides providing a firm basis for future research and experiments, the findings presented in this
dissertation may also help develop new approaches for the diagnosis and treatment of pregnancy-
related diseases. Previous studies have shown that compared to rhesus, the human placenta shows
a notable increase in the extent and depth of EVT trophoblast invasion [4]. In humans, defective
deep placentation or inadequate trophoblast invasion is highly associated with a number of
obstetrical syndromes, including intrauterine growth restriction (IUGR), preeclampsia, preterm
birth, and spontaneous abortions [2]. Since many of these pregnancy complications occur much
less frequently or not at all in rhesus and other non-human primates [126-130], this suggests that
molecular differences underlying increased EVT invasion in humans may also increase
susceptibility to pregnancy-related disease. This is further supported by the results from our cross-
species transcriptomic comparison, which showed that a significant number of preeclampsia-
associated genes were upregulated in human compared to rhesus placenta. For instance, we show
that LGALS13 is significantly upregulated in human compared to rhesus placenta. This gene
encodes galectin-13 (PP13), which interacts with glycoproteins and glycolipids to facilitate the

expansion of uterine arteries and veins during pregnancy in an endothelial cell-dependent manner
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via the eNOS and prostaglandin signaling pathways [313]. While the lower expression of LGALS13
in rhesus placenta may underlie differences in the extent and depth of EVT invasion or represent
an alternative mechanism for uterine vessel expansion other than spiral artery remodeling,
downregulation of LGALS13 in preeclampsia and other pregnancy disorders is thought to contribute
to aberrant uteroplacental blood flow [272,314]. The PP13 protein is uniquely expressed by the
placenta and can be detected in maternal blood [377]. Therefore, the detection of PP13 in maternal
serum might also be a reliable predictive/diagnostic marker for pathological conditions such as
preeclampsia. In addition to PP13, we suspect that there are other markers within our human-
upregulated DEG set that may prove valuable for the detection and treatment of preeclampsia and
other pregnancy complications.

Our finding that ERVK11g23.3 is upregulated in the preterm placenta and modulates
expression of type | interferon genes when knocked down in trophoblast cells has clinical
implications considering that activation of the antiviral type | IFN response can increase
susceptibility to inflammation-induced preterm birth [373]. Studies directed to determine if
placental ERVK11g23.3 protein expression can be detected in maternal blood could help develop
a novel diagnostic marker for an increased risk of preterm birth and potentially other pregnancy
complications. Additionally, since ERVK11g23.3 expression appears to be an important modulator
of the antiviral immune response, therapeutics targeting ERVK11g23.3 expression may provide
relief from pregnancy complications and other diseases associated with an overactive antiviral type
I IFN response. However, thorough interrogation of the ERVK11g23.3 locus is necessary before

its use in clinical applications can be assessed.
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