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Abstract

Pregnancy is a crucial component of mammalian reproduction comprised of complex sequential
events such as implantation, decidualization, placentation and eventually parturition.
Perturbation of these events can lead to different clinical issues including infertility and
pregnancy complications such as preeclampsia, intrauterine growth restriction (IUGR) and
preterm birth. While the major physiological events associated with reproduction have been
characterized, there are still many molecular pathways that have yet to be fully elucidated in

order to open new avenues toward overcoming and managing these reproductive issues.

Cripto is a member of the epidermal growth factor-Criptol/FRL1/Cryptic protein family and
plays a critical role in embryonic development, stem cell maintenance and tumor progression
through TGFB-dependent and independent pathways. Several studies have suggested that
Cripto may also have a role in female reproduction and pregnancy maintenance, but its specific

role remains elusive.

In this study we showed the spatiotemporal localization pattern of Cripto in the uterus and at
the maternal-fetal interface during the course of mouse pregnancy. We defined that depending
on gestational age, different cell types produce Cripto including uterine luminal epithelium,
uterine stroma, decidual cells, uterine immune cells, embryonic trophectoderm,

spongiotrophoblast cells and labyrinth sinusoidal giant cells.

As Cripto null Knockout (KO) is embryonic lethal, we created a conditional KO (cKO) mouse
model in which Cripto was deleted only in the reproductive tissues using a Cre-loxP system.
Pregnancy rate and number of pups per litter were evaluated as general fertility indices. We
observed a significant decrease in pregnancy rate and litter size with loss of uterine Cripto
indicating that Cripto cKO females are subfertile. Although the pre-implantation period was
normal in Cripto cKO females, we showed that 20% of cKO females fail to establish pregnancy
and an additional 20% of females undergo full litter loss after implantation between day 5.5
postcoitum (d5.5pc) and d8.5pc. During this period, loss of uterine Cripto resulted in impaired

uterine decidualization, remodeling and luminal closure and was accompanied by significant



downregulation of Bmp2, Wnt4 and several components of Notch signaling pathway which all

are known to be important factors in uterine remodeling and decidualization.

We also found that loss of maternal Cripto in uterine stromal, epithelial and decidual cells
during early pregnancy eventually results in defective placentation, altered immune cell
composition at maternal-fetal interface, decreased vascularization within maternal decidua and
more interestingly in the placental labyrinth and leads to fetal IUGR and fetal death. We
further demonstrated that components of the VEGF and Notch signaling pathways are down-
regulated in Cripto cKO decidua and placenta potentially contributing to defects in the

development of the vasculature at maternal-fetal interface.

In summary, we have shown that maternal Cripto plays critical roles during pregnancy and its
loss results in implantation failure, defective uterine remodeling and luminal closure during
peri-implantation period, impaired uterine decidualization, as well as severe placentation

defects leading to subfertility, IUGR and fetal death.



Resume

La grossesse est une composante cruciale de la reproduction des mammiféres, composée
d'événements séquentiels complexes tels que l'implantation, la décidualisation, la placentation
et finalement la parturition. La perturbation de ces événements peut entrainer différents
problemes cliniques, notamment de l'infertilité et des complications de grossesse dont la pré-
éclampsie, le retard de croissance intra-utérin (RCIU) et la naissance prématurée. Bien que les
principaux événements physiologiques associés a la reproduction ont été caractérisés, il reste
encore de nombreuses voies moléculaires a élucider pour identifier de nouvelles voies pour

surmonter et gérer ces problémes de reproduction.

Cripto est un membre de la famille des facteurs de croissance épidermiques - Criptol / FRL1 /
Cryptic - et joue un role essentiel dans le développement embryonnaire, le maintien des
cellules souches et la progression des tumeurs par des voies TGFB-dépendantes et
indépendantes. Plusieurs études ont suggéré que Cripto pourrait également avoir un role dans
la reproduction féminine et le maintien de la grossesse, mais son role spécifique n’est pas

encore évident.

Dans cette étude, nous avons montré le schéma de localisation spatio-temporelle de Cripto
dans l'utérus et a l'interface mere-foetus au cours de la grossesse de la souris. Nous avons défini
gu'en fonction de I'age gestationnel, différents types de cellules produisent Cripto, notamment
I'épithélium luminal utérin, le stroma utérin, les cellules déciduales, les cellules immunitaires
utérines, le trophectoderme embryonnaire, les cellules spongiotrophoblastes et les cellules

géantes sinusoidales du labyrinthe.

Puisque le modéle murin Cripto knock-out nul (KO) est mortel pour I'embryon, nous avons créé
un modele de souris KO conditionnel (cKO) dans lequel Cripto a été supprimé uniguement dans
les tissus reproducteurs a I'aide d'un systéme Cre-loxP. Le taux de gestation et le nombre de
souriceaux par portée ont été évalués en tant qu'indices de fertilité générale. Nous avons
observé une diminution significative du taux de gestation et de la taille des portées avec la

perte de Cripto utérin, ce qui indique que les femelles Cripto cKO sont sous-fertiles. Bien que la



période préimplantatoire soit normale chez les femelles Cripto cKO, nous avons montré que
20% des femelles cKO ne parviennent pas a établir une grossesse et que 20% additionnels des
femelles subissent une perte compléte de la portée apres l'implantation entre le 5eme jour du
post-coitum (d5,5pc) et le d8,5pc. Au cours de cette période, la perte de Cripto utérin a
entrainé une altération de la décidualisation, du remodelage et de la fermeture luminale de
I'utérus et s'est accompagnée d'une baisse significative de la régulation de Bmp2, de Wnt4 et
de plusieurs composantes de la voie de signalisation Notch qui sont toutes reconnues comme

des facteurs importants du remodelage et de la décidualisation utérine.

Nous avons également constaté que la perte de Cripto maternel dans les cellules stromales,
épithéliales et déciduales de |'utérus en début de grossesse finit par entrainer le
développement d’un placenta défectueux, une altération de la composition des cellules
immunitaires a l'interface meére-foetus, une diminution de la vascularisation de la décidue
maternelle et, plus de fagon encore plus intéressante, dans le labyrinthe placentaire, et conduit
a un RCIU feetal et a la mort feetale. Nous avons également démontré que les composantes des
voies de signalisation VEGF et Notch sont régulées négativement dans les décidues Cripto cKO
et dans le placenta, ce qui peut contribuer a des défauts dans le développement de la

vascularisation a l'interface materno-foetale.

En résumé, nous avons montré que le Cripto maternel joue un réle essentiel pendant la
grossesse et que sa perte entraine un échec de l'implantation, un remodelage utérin
défectueux et une fermeture luminale pendant la période de péri-implantation, une altération
de la décidualisation utérine, ainsi que de graves défauts de placentation entrainant une sous-

fertilité, un RCIU et la mort du foetus.



Contribution to Original Knowledge

Before our study, limited information was available in the literature related to Cripto and its
role in female reproduction. It was shown that Cripto mRNA is consistently detected in
endometrial samples from healthy women during the menstrual cycle. Furthermore, the
expression of Cripto was seen to be dysregulated in specific human placental and endometrial
pathologies. The specific role of maternal Cripto in female reproduction and pregnancy had
remained elusive however, as no study had yet been conducted that presents an in-depth

analysis of its function in the endometrium.

Our study was the first that utilized a uterine-specific conditional knockout mouse model of
Cripto to investigate whether it was a key contributing component in physiologic events of

mouse pregnancy such as implantation, uterine decidualization and placentation.

In this study, we have shown the spatiotemporal localization pattern of Cripto in the uterus and
at the maternal-fetal interface during the course of mouse pregnancy for the first time. We
have defined that depending on gestational age, different cell types produce Cripto including
uterine luminal epithelium, uterine stroma, decidual cells, uterine immune cells, embryonic
trophectoderm, trophoblast giant cells, spongiotrophoblast cells and labyrinth sinusoidal giant
cells. Our study is the first to show that maternal Cripto is required for proper implantation,
uterine remodeling and luminal closure, uterine decidualization, as well as placental

development.

We have introduced a mouse model to better understand regulation of female reproduction by
TGF-B related signaling which also can be considered a good tool to study pathogenesis of
pregnancy related issues in humans, aiming towards the development of new treatments for

female infertility.
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IFN-g interferon-gamma

KLF5 Kruppel-like factor 5

LH luteinizing hormone

LPS lipopolysaccharide A

LE Luminal Epithelium

LH Luteinizing hormone

LIF Leukemia inhibitory factor

LRP 5 low-density lipoprotein receptor-related protein 5
LPA3 lysophosphatidic acid receptor 3

LRP 6 low-density lipoprotein receptor-related protein 6
MAPK mitogen activated protein kinase

MCP-1 macrophage chemoattractant protein-1

MMP matrix metalloproteinase

Msx1 Muscle segment homeobox 1

MT1-MMP membrane type-1 matrix metallopeptidase (also known as matrix metalloproteinase
14)

NF-kB nuclear factor-Kappa B
NO nitric oxide

NK natural killer (cells)
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Nkx2-5 NK2 homeobox 5

pNK cells or cNK cells peripheral or conventional natural killer (cells)

PBS phosphate-buffered saline

PBST phosphate buffered saline with 0.1% Tween-20
PCR polymerase chain reaction

PI3K phosphatidylinositol 3-kinase

P4 Progesterone

PGs Prostaglandins

PLC Phospholipase-C

Ptc Patched

Ptgs Prostaglandin-endoperoxide synthase

PPAR-6 peroxisome proliferators—activating receptor 6
PIGF phosphatidylinositol glycan anchor biosynthesis
P-SMAD phosphorylated-SMAD

PFA paraformaldehyde

PR progesterone receptor

ROCK Rho-associated kinase

Rbpj recombination signal binding protein for immunoglobulin kappa J region

RXR retinoid X receptor

RT-PCR real time polymerase chain reaction

SMAD sma-and mad-related

SEM standard error of the mean

SGK1 serum and glucocorticoid-inducible kinase 1
STAT3 signal transducer and activator of transcription 3
Tcf/Lef T-cell factor/lymphoid enhancer factor

Tpbpa trophoblast specific protein alpha

TGFp transforming growth factor

TNFa tumor necrosis factor alpha
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TGC trophoblast giant cells

TDGF-1 teratocarcinoma-derived growth factor-1
Tie-2 TEK receptor tyrosine kinase

uNK uterine natural killer (cells)

uPA plasminogen activator, urokinase

uPAR plasminogen activator, urokinase receptor
VEGF vascular endothelial growth factor

VEGFR vascular endothelial growth factor receptor

WNT wingless-Type MMTV integration site family
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1) Introduction

Reproduction is a fundamental evolutionary process necessary to sustain life. It can be either
asexual, when a new organism is produced only from genetic materials of an individual; or

sexual, where two individuals merge their genome to create an offspring (Dey, Lim et al. 2004).

During evolution, viviparity is a landmark. It means development of the embryo inside the body
of the parent and eventually birth of the live progeny. A type of viviparity is the mammalian
reproduction which is a very complex process and needs to be tightly regulated for the support
of the mammalian superior offspring. This process begins with the union of a sperm and an egg
(ovum) during fertilization. The one-cell fertilized egg, called zygote at this time, goes through
several mitotic cell divisions, forming the embryo and then a more differentiated stage named
blastocyst. A highly complex reciprocal interaction between the blastocyst and maternal uterine
wall initiates the process of implantation. With the implantation of the blastocyst into uterine

wall, pregnancy is established (Wang and Dey 2006).

Pregnancy is a crucial component of mammalian reproduction comprising of complex
sequential events such as implantation, decidualization, placentation and eventually parturition
(Dey, Lim et al. 2004, Wang and Dey 2006). Perturbation of these events can lead to different
clinical issues in humans such as infertility, or pregnancy complications like preeclampsia,
intrauterine growth restriction (IUGR) and preterm birth (Wang and Dey 2006). While the major
physiological events associated with reproduction have been characterized, there are still many
molecular pathways that have yet to be fully uncovered in order to open new windows toward

overcoming and managing these reproductive issues (Dey, Lim et al. 2004). Limitations in in vivo
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research on uterine-embryo interactions in humans has led to relying primarily on animal
models, such as the mouse, to identify the molecular mechanisms that facilitate uterine
receptivity, embryo implantation, uterine decidualization and placental development (Cha, Sun

et al. 2012).

In the beginning of this chapter, major physiologic events of mammalian pregnancy are
described. Then the focus of this chapter will be on Cripto, a member of EGF-CFC protein family.
Biological functions of Cripto, its interaction with different cell signaling pathways and finally

the available information about its possible roles in female reproduction will be described.

2) Female reproductive system in mammalians

The female reproductive tract in mammalians is composed of two ovaries, two oviducts, a
uterus, cervix and vagina (Figure 1.1). Each ovary is connected to an oviduct (termed fallopian
tube in humans). In humans, the uterus is a hollow pear-shaped organ connected to the
fallopian tubes proximally and connected to the cervix distally. In many mammals however, the
oviducts are linked to two separate uterine horns that join at the utero-cervical junction. The
cervix and the vagina form the birth canal from which the fully developed fetus is born (Rendi,
Muehlenbachs et al. 2011). Oocyte (female gamete) maturation and ovulation, spermatozoa
(male gamete) transportation, and finally fertilization all happen within the female reproductive
tract. In addition, uterus in particular, provides a hospitable environment for the implanting
embryo to develop and grow until the time of delivery through birth canal at parturition

(Robboy, Kurita et al. 2017).
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Figure 1.1. Diagrams of female genital tract in human and mouse. Adapted from (Robboy,
Kurita et al. 2017).

3) Folliculogenesis, Ovulation and Fertilization

Immature primary oocytes are surrounded by a single layer of flat squamous somatic cells
called granulosa cells. This spherical structure is called primordial follicle. At puberty a cohort of
primordial follicles are recruited and start to grow. When the single layer of granulosa cells
become cuboidal, the follicle is called a primary follicle. Granulosa cells in primary follicles
proliferate, subsequently the follicle and oocyte grow in size, the zona pellucida forms around
the oocyte and theca cells surround the growing granulosa cells. These changes result in the
formation of the secondary follicles (Rimon-Dahari, Yerushalmi-Heinemann et al. 2016). In the
tertiary stage follicle (i.e. antral follicle), a fluid filled cavity called antrum forms within the

follicle, adjacent to the oocyte. Under the effect of follicle stimulating hormone (FSH) from the
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anterior pituitary gland, several tertiary follicles grow rapidly until the largest one becomes the
dominant follicle and enters the preovulatory stage and the remaining follicles undergo
regression and apoptotic atresia (Rimon-Dahari, Yerushalmi-Heinemann et al. 2016). Unlike
humans where there is usually only one preovulatory follicle in each cycle, in litter-bearing
species such as the mouse, multiple preovulatory follicles are formed and they have multiple

ovulations in each reproductive cycle (Fortune 1994).

In response to luteinizing hormone (LH) from anterior pituitary gland, preovulatory follicles
produce increasing amounts of estrogen (E2) which eventually triggers a surge in the secretion
of FSH and LH from the anterior pituitary gland. The LH surge results in proteolytic changes in
the preovulatory follicular which ends in the rupture of the follicle and release of the maturing
oocyte in the abdominal cavity adjacent to the infundibulum of the oviduct. This process is
called Ovulation (Rimon-Dahari, Yerushalmi-Heinemann et al. 2016). Following ovulation and
release of the oocyte, the remnants of follicle(s) transform into temporary endocrine gland
called corpus luteum (plural: corpora lutea). Corpus luteum produces progesterone which is
essential for preparation of uterine environment for embryo survival, implantation and

maintenance of pregnancy (Fortune 1994).

Ovulated oocyte(s) will be collected by the fimbriae projections of the oviduct infundibulum.
The ampullae of the oviduct is where the oocyte will encounter the spermatozoa and

fertilization will take place (Demott and Suarez 1992).
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4) Uterine histological structure

Uterus is the part of the female reproductive tract in which fetus resides, develops and grows
throughout the pregnancy till the right time for birth. In both mouse and human, uterus is
composed of an outer muscular compartment termed the myometrium and an internal
compartment which is called the endometrium (Rendi, Muehlenbachs et al. 2011). The
endometrium lines the uterine inner cavity which is referred to as lumen. The endometrium
itself is consisted of three different cell types: the uterine stroma (mainly comprised of
fibroblastic stromal cells), endometrial glands and the innermost layer, the luminal epithelium
which is a single layer of columnar epithelial cells that directly line the uterine lumen (Figure

1.2).

During the menstrual cycle in human and estrous cycle in mouse, the endometrium undergoes
dynamic structural changes in preparation for a potential pregnancy. These cyclic structural
changes can be divided into 2 phases: proliferative and secretory. During the proliferative phase
(also called follicular phase), under the effect of increasing levels of ovarian estrogen, luminal
epithelium, glandular epithelium, stromal cell as well as vascular endothelium proliferate
extensively (Wang and Dey 2006). After ovulation, the secretory phase (also called luteal phase)
begins where the estrogen-primed endometrium responds to progesterone from corpus luteum
by producing and secreting different factors into uterine lumen which renders the uterine fluid
hospitable for blastocyst survival and later implantation (Wang and Dey 2006). During the
secretory phase in human, some pre-decidual changes take place around the uterine spiral

arterioles (described later). At the end of the cycle, corpus luteum regresses and the decline in
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progesterone levels results in the shedding of endometrium (menstruation in humans) and a

new cycle begins.

Figure 1.2. Wholemount (A) and transverse sections (B and C) of the mouse uterus. GE:
glandular epithelium, L: lumen, LE: luminal epithelium, M: myometrium, S: stroma. B and C,
adapted and modified from (Farah, Biechele et al. 2018).

5) Uterine receptivity

Based on the sensitivity of the uterus to implantation and the correlation of this sensitivity with
ovarian hormones, three uterine phases have been classified: pre-receptive, receptive, and
nonreceptive (refractory) phases (Psychoyos 1973, Dey, Lim et al. 2004)(Figure 1.3). For
establishment of pregnancy in mammalians, the uterus needs to enter a specific state where
conditions are provided for embryo-uterine communications and initiation of the process of
implantation. This state is called the period of uterine receptivity (receptive phase) and lasts
only for a limited duration. During the period of receptivity, uterine environment is suitable for
supporting blastocyst growth, attachment and eventually implantation (Psychoyos 1973,
Yoshinaga 1988, Paria, Huet-Hudson et al. 1993, Dey, Lim et al. 2004). Studies have shown that
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ovarian progesterone (and estrogens in some species) along with cytokines, growth factors,
transcription factors, lipid mediators and morphogens (produced locally within the uterus) are

involved in the process of uterine receptivity (Dey, Lim et al. 2004, Wang and Dey 2006).

The harmonized activity of progesterone and estrogen in mice regulates proliferation and
differentiation of uterine cells in a spatiotemporal manner which defines the uterine receptive
state for implantation (Huet-Hudson, Andrews et al. 1989). On day 1 of pregnancy in mice (the
day of vaginal plug observation), the estrogen released from the preovulatory follicles results in
proliferation of uterine epithelial cells (luminal and glandular epithelium). With ovulation and
declining of ovarian hormones on day 2, these epithelial cells stop proliferation. With formation
of corpora lutea and consequently increasing levels of progesterone from day 3 of pregnancy,
stromal cell proliferation initiates and becomes further stimulated by a transient ovarian

estrogen secretion on morning of day 4 of pregnancy (Huet-Hudson, Andrews et al. 1989).

In the mouse, uterus is considered pre-receptive on day 1-3 of pregnancy (or
pseudopregnancy) whereas it becomes fully receptive on day 4. The chance of implantation
declines after day 4, (Song, Lim et al. 2002) and the uterus becomes completely refractory to

implantation by day 6 (Figure 1.3).

The Menstrual cycle in humans begins with menses (day 1 of cycle, defined as day minus 14 in
Figure 1.3) which is also the start of the proliferative (follicular) phase. During the proliferative
phase, under the effect of increasing estrogen levels from growing ovarian follicles,

proliferation of the epithelium, stroma and vascular endothelium leads to regeneration of the

endometrium. Most of developing endometrial glands become highly coiled during the late
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proliferative phase. Ovulation which takes place on day 14 of the menstrual cycle (defined as
day 0 in Figure 1.3) defines the end of proliferative (follicular) phase and the start of secretory
(luteal) phase (Cha, Sun et al. 2012). In the early secretory (luteal) phase, the corpus luteum is
formed from the ruptured follicle and progesterone production commences. In preparation for
implantation, the endometrium thickens, glands become secretory and stromal cell around the
endometrial spiral arteries (pre-decidualization) and endometrium differentiate and become
edematous (Hess, Nayak et al. 2006). During the mid-luteal phase (cycle days 20—-24, defined as
day 7-10 in Figure 1.3), rising estrogen levels overlapped with high progesterone levels, define
the window of receptivity in humans. If at this time, no embryo is present in the uterus, the
receptive phase will terminate and uterus enters the refractory phase, followed by regression
of corpus luteum, decline of ovarian steroids and restart of the cycle by menstruation on cycle
day 0/28 (defined as day 14 in Figure 1.3). On the other hand, implantation of blastocyst, which
secretes human chorionic gonadotropin (hGC), prevents the corpus luteum regression,
therefore, the progesterone levels are maintained high and the pregnancy is supported (Cha,

Sun et al. 2012).
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Figure 1.3. The window of uterine receptivity in mice and humans. Adapted from (Wang and
Dey 2006).
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6) Implantation

The process of embryo implantation is classified into three stages: apposition, adhesion, and
invasion (Dey, Lim et al. 2004). During apposition, the embryonic trophectoderm and uterine
luminal epithelium align in very close contact without actual attachment. Apposition is followed
by the adhesion (attachment) stage where cell surface molecular changes in embryonic
trophectoderm and uterine luminal epithelium result in intimate association of these two cell
types. At this time, blastocysts cannot be retrieved by flushing the uterine lumen. In invasion
stage, the embryonic trophectoderm invades the luminal epithelium and the embryo
penetrates the uterine wall, triggering the differentiation of stromal cells to decidual cells
(described later) (Dey, Lim et al. 2004). Before the start of apposition stage, a global edema is
observed in the uterine stroma of mammals (specially in rodents). This stromal edema leads to
the closure of the uterine lumen (described with more details later), resulting in microvilli
interdigitation of the trophectoderm and the luminal epithelia (i.e. apposition), followed by
closer contact between them in adhesion (attachment) reaction. The first sign of the
attachment reaction in the process of implantation appears in the mouse on the evenings of
day 4 and in humans approximately on day 8 of pregnancy (Das, Wang et al. 1994, Fazleabas

2007).

7) Uterine luminal closure and embryo orientation

The two poles of the vertical axis of the uterine horn are called mesometrial pole (where the

mesometrium, an extension of peritoneum, is attached to the uterus) and anti-mesometrial

29



pole (the opposite side of mesometrium insertion) (Figure 1.4). During implantation in rodents,
blastocysts demonstrate a very consistent orientation in relation to uterine axes. The blastocyst
locates at the anti-mesometrial pole of the uterine lumen and at this location, embryonic pole
of blastocyst (inner cell mass (ICM)) is facing the mesometrial pole of the uterus (ASSHETON
1894, Wimsatt 1975, Rossant and Tam 2004). As a result, the ICM-abembryonic axis of the
rodent blastocyst always coincides with the uterine mesometrial-antimesometrial (M-AM) axis
(Wang and Dey 2006). The embryonic orientation at implantation also sets the basis for the
future uterus-embryo orientation during post-implantation stages (Smith 1980) when the
uterine shape is transformed by the special pattern of stromal decidualization (Smith 1985).
Although these morphological features are well characterized, the precise molecular
mechanisms that direct the proper embryonic orientation at implantation and later coordinated
pattern of uterine stromal decidualization, are still mainly understudied (Wang and Dey 2006,

Cha, Sun et al. 2012, Chen, Zhang et al. 2013).

Before embryo attachment to the luminal epithelium, the endometrium experiences extensive
changes under the effect of ovarian progesterone and estrogen resulting in regulated stromal
edema (Tranguch, Smith et al. 2006, Zhang, Lin et al. 2013) (Figure 1.4). The general irregular
shape of the uterine lumen alters from having many randomly oriented epithelial folds, to a
very regulated slit-like structure, where its long axis is oriented in a M-AM direction. This
transformation in the shape of uterine lumen is called “luminal closure” (Tranguch, Cheung-
Flynn et al. 2005, Wang and Dey 2006, Zhang, Lin et al. 2013) (Figure 1.4). Luminal closure
provides an initial directional guide which directs the appropriate embryo alighment at the time

of implantation, and therefore, sets the base for the later uterus-embryo orientation as well.
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Pre-implantation luminal closure in mice is seen on day 4 of pregnancy (day 1 is observation of
vaginal plug) and is achieved by a progesterone dominated uterine environment accompanied
with a small surge of pre-implantation estrogen secretion (Dey, Lim et al. 2004). The failure of
normal luminal closure results in the loss of orientational clues for the embryo within the
uterine lumen, potentially leading to the formation of random and incorrect embryo

orientation at implantation (Figure 1.4).

After implantation, the closely regulated pattern of stromal decidual remodeling and
vasculature development within the implantation site (both described later) may also play a
dynamic role in the ultimate establishment of uterine boundary and embryo-uterine alignment
optimization which are necessary for embryo survival (Paria, Ma et al. 2001, Daikoku, Song et

al. 2004).

As mentioned before, the molecular mechanisms controlling embryo orientation are not well
understood. Notch-pathway dependent mechanisms have been shown to be involved in proper
luminal closure before embryo-uterine attachment and orientation of uterine-embryonic axis at
post-implantation stages (Zhang, Kong et al. 2014). Also at post-implantation stages, regulation
of uterine Mmp2 (matrix metalloproteinase 2) expression by Notch signaling pathway ensures
the normal decidual remodeling (Zhang, Kong et al. 2014). Uterine Msx1 has also been reported
to be important in proper luminal closure and its deletion from the uterus results in the
presence of extra uterine crypts for blastocyst attachment and increased pregnancy loss during

mid-gestation (Daikoku, Cha et al. 2011).
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Figure 1.4. Diagram illustrating the process of luminal closure and embryo orientation with
respect to uterine Mesometrial-Antimesometrial (M-AM) axis. On day 3 uterine lumen has an
irregular shape but on day 4, the process of luminal closure results in the formation of a single
slit-like luminal crypt which is oriented in M-AM direction and directs the position of embryo
implantation. If luminal closure is defective, there will be multiple branches of luminal crypts
and embryo may randomly implant in one of these extra luminal crypts, resulting in abnormal
embryo orientation within the uterus (adapted and modified from (Zhang, Kong et al. 2014)).

8) Uterine Decidualization

In human and mouse pregnancy, implantation starts with the attachment of the embryos to the
uterine luminal epithelium following by blastocyst trophoblast invasion into the uterine
endometrial stroma. Under the control of the ovarian steroid hormones, estrogen and
progesterone, the stromal cells adjacent to the implanting embryo experience a major
transformation known as decidualization. Uterine stromal decidualization is highly essential for

successful implantation and progress of pregnancy. This process includes morphologic,
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biochemical and functional changes in endometrial stromal cells driven mainly by the estrogen

and progesterone receptors (Ramathal, Bagchi et al. 2010).

In the mouse, blastocysts travel through the oviduct and enter the uterus on day 4 of
pregnancy (Paria, Huethudson et al. 1993). As mentioned previously, the blastocyst attachment
to the luminal epithelium at the anti-mesometrial pole of the uterus and then penetration into
the uterine wall triggers the process of decidualization (Wang and Dey 2006). In mouse,
between days 5 and 6 of pregnancy, stromal cells immediately surrounding the implanting
blastocyst stop proliferating and go through terminal differentiation into decidual cells. This
specific area at every implantation site is called the primary decidual zone (PDZ) which is
nonvascular and epithelioid in nature. Stromal cells adjacent to the PDZ keep proliferating and
then differentiate into decidual cells making the secondary decidual zone (SDZ). The SDZ is
completely developed by day 7 of pregnancy and is defined with terminally differentiated
decidual cells which are polyploid and have one or two large nuclei (mono- or bi-nucleated
decidual cells) (Tan, Raja et al. 2002). Cellular polyploidy is a unique process in which cells
undergo several rounds of DNA replication without cell division (Edgar and Orr-Weaver 2001). It
is suggested that decidual cell polyploidy restricts their life span to tolerate the trophoblast
invasion/expansion necessary for the support of the growing embryo (Sachs and Shelesnyak
1955, Ansell, Barlow et al. 1974). Terminal differentiation of the decidual cells starts at anti-
mesometrial pole in decidual cells surrounding the implanted embryo, while the mesometrial
stromal cells are still proliferating to later differentiate and give rise to decidual cells.
Mesometial pole decidual cells, which are smaller and less differentiated in general, are critical

for proper placentation later in the course of pregnancy (described later) (Dey, Lim et al. 2004).
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In pseudo-pregnant mice (i.e. mice mated with vasectomized males), corpora lutea form
normally and therefore the effect of ovarian steroid hormones on the uterine environment is
maintained, similar to normal pregnancy. During the receptive phase (day 1-4), the receptivity
of the pseudo-pregnant uterus to implantation is very similar to normal pregnancy, and
blastocyst transfer into the uterine lumen results in normal implantation reactions and
consequent decidualization. While blastocysts are the normal triggers of decidualization in
mice, several nonspecific stimuli can also initiate the decidual cell reaction in pseudo-pregnant
or hormonally prepared uteri. These nonspecific triggers can be infusion of oil or air into uterine
lumen, or a mechanical stimuli such as the trauma caused by inserting a needle into uterine

lumen (Dey, Lim et al. 2004).

Several roles have been defined for decidual cells including production and secretion of growth
factors and cytokines which are involved in support of growing embryo, modulation of
immunological state of implantation site and regulation of trophoblast invasion (Ramathal,
Bagchi et al. 2010). Another role for decidual cells is believed to be the support of maternal
blood vessel formation (described later) at the implantation site to facilitate blood perfusion

and nourishment of the developing embryo during early pregnancy (Ni and Li 2017).

In humans, preparation of uterine endometrium for potential pregnancy takes place in every
menstrual cycle after ovulation during the late secretory phase. This preparation includes the
decidualization of endometrial stroma which first starts in stromal cells surrounding the
endometrial spiral arteries (Maruyama and Yoshimura 2008). These differentiated decidual

cells, which are larger and rounder than the stromal cells, have unique biochemical and cellular
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characteristics and are critical for the support of embryo implantation. Therefore, endometrial
decidualization in humans is a prerequisite for successful implantation and pregnancy. If
embryo implantation takes place, stromal decidualization expands beyond the spiral arteries
surroundings and continues until the maternal decidual compartment is completely formed

(Ramathal, Bagchi et al. 2010).

Although the morphologic and developmental transformations that define different stages of
embryo implantation and decidualization have been described in both humans and mice, the
precise molecular pathways that control the process of decidualization are not well known.
Different research groups through their studies have identified several growth factors,
cytokines, cytokine receptors, morphogens and transcription factors which are thought to be
implicated in establishment of early pregnancy by regulation of uterine receptivity,
implantation and decidualization under the control of ovarian steroid hormones (Paria, Reese
et al. 2002, Dey, Lim et al. 2004, Lim and Wang 2010, Cha and Dey 2014). Some of these factors
are summarized in Figure 1.5 explaining when and in which compartment of the uterus these
factors are expressed (Adapted from (Cha and Dey 2014)). For instance, in mouse, Cox2 is
expressed by uterine luminal epithelium (LE) early post-mating (day 1), then by LE and uterine
stromal at the time of implantation and post-implantation period (day 4-8). Loss of Cox2 in the
mouse uterus results in failures in ovulation, fertilization, implantation and decidualization (Lim,
Paria et al. 1997, Lim, Gupta et al. 1999). Bmp2 is expressed by uterine stroma and decidual
cells starting from early post-implantation period and targeted deletion of Bmp2 from the
mouse uterus leads to infertility due to decidualization failure (Lee, Jeong et al. 2007). Another

example is Wnt4, expressed by uterine stroma and decidual cells starting from early post-
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implantation period. Targeted deletion of Wnt4 from the mouse uterus leads to subfertility due

to impaired implantation and decidualization (Franco, Dai et al. 2011).

Figure 1.5. A schematic diagram showing the distinctive and overlapping expression of several
transcription factors, morphogens, cytokines and signaling molecules in the mouse uterus
during pre-implantation period (day 1, 2 and 3), around the time of implantation (day 4) and
decidualization period (day 5, 6, 7 and 8). Key signaling pathways for uterine receptivity,
implantation, and decidualization in the context of cell types and temporal expression are
illustrated. LE, luminal epithelium (blue); GE, glandular epithelium (yellow); LE + GE (green); S,
stroma (pink); LE + stroma (purple). Adapted from (Cha and Dey 2014).
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9) Angiogenesis at the implantation sites

Angiogenesis is the process of new vascular structure formation from existing vasculature.
Proper angiogenesis within the uterine endometrium is a critical event required for successful
embryo implantation, maintenance of early pregnancy and later placental development. Within
the pregnant uterus, angiogenesis happens simultaneously with embryo implantation and

stromal cell decidualization (Wang and Dey 2006, Plaisier 2011, Cha, Sun et al. 2012).

As mentioned previously, in both mice and humans, the uterine decidua is responsible for the
support of the growing embryo during early pregnancy before development of placenta. The
decidua provides a scaffold for the developing decidual vascular plexus after implantation. This
decidual vascular plexus acts as the first exchange system between the embryo and the
maternal blood circulation and is vital for pregnancy maintenance prior to formation of
placenta (Rockwell, Pillai et al. 2002, Sengupta, Lalitkumar et al. 2007, Douglas, Tang et al.
2009). Insufficient decidual vascular development in mice leads to pregnancy loss by mid-
gestation (Douglas, Tang et al. 2009, Kim, Park et al. 2013). Similarly, inadequate decidual
vascularization in humans is associated with infertility as the result of implantation failure and
first trimester miscarriages (Torry, Leavenworth et al. 2007, Chen, Man et al. 2017). Insufficient
decidual vascular development in humans can also lead to pregnancy complications such as
preeclampsia and intrauterine growth restriction because of abnormal placenta formation and

function (Maynard, Epstein et al. 2008, Plaisier 2011).

Estrogen and progesterone from the ovaries regulate endometrial stromal decidualization and

decidua formation; however, molecular signaling pathways responsible for regulation of
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decidual angiogenesis are not yet completely defined. It is believed that implantation site
angiogenesis is greatly influenced by vascular endothelial growth factor (VEGF) and
angiopoietins (Wang and Dey 2006). It has been shown in mice and non-human primates, that
activation of VEGF receptors (VEGFR) by VEGF results in increased uterine vascular permeability
and decidual angiogenesis which are essential for embryo implantation (Rabbani and Rogers
2001, Rockwell, Pillai et al. 2002, Sengupta, Lalitkumar et al. 2007). As Prostaglandins (PGs) are
known to be involved in angiogenesis in other systems, they are also believed to contribute to
angiogenesis in the uterus during pregnancy. In fact, in a study by Matsumoto and colleagues, it
was shown that COX2-derived PGs noticeably affect uterine angiogenesis during decidualization

through regulation of VEGF and angiopoietin signaling pathways (Matsumoto, Ma et al. 2002).

Besides VEGF signaling, the other well-known regulator of angiogenesis during development
and adult life is the Notch signaling pathway. Interaction between VEGF and Notch signaling
pathways is known to coordinate angiogenesis both during embryo/fetus development and in
the postnatal period (Hellstrom, Phng et al. 2007, Lobov, Renard et al. 2007, Shawber,
Funahashi et al. 2007, Harrington, Sainson et al. 2008). Recent studies have also suggested the
involvement of Notch1, Notch4, DIl4, and Jagged-1 during decidual angiogenesis and early
placentation. It has been shown that DIl4/Notch1 pathway plays a key role in regulating the
VEGF/VEGF receptor 2 (VEGFR2) driven decidual angiogenesis (Garcia-Pascual, Ferrero et al.

2014, Shawber, Lin et al. 2015).

The close association between the decidual cells and the developing vascular network in the

implantation site suggests that critical regulatory factors originated from stromal/decidual cells
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are involved in uterine angiogenesis. Connexins are proteins that form transmembrane
channels for direct intercellular communication (Kumar and Gilula 1996). It has been shown
that Connexin 43 (Cx43), which is a gap junction element and its expression is regulated by
estrogen in the stromal cells of pregnant mouse uterus, greatly influences communication
between decidual cells and developing blood vessels during decidualization (Laws, Taylor et al.
2008). A conditional Cx43 knockout mouse was generated by Law and Colleagues to study the
role of Cx43 in decidualization (Laws, Taylor et al. 2008). These conditional knockout mice
showed impaired stromal differentiation in response to an artificial trigger of decidualization.
Furthermore, the absence of the Cx43 gap junctions in these mice caused them to fail to
adequately develop the decidual vascular network needed to maintain pregnancy which was
accompanied by lack of endothelial cell proliferation and dysregulation of key angiogenic
factors, such as VEGF and angiopoietins 2 and 4. In vitro, siRNA-mediated knockdown of Cx43 in
human endometrial stromal cells (hESC), also resulted in impaired decidualization and gap
junction communication. These findings support the idea that gap junctions between
decidualizing stromal cells (such as Cx43) most likely control the paracrine secretions of these
cells. Among these paracrine factors, some might influence the endothelial cells proliferation
and migration, therefore regulating the formation of new blood vessel in the uterus during

early pregnancy (Laws, Taylor et al. 2008, Ramathal, Bagchi et al. 2010).
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10) Placentation

Mammalian fetal growth and survival is dependent on the placenta which acts as the interface
between the maternal and fetal blood circulation for the exchange of nutrients, gas and fetal
wastes (Watson and Cross 2005). The placenta forms a barrier that protects the fetus against
the maternal immune system. Furthermore, the placenta is the source of hormones that

change maternal physiology required for adaptation to pregnancy (Cross, Simmons et al. 2003).

10-1) Development and structure of placenta in mouse and human

Although there are some differences in the details of the human and mouse placental
structures, the overall architecture of placenta and the molecular mechanisms controlling
placental development are very similar (Rossant and Cross 2001). This similarity has led to the
increasing use of mouse models for studying the essential elements of placental development.
It can be said that placental development in mice begins as early as the blastocyst stage at
embryonic day (E) 3.5 when the embryonic cells are allocated either to the trophectoderm layer
or to the inner cell mass (Figure 6) (Watson and Cross 2005). On E4.5, the trophectoderm cells
which are not in contact with the inner cell mass (called the mural trophectoderm),
differentiate into trophoblast giant cells (analogous to human extravillous cytotrophoblast cells)
(Rossant and Cross 2001). In these giant cells, DNA replication continues without cell division
(endoreduplication) resulting in polyploidy. The extraembryonic ectoderm and the
ectoplacental cone which are diploid cell types, arise from the polar trophectoderm (those cells
of the trophectoderm layer which are immediately adjacent to the inner cell mass) (Rossant

and Cross 2001) (Figure 1.6). Later, the extraembryonic ectoderm will give rise to the
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trophoblast cells of the chorion layer and eventually, the labyrinth. The ectoplacental cone
develops into a layer called the spongiotrophoblast which structurally supports the developing
labyrinth. The spongiotrophoblast is a compact layer of cells located between the labyrinth and
the outer giant cell layer and is equivalent to the column cytotrophoblast of the human
placenta (Rossant and Cross 2001). later during the pregnancy, a group of trophoblast cells,
called glycogen trophoblast cells, start to differentiate within the spongiotrophoblast layer and

invade the maternal decidua (Adamson, Lu et al. 2002).

At E8.0, extraembryonic mesoderm (allantois) extends from the posterior end of the embryo
and later at E8.5, in a process called chorioallantoic attachment (or fusion), merges with the
chorion (Cross, Simmons et al. 2003) (Figure 1.6). Shortly after, the chorion starts to fold toward
mesometrial pole, eventually forming the chorionic villi which creates spaces for the allantois-
derived fetal blood vessels to grow into (Cross, Simmons et al. 2003). Concomitantly, the
differentiation of chorionic villi trophoblast cells into labyrinth cell types, begins.
Syncytiotrophoblasts are multinucleated cells that surround the endothelium of the fetal
capillaries within the labyrinth and are formed by the fusion of trophoblast cells (see Figure 7).
The maternal blood sinuses within the labyrinth are lined by a mononuclear trophoblast cell
type. The labyrinth trophoblast cells, and fetal vasculature together form the structure of the
highly branched mouse placental labyrinth villi (comparable with human chorionic villi). The
Labyrinth grows and becomes more extensively branched with the progression of pregnancy
until birth which in mice is between E18.5 to 19.5 (Adamson, Lu et al. 2002). Labyrinth of the
placenta is the placental compartment where the maternal and fetal blood are in very close

proximity for the purpose of nutrients, gas and fetal waste transport. The countercurrent
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direction of maternal and fetal blood flow within the labyrinth maximizes the efficiency of this
transport (Adamson, Lu et al. 2002). Any developmental defect such as aberrant or inadequate
vascularization, branching, or dilation of the labyrinth, can result in impaired placental
perfusion and insufficient oxygen and nutrient diffusion which negatively affects the fetal

growth and survival (Pardi, Marconi et al. 2002).
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Figure 1.6. Development of the placenta in the mouse. Trophectoderm of the blastocyst
(embryonic day (E) 3.5) is the origin of the extraembryonic lineages. Chorioallantoic attachment
takes place on E8.0, which is followed by labyrinth branching morphogenesis to form the villi
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(E8.5-10.5). The mature placenta (E14.5) is consisted of three layers: the maternal decidua, the
fetal spongiotrophoblast, and the fetal labyrinth. Adapted from (Watson and Cross 2005).

As mentiond above, Trophoblast giant cells in rodent’s placenta are similar to invasive
extravillous cytotrophoblast cells in humans (Figure 7). The distinctive feature of trophoblast
giant cells is polyploidy (Zybina and Zybina 1996), as a result of DNA endoreduplication
(MacAuley, Cross et al. 1998). Polyploidy is also observed in human extravillous
cytotrophoblasts (Berezowsky, Zbieranowski et al. 1995); however, this polyploidy tends to be
limited to 4-8 N in contrast to rodents which can be up to 1024 N (Zybina and Zybina 1996).
Although the exact role of polyploidy is not known, it has been proposed that it can be involved
in the high level of protein production/secretion in TGCs, or contribute to very fast tissue
growth with less amount of energy as TGCs have a short life span (Hu and Cross 2010, Fox and
Duronio 2013). Polyploidy in TGCs is different from what is seen in syncytiotrophoblast cells, as
the latter is the result of trophoblast cell fusion and the formation of a multi-nucleated

syncytium where each nucleus remains diploid (2N) (Figure 1.7).

The extent of uterine invasion and the factors secreted by the invasive and endocrine
trophoblast cells is different between species. Trophoblast giant cells and glycogen trophoblast
cells of rodents invade several hundred microns into the uterus (Adamson, Lu et al. 2002),
which compared to the extravillous cytotrophoblast cells of human is rather a short distance.

On the other hand, similar cell adhesion molecules and extra cellular matrix degrading
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proteinases, which are involved in trophoblast invasion in humans, are also expressed by

mouse trophoblast giant cells (Cross, Werb et al. 1994).

The role of the spongiotrophoblast layer of the rodent placenta (also called junctional zone), is
not well established. However, some cells in the spongiotrophoblast layer (and also in their
precursor, the ectoplacental cone) are able to give rise to giant cells. Considering this
characteristic, the spongiotrophoblasts are analogous to column cytotrophoblast cell (Figure 1.
7) of the human placenta which give rise to invasive trophoblasts (i.e. extravillous

cytotrophoblasts).

The function of labyrinth layer of the mouse placenta is totally analogous to the chorionic villi of
the human placenta (Rossant and Cross 2001). The uterine endometrial epithelium is
eliminated at maternal-fetal interface in both rodents and primates. This phenomenon results
in direct contact of trophoblast cells with maternal blood (hemochorial placenta). Fetal
endothelial cells, a layer of mononuclear trophoblasts and one (in primates) or two (in rodents)
layer(s) of syncytial trophoblasts lie between maternal and fetal blood cells within the placental

villi (Figure 1.7) (Cross, Baczyk et al. 2003).
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Figure 1.7. Comparative anatomy of the mouse and human placenta. Schematic structure of
the mouse placenta (a) and human placenta (b). Trophoblast-originated structures are depicted
in blue and mesoderm-derived tissues are shown in orange. The insets in each section details
the number and type of cell layers separating maternal and fetal blood. Adapted from (Rossant
and Cross 2001)

10-2) Remodeling of maternal vasculature

Uterine blood supply is provided by uterine arteries that enter the uterus from uterine
mesometrium. After crossing the myometrium, every uterine artery branches into several spiral
arteries in the maternal decidua. These spiral arteries are the source of maternal blood
delivered to the placenta (Adamson, Lu et al. 2002). The characteristic feature of the
hemochorial type placenta is the elimination of maternal endothelial cells and their

replacement by fetal trophoblast cells. This means that the maternal vasculature in the
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placenta are lined by fetal trophoblast cells and not the endothelial cells. This replacement is
observed starting from the level of spiral arteries, then in all the subsequent maternal
vasculature network, up to the last level of trophoblast lined vessels which are those veins that
carry nutrient- and oxygen-depleted blood out of the placenta joining the uterine veins (Rai and
Cross 2014). Trophoblast invasion into maternal vasculature begins around E8.5 in mice where
spiral artery trophoblast giant cells (SpA-TGC) invade into the lumen of the arteries and replace
the endothelial lining. In humans, within first 12 weeks of pregnancy, extravillous
cytotrophoblast cells start to invade the spiral arteries (Rossant and Cross 2001, Cross,

Hemberger et al. 2002, Harris 2010).

Besides endothelial cell replacement by trophoblast cells, another feature of spiral arteries in
normal pregnancies is the lack of vascular wall smooth muscles which makes these vessels very
dilated. This phenomenon is referred to as “arterial remodeling” of pregnancy. Spiral artery
remodeling is thought to occur due to trophoblast cell invasion. In normal pregnancies in
humans, extravillous cytotrophoblast cells are observed within and around the remodeled
spiral arteries (Ashton, Whitley et al. 2005, Whitley and Cartwright 2009). Interestingly, ablation
of SpA-TGCs in mice results in failure of the spiral arteries dilation which shows that SpA-TGCs

are in fact required for the process of spiral artery remodeling (Hu and Cross 2011).

Uterine natural killer cells (uNK cells, described later) are also believed to play a part in spiral
artery remodeling as they are observed around the spiral arteries in human placenta (Hazan,
Smith et al. 2010, Robson, Harris et al. 2012) and also uNK cell deficient mice have shown

vascular remodeling defects (Croy, Ashkar et al. 2000, Greenwood, Minhas et al. 2000). More
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recent studies suggest that both SpA-TGCs and uNK cells are involved and their interaction is

essential in the regulation of spiral artery remodeling (Chakraborty, Rumi et al. 2011).

Loss and replacement of endothelial and smooth muscle cells of the spiral artery wall which
results in the dilation of the artery, is suggested to be based on degradation of the extracellular
matrix that supports these cells. Loss of supporting extracellular matrix can eventually lead to
endothelial and smooth muscle cells aberrant function or apoptosis. Studies have shown the
up-regulation of some matrix metalloproteinase in the mouse trophoblast cells that are
differentiating into TGCs (Armant and Kameda 1994, Whiteside, Jackson et al. 2001, Lei, Hohn
et al. 2007). Similarly, it has been shown that in human pregnancy, along with the invasion of
extravillous trophoblast cells into the uterine decidua, signs of extracellular matrix loss appears
(Rai and Cross 2014). Uterine NK cells may also be involved in extracellular matrix degradation
because they have been shown to produce several proteases (Harris 2010). The trophoblast
cells might also be able to induce vascular endothelial and smooth muscle cell apoptosis either
by secretion of apoptosis associated cytokines and growth factors or by direct cell—cell contact

signal (Whitley and Cartwright 2009).

Different subtypes of TGCs line the maternal blood space in the mouse placenta. These
subtypes are classified based on their location, developmental origin, function, and their
differential expression of Prolactin related hormones (Simmons, Fortier et al. 2007,
Gasperowicz, Surmann-Schmitt et al. 2013). Despite their different gene expression patterns, all

various TGC subtypes look similar in morphology where they have a large polyploid nucleus,
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large cytoplasm and extensive golgi and endoplasmic reticulum (Bevilacqua and Abrahamsohn

1988, Zybina and Zybina 1996).

In the human placenta, the characteristics of extravillous cytotrophoblast cells which invade the
arteries, are well studied (Zhou, Genbacev et al. 2003). However, there is little known about the
features of extravillous cytotrophoblast cells that line the intervillous space and venous outflow

of human placenta (Rai and Cross 2014).

10-3) Immune cells at the maternal-fetal interface during placentation

Maternal immune cells residing within the uterine decidua are important players in regulating
the interactions of maternal and fetal originated cells within placenta. The balanced
composition of these immune cells and their specific functions are essential not only for proper
development and function of placenta, but also in preventing the maternal immune system
from attacking the placenta as a foreign organ. In addition, these immune cells within the

maternal decidua are important in defeating placental infections (Erlebacher 2013).

In humans, immune cells infiltrate the endometrium after ovulation. With no implantation, the
number of endometrial immune cells decline during menstruation. In case of fertilization and
implantation, the number of immune cells increases within decidua until up to the 20th week of
pregnancy (van den Heuvel, Chantakru et al. 2005). In the first trimester, 30% of stromal cells in
the human uterus are leukocytes (Bulmer, Morrison et al. 1991). The decidual immune cell
composition during this period is: uNK cells (~70%), macrophages (~20%) (Trundley and

Moffett 2004, Bulmer, Williams et al. 2010) and T cells (~10—-20%). Dendritic cells (DCs), B cells,
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and NKT cells are rare (Bulmer, Williams et al. 2010). Recruitment and initiation of human uNK
cell differentiation, which happens in every menstrual cycle, is regulated by uterine stromal
cells in response to ovarian hormones and does not need exposure to semen components or
trophoblast-derived factors (Henderson, Saunders et al. 2003). After fertilization and
implantation, in addition to ovarian hormones, trophoblasts-derived cytokines and chemokines
are thought to also play a role in the recruitment of uNK cells and macrophages to implantation

sites (Hanna, Wald et al. 2003, Wu, Jin et al. 2005, Fest, Aldo et al. 2007).

It is believed that uterine decidual cells and uNK cells have extensive interactions that are highly
critical for proper regulation of developing implantation site. An example of these interactions
is the production of interleukin 15 (IL-15) by decidual cells which is an essential growth factor
for uNK cells. The expression of IL-15 in decidual cells is controlled by leukemia inhibitory factor
(LIF) from uterine stromal cells and luminal epithelium and also by ovarian progesterone

(Shuya, Menkhorst et al. 2011, Vacca, Mingari et al. 2013).

Uterine NK cells are the source of different growth factors, angiogenic factors, chemokines,
cytokines and proteases, including VEGF, Ang-1, Ang-2, TIE-2, PIGF, uPA, uPAR and MT1-MMP
(see Abbreviations section) (Albertsson, Kim et al. 2000, Lash, Schiessl et al. 2006, Naruse, Lash
et al. 2009). In addition to modulation of maternal immune system, uNK cells are proposed to
be involved in uterine stromal decidualization, regulation of trophoblast invasion, maternal
vascular remodeling and induction of apoptosis in endovascular cytotrophoblasts (EVT) (Plaisier

2011).
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Uterine NK cells are also the main leukocytes of the mouse decidua, for example they make up
75% of all uterine immune cells on day 8.5 of pregnancy. With embryo implantation and start of
uterine stromal decidualization in mice, the number of immune cells within the implantation
site starts to increase noticeably from gestational (pregnancy) day 5.5 (gd5.5), peaking around
gd12.5. This increase is specially the result of a drastic rise in the number of uNK cells (Croy,
Zhang et al. 2010). In mice, the initial localization of uNK cells is to the decidua basalis (uterine
decidua on the mesometrial pole of the implantation site that is the site for later placental
development) (Croy, Zhang et al. 2010). Around gd6.5 (beginning of mid-gestation) a pregnancy
specific structure develops between the two layers of myometrium on the mesometrial side of
each implantation site and lasts until around gd15. This structure which is called the
mesometrial lymphoid aggregate of pregnancy (MLAp) and surrounds the major vessels
entering and leaving each implantation site, is also mostly composed of uNK cells (Zhang, Chen
et al. 2012). uNK cells are highly proliferative in the early decidua which at least partly
contributes to their drastic increase in number. By mid-pregnancy (dg8.5-dg9.5), uNK cells in
the decidua basalis stop proliferation but the MLAp uNK cells still continue to divide (Paffaro,
Bizinotto et al. 2003, Croy, Chen et al. 2012). After mid-pregnancy, the number of uNK cells
starts to drop such that at the time of parturition, 90% of the peak numbers of uNK cells are
already lost and the rest will be shed at birth with the placenta (Peel 1989, Delgado, McBey et
al. 1996). By flow cytometry (Yadi, Burke et al. 2008), periodic acid—Schiff (PAS) staining and
reactivity with Dolichos biflorus agglutinin (DBA) lectin (Paffaro, Bizinotto et al. 2003, Zhang,
Yamada et al. 2009), different subsets have been defined for mouse uNK cells. PAS-positive,

DBA-negative uNK cells are the main type during early pregnancy. However, PAS-positive, DBA-
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positive cells, which have distinct appearance and functions compared to blood and splenic NK
cells, become more abundant with the advancement of the pregnancy and by mid-gestation
comprise around 90% of the total uNK cell population. These cells have high angiogenic
activities within the maternal-fetal interface (Chen, Zhang et al. 2012, Degaki, Chen et al. 2012,
Lima, Croy et al. 2012). The PAS-positive, DBA-negative uNK cell subset produces interferon-
gamma (IFN-g) which is a critical cytokine required for spiral artery remodeling (discussed
earlier) (Chen, Zhang et al. 2012). Despite their name, neither mouse nor human uNK cells
display any cytotoxic activities (Lima, Croy et al. 2012, Felker, Chen et al. 2013) (Kopcow, Allan

et al. 2005).

The other important immune cells at maternal-fetal interface during mouse and human
pregnancy are Macrophages. During the first trimester of human pregnancy, 10% of the
immune cells within uterine decidua are macrophages. They act as immunosuppressive
modulators, have phagocytic functions and also are implicated in control of placental growth
(Bulmer, Pace et al. 1988). IL-10 produced by uNK cells and decidual cells along with decidual
cell-originated CSF1 (a specific growth factor for macrophages) are thought to be involved in
regulating decidual macrophage differentiation and anti-inflammatory function (Lin, Mosmann
et al. 1993, Qiu, Zhu et al. 2009, Thaxton and Sharma 2010, Svensson, Jenmalm et al. 2011).
Although it is not known whether decidual macrophages can in turn modulate functions of uNK
cells, the close physical proximity of both these immune cell types to the remodeling spiral
arterioles in humans, is suggestive of the reciprocal interaction between them at least in the

context of placental vascular remodeling (Erlebacher 2013)(Figure 1.8).
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Uterine dendritic cells (uDCs) are also present at the implantation site with low frequency.
These antigen-presenting cells are capable of modulating implantation site angiogenesis by
producing angiogenic growth factors and chemokines. Uterine NK cell-derived signals are
important for maturation of uDCs and consequently their proangiogenic and antiangiogenic

actions (Barrientos, Tirado-Gonzalez et al. 2009).
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Figure 1.8. Schematic illustration of the main cell components of human decidua during first
trimester of pregnancy. In the first phase of remodeling of spiral arteriols while the vascular
smooth muscle cells and endothelial cells separate and degenerate, decidual natural killer
(dNK) cells and macrophages are gathered around the vessel wall. Then the vessel is invaded by
a subset of extravillous trophoblasts termed endovascular trophoblasts. Those extravillous
trophoblasts that remain within the decidual stroma are called interstitial trophoblasts. Some
cytokines and their potential cellular sources and target cell types are also shown here.
Adapted from (Erlebacher 2013)
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10-5) placental defects and pregnancy complications

Defects in placental development, such as abnormalities in villi/labyrinth morphogenesis,
compromised trophoblast differentiation or invasion and impaired remodeling of maternal
vasculature, can result in pregnancy loss or serious pregnancy complications including intra-

uterine growth restriction (IUGR) and pre-eclampsia (Rossant and Cross 2001).

Pre-eclampsia, a pregnancy related disease that affects 3-5% of pregnant women, is a leading
cause of maternal and neonatal mortality and morbidity. Pre-eclampsia is associated with
compromised differentiation and invasion of extravillous cytotrophoblast cells and impaired
vascular remodeling of maternal spiral arteries which results in placental insufficiency because
of reduced placental blood flow (Fisher 2004). However, because of the very complex nature of
this disease, it is often difficult to the determine the primary underlying defect with high

certainty (Cross 2010).

When defective placentation is the underlying cause of the first trimester miscarriages or
severe IUGR cases, the placental defect is usually related to reduced branching of the chorionic
villi and its vasculature (Rossant and Cross 2001). IUGR affects 4—-7% of births and is associated
with increased neonatal morbidity and mortality. Maternal smoking, fetal chromosomal
abnormalities, infectious diseases as well as defective placental development can lead to fetal
IUGR. Assessment of placentas from human IUGR fetuses revealed considerably lower number
of capillaries within the placental villi compared to normal pregnancy. The area of capillaries
was also significantly decreased in these IUGR placentas (Krebs, Macara et al. 1996). These

vascular deficiencies are suggested to be the result of decreased expression of angiogenic
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factors leading to decreased vascular branching and angiogenesis within the placental villi

(Kingdom and Kaufmann 1997, Plaisier 2011).

12) Cripto: Introduction

Human Cripto-1 (CR-1), which is also named teratocarcinoma-derived growth factor-1 (TDGF-1),
is a member of the Epidermal Growth Factor-CRIPTO/FRL1/CRYPTIC protein family (EGF-CFC
protein family)(Saloman, Bianco et al. 2000). Orthologous genes have been identified in chicken
(Colas and Schoenwolf 2000), zebrafish (Zhang, Talbot et al. 1998), mouse (Cr-1) (Dono, Scalera
et al. 1993) and Xenopus (FRL1)(Kinoshita, Minshull et al. 1995). Mouse Cryptic (Cfc1) and
human Cryptic (CFC1) are genes related to Cripto-1 (Shen, Wang et al. 1997, Bamford, Roessler
et al. 2000, Shen and Schier 2000, de la Cruz, Bamford et al. 2002). Cripto-1 was initially isolated
from human NTERA-2 and mouse F9 undifferentiated teratocarcinoma cells (Ciccodicola, Dono
et al. 1989). EGF-CFC protein family members are composed of an NH2-terminal signal peptide,
a modified EGF-like domain, a conserved cysteine-rich region (CFC motif) and a short
hydrophobic COOH-terminus that has sequences for glycosylphosphatidylinositol (GPI)
attachment and cleavage (Minchiotti, Parisi et al. 2000) (Figure 1.9). All EGF-CFC proteins have a
site for O-linked fucosylation within the EGF-like domain. This fucosylation site is required for
the EGF-CFC protein to function as the co-receptors of the TGF-I§ protein family members, i.e.
Nodal, growth and differentiation factors 1 and 3 (GDF1/3) (Schiffer, Foley et al. 2001, Yan, Liu
et al. 2002). EGF-CFC proteins are mostly cell membrane-associated glycoproteins that are

composed of 171 to 202 amino acids with molecular weights between18 to 21 kDa. However,
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the molecular weight can vary greatly because of the presence of multiple glycosylation sites.
Mouse and human Cripto-1 proteins are mostly reported to be 24, 28 and 36 kDa in size but the
range is from 14 to 60 kDa with differential glycosylation at N- and O-linked asparagine and
serine residues (Strizzi, Bianco et al. 2005). The mouse and human Cripto-1 protein can be
released from cell membrane attachment as a soluble form by treatment of cells with
phosphatidylinositol-specific phospholipase C (PI-PLC) (Minchiotti, Parisi et al. 2000) or GPI-
phospholipase D which remove the GPI anchor (Watanabe, Hamada et al. 2007). These soluble
forms are reported to have biological activities (Strizzi, Bianco et al. 2005). All known biological
activities of Cripto-1 protein is conserved as long as the peptide still has its intact EGF domain
and CFC domain (Minchiotti, Manco et al. 2001, Yan, Liu et al. 2002). Several studies have
shown the presence of both Cripto-1 forms (cell membrane-associated and soluble) in vivo and
also in multiple cell lines, suggesting that Cripto-1 can function both as a coreceptor in cis and
as ligand in trans mechanisms (Yan, Liu et al. 2002). However, the biological functions which are
possibly activated differentially by the soluble Cripto-1 versus cell-associated form, are not yet

defined (Minchiotti, Manco et al. 2001, Yan, Liu et al. 2002).
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Cell membrane anchored Cripto-1

Figure 1.9. Schematic diagram of human Cripto-1 protein (amino acids 1-188). Cripto-1is a
GPl-anchored membrane protein that can be cleaved by glycosylphosphatidylinositol
phospholipase (GPI-PLD) and released into the supernatant of the cells as a soluble protein.
Adapted from (Bianco, Rangel et al. 2010).

During mouse embryonic development, Cripto-1 is first detected in the inner cell mass and
extraembryonic trophoblast cells of the day 4 blastocyst. The highest Cripto-1 expression is
observed during gastrulation in the epiblast cells which are going through epithelial to
mesenchymal transition (EMT) to migrate and give rise to the mesoderm and endoderm layers
of the gastrula. It has been shown that during embryogenesis, Cripto-1 is involved in the
formation of the primitive streak, anterior/posterior axis patterning, mesoderm and endoderm
cell allocation during gastrulation, and establishment of left/right asymmetry of developing
organs (Meno, Ito et al. 1997, Ding, Yang et al. 1998). Cripto-1 null knockout mouse embryos

die between day 7.5 to 10.5 of embryogenesis because of defective gastrulation and axis
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patterning (Ding, Yang et al. 1998, Xu, Liguori et al. 1999). Expression of Cripto-1 is limited to
the developing heart after day 8 of embryogenesis. Interestingly, genetic studies in humans
with ventricular septal defects (one of the most common congenital heart defects), are

indicative of Cripro-1 involvement in the pathogenesis of this disease (Wang, Yan et al. 2011).

In adults, Cripto-1 expression is very minimal and is probably limited only to the stem cell
population of adult tissues (Bianco, Rangel et al. 2010). Studies have defined Cripto-1 as an
important factor in dynamics and maintenance of embryonic stem (ES) cells and induced
pluripotent stem cells (iPSCs) and suggested that it can be considered as a potential stem cell

marker (Bianco, Rangel et al. 2010).

Numerous studies have revealed an essential role for Cripto-1 in the etiology and progression
of several types of human tumors. Cripto-1 was found to be expressed in a population of cancer
stem cells (CSCs). It is also involved in epithelial-mesenchymal transition during tumorigenesis
where it helps tumor cell migration, invasion and angiogenesis (Klauzinska, Castro et al. 2014).
High levels of Cripto-1 expression has been detected in several types of human tumors, such as
colon, gastric, pancreatic, breast, cervical, endometrial, ovarian, testis, lung, skin and bladder

carcinomas (Bianco, Strizzi et al. 2005).

13) Regulation of Cripto expression

Studies have defined several regulatory mechanisms for the control of Cripto-1 expression
during embryogenesis and oncogenesis (Figure 10). T-cell factor/lymphoid enhancer factor
(Tcf/Lef)-binding elements and Smad-binding elements are detected in the promoter region of
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the Cripto-1 gene (Hamada, Watanabe et al. 2007, Mancino, Strizzi et al. 2008) which make
Cripto-1 a potential primary target gene of the Wnt/BR-catenin (Morkel, Huelsken et al. 2003)
and TGF-B superfamily signaling pathways, respectively. Hypoxia-responsive elements within
the Cripto-1 promoter are also detected. During embryonic cardiac differentiation, hypoxia can
directly enhance Cripto-1 expression by binding of the transcriptional factor HIF-1a to this
regulatory element (Bianco, Cotten et al. 2009). In addition, Cripto-1 is a direct downstream
target gene of Oct-4 and Nanog. Genome wide chromatin immunoprecipitation analysis has
shown the presence of Oct-4 and Nanog binding sites within the Cripto-1 promoter region (Loh,

Wu et al. 2006, Watanabe, Meyer et al. 2010).

The other factors that are suggested to directly regulate Cripto-1 expression include: Nkx2-5 by
binding to Nkx2-5 binding elements within Cripto-1 promoter (up-regulation) (Behrens, Ren et
al. 2012), orphan nuclear receptor germ cell nuclear factor (GCNF) by binding to a DRO motif in
the human Cripto-1 promoter (down-regulation) (Hentschke, Kurth et al. 2006), LRH-1 orphan
nuclear receptor by binding to the Cripto-1 promoter to change DNA methylation status of the
Cripto-1 gene (up-regulation) (Bianco, Castro et al. 2013) and finally miR-15a/16 cluster by
binding to miR15a/16 binding element in the Cripto-1 mRNA 3’UTR (translational repression)

(Chen, Hou et al. 2014).
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14) Cripto interactions with multiple signaling pathways

Cripto-1 interacts with and/or activates several signaling pathways (Figure 1.10). It is an
obligatory co-receptor for the Smad-dependent signaling of transforming growth factor-8
family members, Nodal, GDF1 and GDF3. Moreover, Cripto-1 can activate Smad-independent
signaling pathways PI3K/Akt and MAPK. Cripto-1 can also enhance canonical Notch and
canonical Wnt/RB-catenin signaling pathways by acting as a chaperone protein (Klauzinska,

Castro et al. 2014).

Figure 1.10. Control of Cripto-1 expression and cross talk of the Cripto-1 with multiple
signaling pathways. Cripto-1 promoter has Tcf/Lef binding elements which make Cripto-1 a
downstream target gene of the Wnt/B-catenin canonical pathway. Hypoxia regulates Cripto-1
expression in ES cells through binding of HIF-1a to specific HREs within the Cripto-1 promoter.
Activated Smad-2/Smad-3/Smad-4 complex can regulate Cripto-1 gene expression by binding to
specific Smad binding elements within the Cripto-1 promoter. Oct-4 and Nanog (ES cells specific
transcription factors) directly regulate Cripto-1 expression by binding to the Cripto-1 promoter.
Cripto along with ALK4/7 and ActRIl makes the required receptor complex for Nodal, GDF1 and
GDF3 Smad-dependent signaling. Cripto-1 binds to Glypican-1 and induces activation of c-
Src/MAPK/AKT pathways, leading to cell motility and EMT. Within ER/Golgi membranes, Cripto-
1 directly interacts with Notch receptors and improves cleavage of the Notch extracellular
domain, leading to increased activity of Notch signaling. Non-canonical Wnt11 binds to Cripto-
1/Frizzled 7 (Fzd7)/Glypican-4 receptor complex and induces B-catenin stabilization. CBP: CREB
binding protein; EMT indicates epithelial to mesenchymal transition; ER, endoplasmic
reticulum; GDF, Growth and Differentiation Factor; HRE: hypoxia regulatory elements; LRP, low-
density lipoprotein receptor-related protein; MAPK, mitogen activated protein kinase; Notch
ICD, Notch intracellular domain; SBE: Smad binding elements; TBE: TCF/LEF binding elements;
TCF/LEF: T-cell factor/lymphoid enhancer factor. Adapted from (Bianco, Rangel et al. 2010)
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14-1) Cripto-1 and TGF-beta signaling pathway

Signaling by TGF-I8 superfamily members is critical during multiple aspects of embryonic
development and organogenesis such as gastrulation, correct positioning of the three main
body axes, generation of organ asymmetries and organ-specific morphogenesis (Wu and Hill
2009). After embryonic life, these factors have been discovered to be involved in formation and
progression of various tumors in several different tissues (Tian and Schiemann 2009, Wu and
Hill 2009). The TGF-B family includes the TGF-Rs, the bone morphogenetic proteins (BMPs),
Activins, GDFs and Nodal (Wu and Hill 2009). As described earlier, by binding to specific TGF-R
binding elements within the Cripto-1 promoter, TGF-R family members can directly regulate
Cripto-1 expression (studied in human embryonal carcinoma cells and in human colon cancer

cells) (Mancino, Strizzi et al. 2008).

14-1-1) Cripto-1 and Nodal

Cripto-1 can directly bind to Nodal and ALK4 and acts as the obligatory co-receptor for Nodal
Smad-dependent signaling (Schier 2009). Binding of ligands (Nodal/GDF-1/GDF-3 homodimers
or heterodimers) to the cell membrane associated receptor complex (composed of Cripro-1,
Activin type | (ALK4 or ALK7) and Activin type Il serine threonine kinase receptors), results in
phosphorylation of Smad-2 and Smad-3. Phosphorylated Smad-2 and Smad-3 bind to Smad-4,
creating a transcriptional complex, and translocate to the nucleus to trigger transcription of
specific target genes (Schier 2009) (Figure 7). During embryogenesis, Nodal/Cripto-1 signaling is
critical in the formation of the primitive streak, anterior/posterior axis specification, mesoderm
and endoderm formation during gastrulation, and establishment of left/right asymmetry of

developing organs (Meno, Ito et al. 1997, Ding, Yang et al. 1998).
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Nodal signaling has been shown to be involved in embryo implantation, uterine decidualization,
placental development and timing of parturition (Papageorgiou, Nicholls et al. 2009, Park and
Dufort 2011, Park, DeMayo et al. 2012, Park and Dufort 2013, Heba, Park et al. 2015).
Therefore, through its interaction with Nodal signaling, Cripto-1 could also be implicated in

these reproductive processes.

14-1-2) Cripto-1 and GDF1/GDF3

Cripto-1 can also bind GDF-1 and GDF-3 and act as their required co-receptor for Smad-
dependent signaling (Figure 10) (Bianco, Strizzi et al. 2005). GDF-1 and GDF-3 are co-expressed
with Nodal during embryogenesis (Andersson, Bertolino et al. 2007). GDF-1 works together
with Nodal during embryogenesis in establishing the Left/Right body asymmetry (Andersson,
Reissmann et al. 2006). GDF-3, besides functioning as a Nodal-like ligand, is a direct BMP
inhibitor in early embryos and pluripotent stem cells (Levine and Brivanlou 2006). Furthermore,
GDF-3 along with Cripto-1, are specific markers for a population of uncommitted ES cells with

high self-renewal capacity (Hough, Laslett et al. 2009).

14-1-3) Cripto-1 and other TGF-B superfamily members

Lefty is a Nodal signaling inhibitor during embryogenesis which is also highly expressed in stem
cells (Tabibzadeh and Hemmati-Brivanlou 2006, Bendall, Hughes et al. 2009). Lefty can bind to
Cripto-1 and prevent its binding to Nodal. Furthermore, Lefty can also directly interact with
Nodal, preventing Nodal binding to Cripto-1 and its receptor complex (Bianco, Strizzi et al.

2005). Cripto-1 can interact with Activin A, Activin B and TGF-B1 and interfere with the binding
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of these ligands to their receptor complexes. This interactions result in decreased TGF-R1,

Activin A and B signaling in multiple cell lines (Klauzinska, Castro et al. 2014).

14-2) Cripto-1 and Notch Signaling pathway

The Notch signaling pathway is critical during different stages of normal embryonic
development and embryonic stem cell fate determination (Wang, Li et al. 2009). Notch
signaling has also been implicated in dynamics of adult stem cells in several tissue types such as
skin, intestines, hematopoietic and central nervous system (Wang, Li et al. 2009). Furthermore,
dysregulation of Notch signaling has been reported in many types of human tumors (Wang, Li

et al. 2009).

Notch genes encode for large transmembrane receptors: Notch1, Notch2, Notch3 and Notch4.
Notch receptors interact with membrane-bound Notch ligands: Delta-likel (DII1), Delta-like3
(Dl3), Delta-like4 (Dll4), Jaggedl, and Jagged2. The interaction of Notch ligands and receptors is
of juxtacrine type meaning the ligand within membrane of one cell, binds to the Notch receptor
on the neighboring cell membrane. The ligand-receptor bound triggers the proteolytic cleavage
of the intracellular domain (ICD) of Notch receptor. This is followed by translocation of the
cleaved ICD into the cell nucleus where together with CLS proteins (called CBF1 or RBPJ-k in
mouse and human), it forms the required DNA binding complex, leading to transcription of
downstream target genes of Notch signaling pathway such as Hes-1, Hey, NF-kB, cyclin D1, and

c-myc (Wang, Li et al. 2009).
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Similar to Nodal/Cripto-1 Smad-dependent signaling, Notch signaling pathway is also involved
in determination of Left/Right asymmetry during embryo development (Wang, Li et al. 2009). In
addition, there is a binding site for CSL proteins (Notch signaling pathway transcriptional
complex) within the Nodal gene promoter. These facts suggest a cross talk of Notch signaling
pathway with the Nodal/Cripto-1 signaling pathway for regulation of Left/Right asymmetry
during embryogenesis (Krebs, lwai et al. 2003, Raya, Kawakami et al. 2003) and also in

development of malignancies (Postovit, Seftor et al. 2007).

In another type of Cripto-1 interaction with Notch signaling, Cripto-1 binds to Notch receptors
and enhances their cleavage by protein convertases (Nagaoka, Karasawa et al. 2012). By
immunoprecipitation assay, it was shown that Cripto-1 directly binds to all four mammalian
Notch receptors mainly in the endoplasmic reticulum/Golgi complex (Figure 10) (Watanabe,
Nagaoka et al. 2009). Cripto-1 binding to Notch1 results in localization of Notch1 in the lipid raft
fraction of the endoplasmic reticulum and improves the cleavage of the Notch1 extracellular
domain by a furin-like convertase. This is similar to what Cripto-1 does in the regulation of
Nodal processing where it recruits proprotein convertases required for cleaving the Nodal
precursor. Enhanced cleavage of Notch-1 induced by Cripto-1 binding, results in increased
ligand-induced activation of Notch signaling (Watanabe, Nagaoka et al. 2009). Interestingly,
knockdown of Cripto-1 expression in mouse and human embryonal carcinoma cells resulted in

decreased activity of Notch signaling (Watanabe, Nagaoka et al. 2009).

With regards to female reproduction, it has been shown that Notch signaling and its

components are critical for proper peri-implantation uterine remodeling and luminal closure,
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uterine stromal decidualization, development of uterine vasculature at implantation sites as
well as proper development of placental vasculature (Afshar, Jeong et al. 2012, Zhang, Kong et
al. 2014, Kim, Huang et al. 2015, Shawber, Lin et al. 2015). Through its interactions with Notch

signaling, Cripto-1 can potentially be involved in these processes as well.

14-3) Cripto-1 and Glypican-1, PI13/Akt and MAPK pathways

Cripto-1 can act as a ligand for Glypican-1. Glypican-1 is a membrane-associated heparan
sulfate proteoglycan (HSPG) that has been shown to function as a coreceptor for several
different growth factors such as Wnts, FGF and HBEGF (Bianco, Strizzi et al. 2003). Binding of
Cripto-1 to Glypican-1 results in activation of a cytoplasmic tyrosine kinase called c-Src and
subsequently activation of mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-
kinase (PI3K)/Protein Kinase B (Akt) signaling pathways (Figure 10). Through these two
pathways, Cripto-1 regulates/promotes cell proliferation, motility, survival, epithelial-to-

mesenchymal transition (EMT), and also stimulates angiogenesis (Bianco, Strizzi et al. 2005).

Activation of MAPK and PI3K/Akt pathways by Cripto-1 was shown to be independent of Nodal
and ALK4, because in EpH4 mouse mammary epithelial cells that lack ALK4 and in MC3T3-C1
osteoblast cells that lack Nodal expression, Cripto-1 was able to activate MAPK and AKT

phosphorylation and activation (Bianco, Adkins et al. 2002).

By protein interaction studies, it was found that a 78 kDa Glucose Regulated Protein (GRP78) is
a specific cell surface binding partner and signaling co-factor for Cripto-1 (Shani, Fischer et al.

2008, Gray and Vale 2012). In recent studies it has been suggested that Cripto-1 binding to
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GRP78 might be generally required for its functions. It was shown that knocking down GRP78 or
treatment with an anti-GRP78 antibody (that prevents Cripto-1 and GRP78 binding), results in
the blocking of Cripto-1 effects on Activin A, Activin B, TGF-B1 and also inhibits the activation of
Nodal signaling and c-Src /MAPK/ PI13K/Akt pathways by Cripto-1 (Kelber, Panopoulos et al.

2009, Miharada, Karlsson et al. 2011, Spike, Kelber et al. 2014).

14-4) Cripto-1 and Wnt signaling pathway

Canonical Wnt signaling is important for various developmental processes starting from early
embryonic patterning to the development of specialized organ tissues (Yang 2012). Several
studies have shown that Wnt signaling and Wnt proteins are critical for the maintenance of ES
cells as well as adult tissue stem cells (stem cells in hair follicle, skin, colon crypts,
hematopoietic and the nervous systems) (Nusse, Fuerer et al. 2008). In addition, activation of
Whnt signaling pathway has been implicated in initiation and progress of several types of
carcinomas such as skin, brain, intestine and liver (Reya and Clevers 2005, Nusse, Fuerer et al.

2008).

Wnt proteins are secreted ligands which their binding to the related cell surface receptor
complex (comprised of LRP-5/6 and Frizzled family of receptors), leads to stabilization of B-
catenin, the Wnt signaling pathway cytoplasmic transducer. Stabilized B-catenin translocates
into the nucleus where together with Tcf/Lef and other transcriptional activators, results in

expression of the target genes (Reya and Clevers 2005).
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Several studies presented evidence for interaction between Cripto-1 and the canonical Wnt/B-
catenin signaling pathway both through Nodal related signaling and independent of Nodal. As
described earlier, canonical Wnt/B-catenin signaling pathway can directly regulate the
expression of mouse and human Cripto-1 genes (Figure 10) during embryonic development and
in colon carcinoma cells (Morkel, Huelsken et al. 2003). It was also shown that in B-catenin or
Wnt3 null knockout mouse embryos, Cripto-1 expression is down-regulated. Wnt/B-catenin
signaling was also shown to directly regulate the expression of Nodal during Left/Right axis
formation in Xenopus and Chick embryos (Rodriguez-Esteban, Capdevila et al. 2001, Yokota,
Kofron et al. 2003). On the other hand, Nodal/Cripto-1 signaling can activate the Wnt/B-catenin
signaling through phosphorylated Smad-2 and p300 (independent of Smad-4) (Hirota,

Watanabe et al. 2008).

It has been shown that Cripto-1 ortholog in Xenopus (FRL-1) can act as a co-receptor for Wnt11
in a receptor complex composed of glypican-4 and Xenopus frizzled receptor 7 (Xfz7), leading to
stabilization of B-catenin and activation of canonical Wnt signaling (Figure 10) (Tao, Yokota et
al. 2005). Another example of Cripto-1 and Wnt signaling interaction, is the binding of Cripto-1
to Wnt co-receptors LRP-5 and LRP-6, leading to enhancement of their binding to Wnt3a and

increased activity of canonical Wnt/B-catenin signaling (Nagaoka, Karasawa et al. 2013).

The reciprocal cross talk between Cripto-1 and Wnt/B-catenin signaling pathway potentially can
result in a positive feed-forward loop which in the context of tumor progression might be of

great importance (Bianco, Rangel et al. 2010).
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Recent studies are increasingly suggestive of critical roles for Wnt signaling in multiple
reproductive events including pre-implantation embryo development, blastocyst activation for
implantation, post-natal uterine development, uterine decidualization and placental
development (Li, Kannan et al. 2007, Sonderegger, Pollheimer et al. 2010, Zhang and Yan 2016,
Farah, Biechele et al. 2017, Farah, Biechele et al. 2017, Farah, Biechele et al. 2018). Therefore,
Cripto-1 can potentially affect these reproductive events through interactions with canonical

Whnt signaling.

16) Cripto and angiogenesis

In the context of tumorigenesis, evidence suggests that Cripto-1 might be involved in
modulation of tumor angiogenesis. Bianco and colleagues (Bianco, Strizzi et al. 2005) showed
that besides improving the proliferation, migration and invasion of human umbilical endothelial
cells (HUVECs), Cripto-1 stimulates the differentiation of these cells into vascular-like
structures. They also showed that enhancement of HUVECs proliferation by Cripto-1 is dose-
dependent and is mediated through activation of c-Src and PI13-K/AKT signaling pathways in
these cells. The angiogenic activity of Cripto-1 in endothelial cells was shown to be independent
of VEGF, because in vitro use of a specific VEGF receptor inhibitor did not block the angiogenic
effect of Cripto-1 on HUVECs (Bianco, Strizzi et al. 2005). Furthermore, in an in vitro system
where recombinant Cripto-1 protein was able to induce formation of microvessel structures in
silicone cylinders filled with Matrigel, the use of an anti-Cripto-1 monoclonal antibody for

blocking Cripto activity, strongly inhibited this microvessel formation. These findings suggest
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that Cripto-1 directly an regulate angiogenesis (Bianco, Strizzi et al. 2005). Likewise, Cripto-1
overexpression in MCF-7 human breast cancer cell xenografts resulted in enhancement of

tumor neovascularization in vivo (Bianco, Strizzi et al. 2005).

18) Cripto and female reproduction
Most of available studies related to Cripto and its biological/pathological functions are in the
context of embryo development, stem cells and oncogenesis. There is very limited information

related to Cripto and its association with female reproduction and pregnancy.

18-1) Cripto expression in mammary gland during pregnancy and lactation

Cripto-1 plays an important role in development of mouse mammary gland (Kenney, Huang et
al. 1995) and is expressed in the growing terminal end buds in the mammary gland of the virgin
mouse. Interestingly, Cripto-1 expression in the mammary gland increases during mouse

pregnancy and lactation (Kenney, Huang et al. 1995).

The presence of a 28 kDa Cripto-1 protein has been detected in Human milk (Bianco,
Wechselberger et al. 2001). Furthermore, purified Cripto-1 protein from human milk stimulated
the phosphorylation of MAPK in non-transformed NMuMG mouse mammary epithelial cells
suggesting that Cripto-1 in human milk might be involved in regulating mammary gland

development during pregnancy and lactation (Bianco, Wechselberger et al. 2001).
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18-2) Cripto is detectable in the human uterus during menstrual cycle

Cripto-1 mRNA has been detected in the endometrial samples of healthy women during all
stages of the menstrual cycle. This expression is moderately higher during the secretory phase
of the cycle (Papageorgiou, Nicholls et al. 2009). Localization of Cripto-1 protein in human
endometrium is similar to Nodal protein, meaning that Cripto protein signal is observed in
luminal epithelium, glandular epithelium and endometrial stroma (Papageorgiou, Nicholls et al.
2009, Torres, Florio et al. 2009). The level of Cripto-1 protein in the luminal and glandular
epithelium of human endometrium is comparable in all phases of the menstrual cycle.
However, the level of Cripto-1 protein in the endometrial stroma decreases significantly during
the late-secretory phase and menstruation, compared to the rest of the cycle. Cripto-1 protein
also shows a distinct localization around the human uterine spiral arterioles (Papageorgiou,
Nicholls et al. 2009). The expression pattern and localization of Cripto within the mouse uterus

during the estrous cycle or pregnancy have not been studied yet.

18-3) Aberrant endometrial expression of Cripto in women with endometriosis

Endometriosis is an estrogen-related uterine disease that affects between 5-10 % of women. It
is defined by the presence of endometrial tissue outside of the uterine cavity and can cause
pelvic pain and infertility in 35-50 % of affected women. The ectopic endometrial tissue is
mostly seen within the peritoneal cavity on the ovaries, fallopian tubes, uterine serosa and
even intestines (Vercellini, Vigano et al. 2014). This disease is thought to be multifactorial, but

the exact pathogenic mechanisms are not yet known (Burney and Giudice 2012).
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Although possible involvement of Cripto-1 in pathogenesis of endometriosis has not been
investigated yet, dysregulation of endometrial Cripto-1 expression in women with
endometriosis has been observed in several studies. Tores and colleagues observed that while
there was no difference in the level of ActRIl and Nodal mRNA expression in patients with and
without endometriosis, Activin A expression in eutopic endometrium of patients with
endometriosis was significantly higher than in controls (7-10 folds higher P <.001) and Cripto-1
mRNA was prominently lower in both eutopic and ectopic endometrium of women affected by
endometriosis compared with eutopic endometrium from healthy women as control (0.03 and
0.14 fold change, respectively, P <.001) (Torres, Florio et al. 2009). In another study, Rocha and
colleagues observed a lack of endometrial cycle-related variations of Cripto-1 mRNA expression
in eutopic and ectopic endometrium of women with endometriosis (Rocha, Carrarelli et al.
2011). In another study by De la Cruz and colleagues, mRNA expression, protein level and
localization of some components of Nodal signaling pathway including Nodal, Cripto-1, SMAD3,
pSMAD3 and SMAD4 were compared in eutopic endometrium of women with and without
endometriosis. Among these factors, the only observed difference was the expression of Cripto-
1 that was significantly lower (fold change 0.27, P < .05) in the endometriosis group compared

to Control group (Dela Cruz, Del Puerto et al. 2015).

18-4) Aberrant expression of Cripto at metrnal-fetal interface in some human placental
complications

Neither in humans nor in mice, the expression and spatiotemporal localization of Cripto in

maternal-fetal interface during placentation and in mature placenta has been defined yet.
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However, there are some studies that have showed some evidence for Cripto-1 presence at

maternal-fetal interface in both biological and pathological placental conditions.

Microarray analysis of cultured mouse ectoplacental cone cells, obtained from gestational day
7.5 (a day before start of placental formation in mice), demonstrated that the Cripto-1 is

expressed by these cells (Hoshida, Gorjao et al. 2007).

In humans, Bandeira and colleagues presented immunohistological evidence for Cripto-1
protein at maternal-fetal interface at 36 and 38 weeks of gestation in normal pregnancies.
Cripto-1 protein was observed in extravillous cytotrophoblast cells and also in some endothelial
cells or perivascular areas (Bandeira, Borbely et al. 2014). Furthermore, this study showed that
in cases of placenta creta, a pathological condition in which placental villi invade excessively
into maternal decidua and insert directly into the myometrium, extravillous cytotrophoblast
cells express significantly higher levels of Cripto-1 protein (Bandeira, Borbely et al. 2014). Jiang
et. al. reported similar findings where they observed significantly higher expression of Cripto-1
in placenta creta and placenta previa (a pathological condition where placenta is formed near
the uterine cervix) compared to placentas from normal pregnancies. Their study also revealed
that in cases of placenta creta, the level of Cripto-1 overexpression was directly associated with
severity (depth) of villous invasion into uterine myometrium (Jiang, Wu et al. 2019). More
studies are needed to investigate the potential role of Cripto-1 in regulation of trophoblast

invasion during human and mouse placental development.
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19) Rationale and Hypothesis

Pregnancy is a crucial component of mammalian reproduction comprised of complex sequential
events such as implantation, decidualization, placentation and eventually parturition.
Perturbation of these events can lead to different clinical issues including infertility and
pregnancy complications like preeclampsia, intrauterine growth restriction (IUGR) and preterm
birth. While the major physiological events associated with reproduction have been
characterized, there are still many molecular pathways that have yet to be fully elucidated in
order to open new windows toward overcoming and managing these reproductive issues. In
vivo research limitations, especially on subjects related to uterine-embryo interactions in
humans, has led researchers to rely primarily on animal models to identify the molecular
mechanisms that govern reproduction (Dey, Lim et al. 2004, Wang and Dey 2006, Cha, Sun et al.

2012).

Several studies have demonstrated the involvement of different transforming growth factor-
beta (TGFB) superfamily members and their related receptors in many fundamental
reproductive events including: folliculogenesis and ovulation, pre-implantation embryonic
development, maternal-embryo communication during implantation, uterine decidualization,
placentation, embryos patterning and gastrulation, and reproductive tract morphogenesis and
function (Matzuk, Kumar et al. 1995, Dong, Albertini et al. 1996, Elvin, Clark et al. 1999, Brown,
Houston-Hawkins et al. 2000, Jorgez, Klysik et al. 2004, Lee, Jeong et al. 2007, Park and Dufort
2011, Park, DeMayo et al. 2012, Zhao, Lin et al. 2012, Clementi, Tripurani et al. 2013,

Nagashima, Li et al. 2013, Park and Dufort 2013, Zhang, Kong et al. 2014, Heba, Park et al. 2015,
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Peng, Fullerton et al. 2015, Peng, Monsivais et al. 2015, Rodriguez, Tripurani et al. 2016, Ni and

Li 2017).

Cripto is a member of the epidermal growth factor-Cripto1/FRL1/Cryptic (EGF-CFC) protein
family that acts as a co-receptor in the TGF-f signaling pathways that involve Nodal, GDF1 and
GDF3. CRIPTO has been shown to play a critical role in embryo development (Strizzi, Bianco et
al. 2005, Jin and Ding 2013) and Cripto null mice are embryonic lethal (between d7.5pc and
d10.5pc) because of major gastrulation and heart development defects (Ding, Yang et al. 1998).
In addition to being a co-receptor in the TGF-f signaling pathway, CRIPTO can activate Smad-
independent signaling elements such as PI3K/Akt and MAPK pathways and facilitate signaling
through the canonical Wnt/R-catenin and Notch/Cbf-1 signaling pathways (Klauzinska, Castro et
al. 2014). Through these various mechanisms, Cripto is implicated in: early embryogenesis,
embryonic stem cell maintenance, facilitating epithelial-mesenchymal transitions and
significantly enhancing tumor cell migration, invasion and angiogenesis (Klauzinska, Castro et al.

2014).

Some studies in the literature suggest that, in addition to the aforementioned functions, Cripto
may also have a role in female reproduction and pregnancy maintenance. Cripto mRNA is
consistently detected in endometrial samples from healthy women during the menstrual cycle
(Papageorgiou, Nicholls et al. 2009). The expression of Cripto is also dysregulated in specific
human placental and endometrial pathologies i.e. placenta creta, (Bandeira, Borbely et al.
2014) and endometriosis (Dela Cruz, Del Puerto et al. 2015). The specific role of maternal Cripto

in female reproduction and pregnancy remains elusive however, as no study has yet been
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conducted that presents an in-depth analysis of its function in the endometrium. In this study,
we utilized a uterine-specific conditional knockout of Cripto to investigate whether Cripto is a
key contributing component in physiologic events of mouse pregnancy such as implantation,

uterine decidualization and placentation.

We hypothesized that uterine Cripto has a major role in female fertility and maintenance of
pregnancy.

20) Thesis outline
The results of our study are presented in two manuscripts in this thesis. The thesis includes 5 chapters:
Chapter 1 is Introduction, Chapter 2 Manuscript 1, Chapter 3 Manuscript 2, Chapter 4 General

discussion and conclusion and finally Chapter 5 References.
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Preface
Prior to initiation of this thesis in September 2014, there was no information about the

expression of Cripto in the mouse uterus and the roles it plays during pregnancy.

In Manuscript | (Chapter 2), our experiments started with addressing whether Cripto is
expressed in the mouse uterus during the non-pregnant state as well as during early stages of
pregnancy. As the answer was yes to both questions, we created a conditional Knockout (cKO)
mouse model missing Cripto in the uterus, enabling us to study the role of uterine Cripto in
physiologic events of female fertility. Fertility evaluations showed that Cripto cKO females are

subfertile as they had significantly lower pregnancy rate and number of pups per litter.

Then, the rest of the experiments of the manuscript | (chapter 2) were focused on evaluating
the critical stages of early pregnancy including ovulation, implantation, peri-implantation
uterine remodeling and stromal decidualization in Cripto cKO females to determine the

underlying causes of the observed subfertility.
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Abstract

Cripto, a member of the TGFB superfamily, encodes for a cell surface receptor whose role in
embryonic development and stem cell maintenance has been studied. Cripto mRNA and
protein have been detected in the human uterus at all stages of the menstrual cycle and its
dysregulation has been found in placenta creta and endometriosis in humans. To date, there is
not much known about Cripto’s role in female reproduction. As Cripto null Knockout (KO) is
embryonic lethal, we created a conditional KO (cKkO) mouse model in which Cripto is deleted
only in the reproductive tissues using a Cre-loxP system. Pregnancy rate and number of pups
per litter were evaluated as general fertility indices. We observed a significant decrease in
pregnancy rate and litter size with loss of uterine Cripto indicating that Cripto cKO females are
subfertile. We showed that although the pre-implantation period is normal in Cripto cKO
females, 20% of cKO females fail to establish pregnancy and an additional 20% of females
undergo full litter loss after implantation between day 5.5 postcoitum (d5.5pc) and d8.5pc. By
means of histology, quantitative PCR, artificial induction of decidualization, and alkaline
phosphatase staining, we showed that subfertility caused by loss of uterine Cripto is due to
defects in uterine decidualization, remodeling and luminal closure and is accompanied by
significant down-regulation of Bmp2, Wnt4 and several components of Notch signaling pathway
which all are known to be important factors in uterine remodeling and decidualization. Our
study demonstrates that Cripto is expressed in the uterus during critical stages of early
pregnancy and its deletion results in subfertility due to implantation failure, impaired peri-

implantation uterine remodeling and impaired uterine decidualization.
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Introduction

Pregnancy is a crucial component of mammalian reproduction comprised of complex sequential
events such as implantation, decidualization, placentation and eventually parturition.
Perturbation of these events can lead to different clinical issues including infertility and
pregnancy complications like preeclampsia, intrauterine growth restriction (IUGR) and preterm
birth [1-3]. While the major physiological events associated with reproduction have been
characterized, there are still many molecular pathways that have yet to be fully elucidated in
order to open new avenues toward overcoming and managing these reproductive issues. In
vivo research limitations, especially on subjects related to uterine-embryo interactions in
humans, has led researchers to rely primarily on animal models to identify the molecular

mechanisms that govern reproduction [1-3].

Several studies have demonstrated the involvement of different transforming growth factor-
beta (TGFB) superfamily members and their related receptors in many fundamental
reproductive events including: folliculogenesis and ovulation, pre-implantation embryonic
development, maternal-embryo communication during implantation, uterine decidualization,
placentation, embryos patterning and gastrulation, and reproductive tract morphogenesis and

function [4-21]

Cripto is a member of the epidermal growth factor-Cripto1/FRL1/Cryptic (EGF-CFC) protein
family that acts as a co-receptor in the TGF-f signaling pathways that involve Nodal, GDF1 and

GDF3. Cripto has been shown to play a critical role in embryo development [22, 23] and Cripto
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null mice are embryonic lethal (between d7.5pc and d10.5pc) because of major gastrulation
and heart development defects [24]. In addition to being a co-receptor in the TGF-£ signaling
pathway, Cripto can activate Smad-independent signaling pathways such as PI3K/Akt and MAPK
and facilitate signaling through the canonical Wnt/R-catenin and Notch/Cbf-1 signaling
pathways [25]. Through these various mechanisms, Cripto is implicated in: early
embryogenesis, embryonic stem cell maintenance, facilitating epithelial-mesenchymal
transitions and significantly enhancing tumor cell migration, invasion and angiogenesis [25].
Cripto may also have a role in female reproduction and pregnancy maintenance. Cripto mRNA is
consistently detected in endometrial samples from healthy women during the menstrual cycle
[26]. The expression of Cripto is also dysregulated in specific human placental and endometrial
pathologies like placenta creta, [27] and endometriosis [28]. The specific role of maternal Cripto
in female reproduction and pregnancy still remains elusive as no study has yet been conducted
that presents an in-depth analysis of its function in the endometrium. In this study, we utilize a
uterine-specific conditional knockout of Cripto to investigate whether Cripto is a key
contributing component in physiologic events of mouse pregnancy such as implantation and
uterine decidualization. Our results demonstrate that Cripto is expressed in the uterus during
critical stages of early pregnancy and its deletion results in subfertility due to implantation

failure, impaired peri-implantation uterine remodeling and impaired uterine decidualization.
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Materials and methods

Generation and maintenance of Cripto cK.O Mice

Experimental protocols in this study are in accordance with regulations established by the
Canadian Council on Animal Care and were reviewed and approved by the Animal Care
Committee of the McGill University Health Centre. Wild-type CD1 mice were purchased from
Charles Rivers Company. Mice with loxP sites flanking exon 3-5 of the Cripto gene
(Criptofloxed/floxed or Cripto f/f) on a C57BL6 background were purchased from The Jackson
Laboratory (Stock Number: 016539, Strain Name: STOCKTdgf1tm2.2Mms/J). The generation of
these mice has been previously described [40]. Progesterone receptor-Cre mice (PgrCre/+)
were generously donated by F. J. DeMayo and J. P. Lydon [40]. and maintained on a CD1
background in our lab. Both strains have previously been reported to be healthy and
demonstrated normal fertility. PgrCre/+ mice have been used in numerous studies to

investigate uterine-specific gene function.

Homozygous Criptof/f females were crossed with heterozygous PgrCre/+ males and the
offspring were genotyped by tail snip digestion and PCR. The Cripto floxed (~ 300 bp) and Cripto
wildtype (178 bp) alleles were amplified by touch-down PCR (94 °C 30 Sec, 58-55 °C 30 Sec, 72
°C 30 Sec) for 7 cycles decreasing the annealing temperature 0.5 °C in every cycle; then 30
cycles of (94 °C 30 Sec, 55 °C 30 Sec, 72 °C 30 Sec) using the following primers: Forward 5’-TGG
TGA TCC AGA GTC ATT GG-3' and Reverse 5-GGG GTC ATT CCT CTC CTA GC-3'. The Pgr-Cre (550

bp) and Pgr-wildtype (300 bp) alleles were amplified by standard PCR (94 °C 1 min, 60 °C 1 min,
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72 °C 2 min) for 30 cycles using the following primers: 5'-ATGTTTAGCTGGCCCAAATG-3’; 5'-

TATACCGATCTCCCTGGACG-3’; 5'-CCCAAAGAGACACCAGGAAG-3'.

In the first generation, half of the offspring are heterozygous for both genes (Criptof/+
PgrCre/+). The heterozygous males (Criptof/+ PgrCre/+) were crossed with Criptof/f females in
order to generate all required genotypes which are: Cripto conditional knockout (Cripto cK.O:
Cripto f/f, PgrCre/+), Cripto conditional heterozygous (Cripto cHet: Criptof/+, PgrCre/+) and

Control females (Criptof/f,Pgr +/+).

Fertility Assessments

To assess fertility, 6-8 weeks old virgin females (Control, Cripto cHet and Cripto cK.O) were
mated with sexually mature fertile wild-type CD1 males. Mating was confirmed by observation
of a vaginal plug. The day of vaginal plug observation was considered as day 0.5 post-coitum
(d0.5pc) through the whole study. Females were separated from males after mating, kept in
individual cages and monitored daily for 3 weeks. A successful pregnancy was defined by birth
of live pups. The number of pups per litter and duration of pregnancy were also recorded. In a
different approach, 12-weeks-old females were housed with sexually mature fertile wild-type
CD1 males for a period of 5 months (1 female and 1 male in each cage). Cages were monitored

regularly, and the number of litters and pups were recorded for every female in the study.

For assessment of different stages of pregnancy, the females were mated with sexually mature
fertile wildtype CD1 males, then were sacrificed on specific gestational ages. Uteri were
dissected and the gross morphology was assessed, photographs were taken and further
required analysis was done.

84



Embryo flushing and collection

Control and Cripto cK.O females were mated with sexually mature fertile wildtype CD1 males
and the day of vaginal plug was assigned as d0.5pc. Females were sacrificed on d2.5pc and d3.5
pc, intact reproductive tract was dissected (ovaries, oviducts and uterus). Embryos were flushed

and collected from the oviducts on d2.5pc and from the uterine horns on d3.5pc.

measurements of the conceptus site size

Using Imagel software, the area of each conceptus site was measured in the photographs taken
from whole mount pregnant uteri of Control and Cripto cK.O females at different time-points of

pregnancy.

Tissue processing, paraffin embedding, sectioning and H&E staining

Dissected samples were collected in PBS, fixed overnight at 4 °C in 4% paraformaldehyde
(PFA)/PBS or 10% neutral buffered formalin, dehydrated in increasing ethanol series (25%, 50%,
75%, and 100%, 20 min each) and cleared in xylene (2x 15 min). The tissue was incubated
overnight in melted paraffin wax (TissueTek) at 60 °C in a vacuum oven then embedded at room
temperature, and the blocks were placed on a cold plate for 1 hour to solidify slowly then
transferred to -20 °C freezer overnight before sectioning. Seven-micrometer sections were cut
with the Leica RM2145 microtome, mounted on Fisherbrand Superfrost plus slides and dried
overnight. Slides were then either used for immunofluorescence, immunohistochemistry
(described later) or stained with Hematoxylin and Eosin (H&E). For H&E staining, slides were

deparaffinized in xylenes (2x 5 min), rehydrated with a decreasing ethanol gradient (100%, 95%,
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85%, 75%, 50%, 20%, and water, 2 min each), placed in Harris Modified Hematoxylin solution
[Sigma] for 6 min and then washed in running tap water for 10 min. Sections were then
decolorized with dipping in 1% acidic alcohol (1-2 seconds), placed in a 1% sodium bicarbonate
bluing agent (3 seconds), before counterstaining with Eosin [Sigma] for 15 seconds. The slides

were then dehydrated, cleared and mounted using Permount [Fisher Scientific].

Immunofluorescence staining

As described earlier, uteri (Non-pregnant or d0.5pc to d4.5pc pregnant) were dissected,
dehydrated, cleared, embedded in paraffin blocks and sectioned. Slides were then washed in
xylene (2x 10 min), rehydrated with a decreasing ethanol gradient (100%, 95%, 85%, 75%, 50%,
20%; 2 min each). Antigen retrieval was done in 10mM sodium citrate solution (+ 0.05% Tween
20, pH 6) at 95 °C for 20 min. Sections then were permeabilized with PBT (0.2% BSA, 2.5%
Triton X-100 in PBS for 15 min), blocked for 1 h at room temperature (10% BSA in PBS) then
incubated with the primary antibody, Cripto [Santa Cruz sc-17188; 1:100] at 4 °C overnight.
Following several washes in 0.1% PBS-Tween 20, slides were incubated with the appropriate
secondary antibody for 1 h at room temperature (Alexa Fluor 488, Life technologies 1:300).
Slides were then washed, counterstained with DAPI (1:5000) and mounted with Mowiol 4—88

[Sigmal].

Immunohistochemistry

As described earlier, uteri were dissected, dehydrated, cleared, embedded in paraffin blocks
and sectioned. Slides were then washed in xylene (2x 10 min), rehydrated with a decreasing
ethanol gradient (100%, 95%, 85%, 75%, 50%, 20%; 2 min each). Antigen retrieval was done in
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10mM sodium citrate solution (+ 0.05% Tween 20, pH 6) at 95 °C for 20 min. Sections then were
permeabilized with TBT (0.2% BSA, 2.5% TritonX-100 in TBS for 15 min), blocked for 1 h at room
temperature (10% BSA in TBS). Following washes in TBS-0.025 % Tween 20 (TBST), slides were
incubated with primary antibody: Cripto [Santa Cruz sc-17188; 1:50], Cox2 [Cayman, aa570-598,
1:150] or PCNA [Santa Cruz, FL-261, 1:100] at 4 °C overnight. After washes with TBST, 0.3 %
H202 in TBS was used for blocking endogenous peroxidase activity following by incubation with
an appropriate secondary HRP antibody (1:500) for 1 h at room temperature. For antigen
visualization, DAB Substrate Kit (Abcam ab64238) was used based on recommended
instructions provided by the manufacturer. Then Slides were counterstained with Hematoxylin
solution, Gill no. 2 (Sigma-Aldrich) and mounted with Richard-Allan Scientific™ Mounting

Medium (Thermo Fisher Scientific).

Artificial decidualization

Control and Cripto cK.O females were mated with vasectomized males. On d3.5pc, females
were anesthetized with isoflurane and an incision was made on the lower back of the mice
lateral to the midline, exposing the ovary and uterus on one side. One uterine horn was
subsequently scratched along the uterine lumen on the anti-mesometrial side with a 22G
needle inserted from the proximal end of the uterine horn close to the oviduct. The other horn
served as an internal control. The incision was sutured, and females were allowed to recover till
d7.5pc when they were sacrificed and the uterus was dissected out in order to assess the

decidualization response.
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Alkaline phosphatase staining

After tissue processing, paraffin embedding and sectioning, slides were deparaffinized in xylene
(2x 5 min each) then rehydrated in a series of decreasing ethanol dilutions (100%, 100%, 95%,
75%, 50%, and dH20, 2 min each). Slides were pre-incubated overnight in 1% MgCI2 in Tris-
maleate buffer (100 mM Tris-Maleate, 150 mM NaCl, and 1mM MgCI2, pH 9.2) at room
temperature. Slides were incubated for 2 h in alkaline phosphatese-substrate solution at room
temperature (NBT 660 pul and 330 ul BCIP in 100 ml Tris-maleate buffer). Slides were then
washed, counter-stained with nuclear fast red, dehydrated with series of increasing ethanol

dilutions, cleared with Xylene, mounted and imaged.

Hormone analysis

Control and Cripto cK.O females were mated with sexually mature fertile wild-type CD1 males.
On d7.5pc females were euthanized, blood was collected by cardiac puncture, uteri were
dissected, and the pregnancy status and number of implantation sites were recorded. Serum
was separated from the blood and stored at -80°C prior to being sent to Ligand Assay and
Analysis Core at University of Virginia (Charlottesville, Virginia) for hormone analysis where

serum Progesterone levels were measured.

Reverse transcription and Real-time PCR

RNA extraction was done using Trizol and RNeasy Mini Kit [Qiagen Cat. No. 74104]. QuantiTect
Reverse Transcription Kit [Qiagen Cat. No. 205311] was then used for cDNA synthesis. Real-time

PCR was performed using the Rotor-Gene SYBR Green PCR Kit [Qiagen Cat. No. 204074]
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following the manufacturer's protocol. The following primers were used: Cripto (200 bp) 5’'-
GACCAGAAAGAACCTGCCGT -3’ and 5'- AGGATAGACCCACAGTGCTCTT -3’; Hoxal0 (207 bp) 5'-
CGCTACGGCTGATCTCTAGG-3' and 5-CAGCCCCTTCAGAAAACAGT-3’; Hoxall (285 bp) 5'-
TATAAGGGCAGCGCTTTTTG-3" and 5'-ACCTCGCTTCCTCCGACTAC-3'; Wnt4 (243 bp) 5'-
AACGGAACCTTGAGGTGATG-3" and 5-TCACAGCCACATTCTCCAG-3'; Bmp2 (95 bp) 5'-
AACACTAGAAGACAGCGGGTC-3" and 5'-CTCTCTCAATGGACGTGCCC-3'; Notch4 (194 bp) 5'-
TTGGCTGAGCAGAAGTCTCG-3' and 5'-CCTCACTTCTCCTGCACCTG-3'; Notch1l (371 bp) 5'-
TCACTCTCACAGTTGCGACC-3" and 5'-AGTGGCCCTAATTGCCAGAC-3’; DIl4 (149 bp) 5'-
TTCTTGCACGGAGAGTGGTG-3' and 5'-CAACACGACACCGGAACAAAC-3'; GAPDH (223 bp) 5'-
AACTTTGGCATTGTGGAAGG-3' and 5'-ACACATTGGGGGTAGGAACA-3’; Ihh (196 bp) 5'-
CTACAAGCAGTTCAGCCCCA-3’ and 5’- TGAGTTCAGACGGTCCTTGC-3’; Cox2 (232 bp) 5’-

GCTGTACAAGCAGTGGCAAA-3’" and 5-CCCCAAAGATAGCATCTGGA -3'.

Statistics

Data are presented as the mean + SEM of independent samples. Statistical analysis comparing

experimental groups was performed using two-tailed Student t-test for independent samples,
Student t-test for correlated samples and one-way ANOVA followed by a Tukey's multiple

comparison test. P-values less than 0.05 were considered statistically significant.
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Results

Cripto is expressed in the uterus during the peri-implantation and early post-implantation

periods.

To determine the spatiotemporal localization of CRIPTO in the wild-type mouse uterus, we
performed immunofluorescence staining against CRIPTO in non-pregnant and peri-implantation
stages of pregnancy (d0.5pc-d4.5pc). CRIPTO protein was sparsely observed in the non-
pregnant uterus with a slight increase after mating (d0.5pc) (Figure 2.1). Protein levels
significantly increased from d2.5pc onward and was prominently localized in uterine stromal

cells (Figure 2.1).

Figure 2.1. Localization of Cripto in the wild-type mouse uterus during peri-implantation
period. Spatiotemporal localization of Cripto (green) in non-pregnant (NP) and 0.5 day till 4.5
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days post-coitum (D0.5-D4.5pc) mouse uterus is shown by Immunofluorescence staining. Cripto
protein (green) is rarely expressed in non-pregnant uterus. Its expression starts weakly after
mating (d0.5pc) and increases gradually till it becomes prominent from d2.5pc onward mainly
in the uterine stromal cells. Lu, lumen; My, myometrium; St, stroma; arrowhead, Embryo. (Scale
bar, 200 um)

To further characterize the pattern of CRIPTO protein localization during early pregnancy,
immunohistochemistry was also performed on d1.5pc, d3.5pc and d5.5pc uteri. On d1.5pc
limited Cripto localization was only observed in a few stromal cells adjacent to the luminal
epithelium and in a few cells within the luminal epithelium. Other compartments of uterus did
not show any Cripto localization at this time point (Figure 2.51 A and B). Interestingly, on
d3.5pc, Cripto protein levels became quite prominent in the embryo as well as in the
subluminal uterine stroma and luminal epithelium only at the future implantation sites and not
at the inter-implantation spaces (Figure 2.51 C-D”). A gradient pattern of Cripto protein
localization in the stromal cells at the implantation site was also observed where it was mostly
visible in the stromal cells adjacent to the luminal epithelium and decreased with distance away

from the lumen toward the periphery of the uterus (Figure 2.51 C-C”)

With the initiation of the implantation process on the anti-mesometrial pole of the uterus,
uterine stromal cells that are closest to the site of embryo penetration, also referred to as the
primary decidual zone (PDZ), undergo proliferation and differentiation and transform into
uterine decidual cells, which are morphologically and functionally distinct from stromal cells.
This stromal to decidual transformation then extends into the anti-mesometrial pole and
advances toward the mesometrial pole which is referred as secondary decidual zone (SDZ) [29].
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Our immunohistological evaluations on d5.5pc (1 day after implantation) revealed that similar
to d3.5pc, localization of Cripto protein is limited to the implantation sites. At this time-point,
Cripto protein was observed in decidual cells in PDZ and differentiating stromal cells in SDZ

(Figure 2.52).

Immunohistological evaluations on d3.5pc and d5.5pc also revealed perivascular localization of
Cripto in pregnant uteri. This localization was very prominent around the mesometrial
vasculature (Figure 2.53, A and C) and although present, showed less intensity around the
vascular structures in myometrium and stroma (Figure 2.S3, B and D). This perivascular
localization of Cripto was not limited to implantation sites as it was also visible in inter-

implantation spaces.

Cripto conditional knockout females are subfertile.

Cripto null mutants are embryonically lethal, therefore, a tissue-specific conditional knockout
(cK.O) of Cripto in the maternal reproductive tract using a Cre-loxP recombinase system was
employed. The Cre-recombinase in this mouse model is driven under the progesterone receptor
(PR) promoter, thereby creating a specific deletion of Cripto in female reproductive tissues
(Figure 2.2 A). Gross morphology and histology of the uterus in Cripto cK.O mice was observed
to be normal. By means of IHC, Cripto deletion was confirmed by the absence of expression on
d3.5pc at the implantation sites where Cripto localization is expected in the luminal epithelium

and stromal cells (Figure 2.2 B-C’). Interestingly, as expected, Cripto was still detected in the
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embryo at this stage (Figure 2.2 C’). On d5.5pc, Cripto expression was also absent in decidual

cells in PDZ and differentiating stromal cells in SDZ (Figure 2.2 D-E’).

Figure 2.2. Conditional deletion of Cripto in the mouse uterus. The Cre-recombinase is driven
under the progesterone receptor (PR) promoter, thereby creating a specific deletion of Cripto in
reproductive tissues of mice bearing loxP insertions before exon 3 after exon 5 of Cripto gene
(A). By IHC, Cripto deletion was confirmed in the implantation sites where Cripto localization
(brown) is expected in luminal epithelium and stromal cells on d3.5pc (B-C’) and in decidual
cells and differentiating stromal cells on d5.5pc (D-E’). In B’, although there is no sign of Cripto
expression in the uterus, the localization of Cripto in the embryo present within the uterine
lumen is quite evident which further confirms the successful deletion if Cripto in the maternal
tissues. B’, C', D’ and E’ are higher magnification of the fields defined by black boxes in B, C, D
and E respectively. AM, antimesometrial pole; De, decidual cells; Em, embryo; GE, glandular
epithelium; LE, luminal epithelium; Lu, lumen; M, mesometrial pole; My, myometrium; St,
Stroma. (Scale bar: B, C, D and E: 250 um; B’ and C’: 50 um; D’ and E’: 25 um)
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To assess fertility, we mated 6-8 weeks old virgin Cripto conditional heterozygous (Cripto cHet),
Cripto cK.O and control females with proven fertile wildtype CD1 males and plugged females
were enrolled in the study. A successful pregnancy was defined by delivery of live pups after
the recorded mating. In this trial, only 62% of mated Cripto cK.O females gave birth to pups
(had a successful pregnancy) which was significantly lower than Cripto cHet (94%) and Control
(100%) females (P<0.05) (Table 1). Furthermore, in this trial, a slightly but statistically significant
fewer number of pups per litter was observed in Cripto cK.O females as compared to cHet and
controls (7.68 pups/litter in cK.O vs. 9.52 in cHets and 9.71 in Control; p<0.05) (Table 1). As
Cripto cHets mice showed similar fertility parameters to Controls, we continued our study only

with Cripto cK.O and Control mice.

Tablel. Overall and pre-implantation fertility assessments in Cripto cK.O versus Control
females. (*) shows statistically significant difference.

Table 1. Cripto Control Cripto cKO Cripto cHet
Overal fertility rate (%) 100% (7 of 7)  62.5% (15 of 24)* 94.4% (17 of 18)
No. of pups/litter 9.71+£0.36 7.68 £ 0.59%* 9.52£0.62
Percent of plugged mice with embryos on d2.5pc 100% (10 of 10) 100% (7 of 7) NA

No. of embryos/dam retrieved on d2.5 pc 10.3+0.73 9.28 £ 0.86 NA
Percent of plugged mice with embryos on d3.5pc  100% (9 of 9) 100% (10 of 10) NA

No. of embryos/dam retrieved on d3.5 pc 7.22+0.7 7+0.78 NA

In another approach, we enrolled Cripto cKO and Control females in a 5 months-long breeding

trial to assess and compare their fertility indices over time. Four Cripto cKO and four Control
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females were caged individually with fertile wildtype males and were monitored regularly for 5
months. At the end of this trial, the 4 control females totally gave birth to 219 pups from 21
litters where Cripto cKO females together gave birth to only 101 pups from 19 litters. Although
after 5 months of breeding, the average number of litters per female was not different between
groups (5.25 + 0.75 litters/Control female vs 4.75 + 0.25 litters/Cripto cKO female) but the
average number of pups per litter was significantly lower (P < 0.0001) in Cripto cKO group (5.32
+ 0.64 pups/litter) compared to Control group (10.42 + 0.54 pups/litter) (Figure 2.54). Another
interesting observation was the obvious decline in the average number of pups per litter over
time in Cripto cKO females in contrast to control females which showed a rather consistent

number of pups per litter over 5 months of breeding trial (Figure 2.54).

In order to identify the reason for the decreased pregnancy rate in Cripto cK.O females, we first
examined cycling, ovulation and fertilization and did not observe any difference between Cripto
cK.O and controls (data not shown). We next examined the embryos isolated at d2.5pc and
d3.5pc. A similar number of embryos were retrieved from Cripto cK.O and Control groups
(Table 1) and no morphological differences were observed between embryos from either
groups (data not shown). To evaluate the post-implantation period, Cripto cK.O and Control
females were sacrificed on d5.5pc and d8.5pc for the assessment of their pregnancy status.
Females with visible implantation sites were considered as pregnant. The number of
implantation sites (decidua), average decidual size, number of resorption sites and incidence of
full litter resorption was compared between groups (Table 2). Our assessments showed that
although around 60% of Cripto cK.O females established pregnancy and had similar fertility
parameters with Control females until d8.5pc (Table 2 and Figure 2.3 A), approximately 20% of
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Cripto cK.O females never establish pregnancy, showing no signs of any growing decidua, even
though a mating plug was observed and corpora lutea were present on their ovaries (data not
shown). Furthermore, an additional 20% of Cripto cK.O females established pregnancy but
failed to maintain their pregnancy and lost their entire litter between d5.5pc and d8.5pc (Table
2 and Figure 2.3 A). Together, these two latter groups contributed to the observed overall 40%

infertility in Cripto cK.O females.

To assess the possibility of implantation failure, the uteri of d5.5pc mated but non-pregnant
Cripto cK.O females were processed and embedded in paraffin blocks. Serial sectioning and
Hematoxylin and Eosin staining were done, and the slides were analyzed using bright-field
microscopy. No sign of embryo attachment/implantation and decidualization initiation was

observed (data not shown) confirming implantation failure in these mice.

Table 2. Assessment of pregnancy status on d5.5pc and d8.5pc in Cripto cK.O versus Control

females.
Table 2. d5.5 pc d8.5 pc

Cripto Control Cripto cKO Cripto Control Cripto cKO
Pregnancy rate 100% (90f9)  78.5% (11of14)  100% (50f5)  50% (50f10)
No. of mice with implantation failure 0 (0%) 3(21.43%) 0 (0%) 2 (20%)
No. of mice with full litter resorption NA NA 0 (0%) 3 (30%)
No. of implantation sites/pregnant mouse 10.56 + 0.5 10.27 £0.72 9.8+0.2 9.75 £ 0.62
No. of resorption sites/pregnant mouse 0 0 04104 1.5+0.64
Decidual area (mm?3) NA NA 13.89 + 0.25 13.69 + 0.3
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Uterine decidualization is compromised in Cripto cK.O females.

The pattern of Cripto protein localization and findings on early pregnancy failure in Cripto cK.O
females suggested that Cripto might play a role in the process of decidualization during the
early stages of pregnancy. We therefore performed artificial decidualization within a single
uterine horn of pseudo-pregnant Cripto cK.O and control females and used the contralateral
horn as the internal control. Interestingly, all control females responded and significant
decidualization was observed in the induced uterine horn, while none of the Cripto cK.O
females had any response (Figure 2.3 B and C). This result strongly suggests that Cripto is

involved in the process of decidualization.

As progesterone (P4) from the ovaries is the major regulator of uterine receptivity as well as
initiation and maintenance of uterine stromal decidualization, we evaluated the level of
progesterone in blood circulation of Cripto cK.O females and compared them to Controls. No
difference in the level of circulating progesterone was observed between d7.5pc Control and
Cripto cK.O females (including all 3 categories described earlier) and all animals had the

minimum required concentration of blood P4 for that gestational age (Table S1) [30].

Looking for the cause of compromised decidualization ability in Cripto cK.O females, we
evaluated the expression level of some of the important factors known to affect uterine
decidualization including Ihh, Cox2, Hoxal0, Hoxall, Wnt4 and BMP2 [1] in d5.5pc pregnant
Control, d5.5pc pregnant Cripto cK.O and d5.5pc non-pregnant Cripto cK.O mice. While the
expression of Ihh, Cox2, Hoxal0 and Hoxal1 showed no difference between groups (Figure

2.55), the expression of Bmp2 and Wnt4 was significantly lower in d5.5pc non-pregnant Cripto
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cK.O mice compared to the pregnant d5.5pc cK.O and Controls. The expression of Wnt4 was
also significantly lower in pregnant d5.5pc cK.O compared to pregnant d5.5pc Controls (Figure
2.3 D and E). To assess whether P4 supplementation can improve the pregnancy rate, Cripto
cK.O females were mated with fertile wild-type CD1 males and on d3.5pc half of them were
supplemented with subcutaneous P4 implants. On d7.5pc, mice were sacrificed, and pregnancy
status was determined based on observation of decidua. No difference was observed between
the 2 groups suggesting that P4 supplementation cannot compensate for the lack of uterine

CRIPTO in terms of pregnancy rate (data not shown).

In order to evaluate the differentiation status of decidualizing stromal cells in pregnant Cripto
cK.O females vs controls, Alkaline phosphatase (ALP) staining was performed on histological
sections of d5.5pc implantation sites. Interestingly the level of ALP activity was drastically lower
in Cripto cK.O females compared to Controls indicating compromised differentiation of decidual

cells in the former group (Figure 2.3 F).
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Figure 2.3. Impaired decidualization in Cripto cKO females. (A) On d8.5pc Cripto cK.O females
are either pregnant (left image) with pregnancy parameters comparable to Control group, or
they have established pregnancy but have gone through full litter loss (middle image) or have
failed to established pregnancy at all (right image). (B) Uterine decidualization ability was
assessed by artificial induction of decidualization in pseudo-pregnant females on d3.5pc. while
all Control females (9 of 9) positively responded to this experiment by decidualization of the
scratched uterine horn, none of the Cripto cKO females (0 of 9) had any response. (C) The
decidualization response was also quantified by comparing the weight of scratched horn
(marked by star) versus non-scratched horn (internal control) on d7.5pc which was 4 days after
the procedure. (D and E) Relative expression level of Wnt4 and BMP2 on d5.5pc was measured
by quantitative real-time PCR (pregnant Control d5.5pc, n= 6-8 females; pregnant Cripto cKO
d5.5pc, n= 8-10 females and non-pregnant Cripto cKO d5.5pc, n = 5-6 females). (C. D and E) P-
values for significant differences are included in each panel and different letters or asterisks
define the groups which are significantly different. (F) Alkaline phosphatase (ALP) staining and
nuclear fast red counterstain on d5.5pc implantation sites. High levels of ALP activity in decidual
cells in Control females resulted in development of strong purple color whereas the staining is
very weak in the case of Cripto cK.O females. AM, antimesometrial pole; De, decidual cells; M,
mesometrial pole; My, myometrium; embryo in the section is marked by star (Scale bar: 250

pum).

Abnormal implantation crypt and incomplete uterine luminal closure in pregnancy of Cripto

cK.O females

During the peri-implantation period, proper remodeling of uterine lumen and stroma is critical
for successful implantation. This process starts around d3.5pc and results in formation of single
longitudinal implantation crypt which is oriented along the anti-mesometrial/mesometrial
(AM/M) axis of the uterus. The embryo implants at the AM pole of the implantation crypt. With
the start of the implantation process, decidualization and remodeling of decidualizing stroma

leads to complete closure of the uterine lumen at the implantation sites and is critical for
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proper placentation later in the course of pregnancy [3]. Abnormal implantation crypt on
d3.5pc (irregular shape with presence of extra branch versus the expected single longitudinal
AM/M oriented crypt, Figure 2.2 B and C, Figure 2.4 A and B) and incomplete luminal closure on
d4.5pc and d7.5pc (Figure 2.4 D-E and Figure 2.5 ) were observed in histological analysis of the
implantation sites in Cripto cK.O females but not the controls, suggesting impaired remodeling

of uterine lumen and stroma in the former group.

We evaluated the proliferative status of stroma and luminal epithelium on d3.5pc and d4.5pc
using IHC against proliferative cell nuclear antigen (PCNA). On d3.5pc the number of
proliferating cells in the uterine stroma of Cripto cK.O females seemed to be lower whereas the
proliferation level in glandular epithelium was clearly stronger compared to Controls (Figure 2.4
A and B). On d4.5pc, very strong PCNA staining in uterine stromal cells of Cripto cK.O females
indicates high level of proliferation in this compartment which was much higher than in the
Control group. Although the number of proliferative cells in the luminal epithelium was low as
is expected for this timepoint, it still seemed to be more than what was observed in Control

females (Figure 2.4 C and D).

Notch signaling pathway components are known to be involved in uterine luminal closure and
stromal remodeling during decidualization [16, 31, 32] and Cripto has been shown to modulate
the activity of this pathway [33]. Considering disrupted Notch signaling as a possible cause of
the observed impaired uterine remodeling in Cripto cK.O females, the expression of
components of Notch signaling pathway in the uteri of pregnant Cripto cK.O and Control mice

was assessed on d5.5pc. Interestingly we observed that the expression of Notch1, Notch4 and
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DIl4 are significantly lower in Cripto cK.O females compared to Controls (Figure 2.4 F). Thus,
Cripto cK.O females have reduced expression of Notch receptor and ligand which can account
for the observed disruption in luminal closure and stromal remodeling in pregnancy of these

mice.

Figure 2.4. impaired peri-implantation uterine remodeling in Cripto cK.O females
accompanied by downregulation of Notch signaling components. (A-D) IHC against
proliferative cell nuclear antigen (PCNA, brown, nuclear localization) for evaluation the
proliferative status of stroma and luminal epithelium on d3.5pc and d4.5pc. On d3.5pc the
number of proliferating cells in the uterine stroma of Cripto cK.O females (B) is lower whereas
the proliferation level in glandular epithelium is clearly stronger compared to Controls (A). On
d4.5pc, very strong PCNA staining in uterine stromal cells of Cripto cK.O females (D and E)
indicates high level of proliferation in this compartment and much higher than in the Control
group (C). Failure of uterine luminal closure and presence of extra branch can also be noticed in
D and E in contrast to C. (F) Relative expression level of Notch4, Notch1 and DIl4 on d5.5pc was
measured by quantitative real-time PCR (pregnant Control d5.5pc, n= 6-8 females and pregnant
Cripto cKO d5.5pc, n= 8-10 females). P-values for significant differences are included in each
panel and different letters in each panel define the groups with significant difference. AM,
antimesometrial pole; GE, glandular epithelium; LE, luminal epithelium; Lu, lumen; M,
mesometrial pole; My, myometrium; St, Stroma. (Scale bar, A-E main panels: 250 um; A-E
magnified panels: 75 pm)
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Figure 2.5. Failure of implantation associated uterine luminal closure in Cripto cK.O females.
Hematoxylin and Eosin (H&E) stained sections from d4.5pc and d7.5pc implantation sites in
Cripto cK.O females and Controls. On d4.5pc in Control group, uterine lumen in implantation
sites is completely closed in contrast to cK.O females. on d7.5pc, in implantation site of Control
uterus, residues of closed uterine lumen can be seen whereas in many implantation sites from
Cripto cKO females, failure of uterine luminal closure is still quite evident. AM, antimesometrial
pole; De, Decidual cells; LE, luminal epithelium; Lu, lumen; M, mesometrial pole; My,
myometrium; rLE, residual luminal epithelium; rLu, residual lumen; St, Stroma (Scale bar,
d4.5pc: 250 um; d7.5pc: 75 um).
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Discussion

Currently, how Cripto is involved in female reproduction is not well understood. In our study,
we have shown that Cripto is expressed in the uterus during critical stages of early pregnancy
and its deletion results in subfertility due to of implantation failure, impaired peri-implantation

uterine remodeling and impaired uterine decidualization.

Most of the literature concerning the mechanisms by which CRIPTO influences gene expression
and cellular processes comes from studies of the Nodal signaling pathway. Nodal signal is
mediated by binding to an extracellular membrane-bound receptor complex comprised of type
| (ALK4/ALK7, mainly ALK4) and type Il (ActRIIA/ActRIIB) Activin receptors, along with an EGF-
CFC co-receptor (Cripto/Cryptic, mainly Cripto). Activation of the receptor complex results in
phosphorylation of the transcription factors SMAD2 and SMAD3. Phosphorylated SMAD2/3
binds to SMAD4, which allows for the nuclear translocation of the SMAD2/3/4 complex. These
SMADs then associate with additional transcription factors, such as FoxH1, Mixer and p53 to
facilitate DNA binding and regulation of downstream target genes [34]. It is known, however,
that besides being a co-receptor for Nodal, Cripto can activate Smad-independent signaling
elements such as PI3K/Akt and MAPK and also facilitate signaling through the canonical Wnt/R-
catenin and Notch/Cbf-1 pathways by functioning as a chaperone protein for LRP5/6 and Notch,

respectively [25].

Among the components of Nodal-Cripto-Alk4-Smad dependent pathway, the uterine expression
pattern and/or reproductive consequences of uterine deletion of Nodal [10, 11], ALK4 [18],

Smad3 [12], Smad2 and Smad4 [20, 35] have been studied. Deletion of Cripto in the female
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reproductive tract does not phenocopy uterine specific deletion of Nodal or Alk4. Some
physiologic events are disrupted in Nodal cK.O mice but seem to be normal, impaired with less
severity or impaired with a different phenotype in Cripto cK.O and/or Alk4 cK.O mice. A
conditional deletion of Nodal in the mouse uterus, using a similar loxP-Cre system, resulted in a
dramatic reduction in fertility of Nodal conditional homozygous knockout (cK.O) and
conditional heterozygous females due to impaired implantation, decidualization and
placentation [11]. Unlike Cripto cK.Os and Alk4 cK.Os however, Nodal cK.Os are prone to pre-
term delivery on d17.5pc as opposed to term birth at d19.5pc [11] and both Nodal cK.O and
Nodal cHet females showed significantly higher sensitivity to infection-induced inflammation
which causes them to deliver prematurely [17]. Even though ovulation, fertilization and early
embryo development are normal in Cripto, Nodal and Alk4 cK.O mouse models, considerable
implantation failure is observed in Nodal cK.O mice; this phenotype is very mild in Cripto cK.O
and Alk4 cK.O females however [18]. This observation can be justified with these 2 possibilities:
1) Nodal role in regulating implantation is exerted through Cripto/Alk4/Smad-independent
pathways and/or 2) Nodal target cells in the uterus during peri-implantation period are those
that do not express progesterone receptor (most probably immune cells); Therefore, Cripto or

Alk4 would not be deleted in these cells and the required pathway will remain active.

Comparative analysis of decidualization in Nodal, Cripto and Alk4 conditional K.O female mice
suggests that Nodal and Cripto, but not Alk4, are required for stromal decidualization.
Evaluated by means of artificial decidualization, while both Cripto cK.O (shown in the present
study) and Nodal cK.O females (Park CB, Dufort D; manuscript in preparation) show a
compromised decidualization ability in response to artificial trigger of decidualization, Alk4 cK.O
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females reveal no defect in decidualization as they react completely similar to control females
[18]. This observation can suggest that Nodal and Cripto are involved in uterine decidualization

probably through Alk4/Smad-independent pathways.

We have assessed the level of some critical factors in uterine decidualization including the
serum level of progesterone (P4) on d7.5pc and expression of Cox2, IHH, Hoxal0, Hoxall,
Bmp2, Wnt4 and Notch signaling pathway components on d5.5pc uteri of Cripto cK.O and
Control females. While the level of P4 on d7.5pc and the expression of Ihh, Cox2, Hoxal0 and
Hoxall on d5.5pc showed no difference between groups, the expression of Bmp2 and Wnt4
were significantly lower in d5.5pc non-pregnant Cripto cKO mice compared to the pregnant
d5.5pc Cripto cKO and Controls. The expression of Wnt4 was also significantly lower in pregnant
d5.5pc Cripto cKO compared to pregnant d5.5pc Controls. In a study by Farah et. Al. in 2017
[36] it was shown that in the uteri of porcupine cK.O females in which signaling by all Wnts is
disrupted, on d5.5pc the level of Wnt4 expression is significantly decreased and these females
have impaired uterine decidualization. As mentioned before, Cripto enhances canonical Wnt
signaling [37], therefore a possible cause for the lowered levels of Wnt4 in Cripto cK.O females

might be a potential decrease in canonical Wnt signaling activity.

BMP2 [9] and Wnt4 [38] which are both critical decidualization elements are suggested to be
involved more in differentiation of decidual cells rather than the proliferation phase [29]. We
evaluated the differentiation state of decidual cells in d5.5pc pregnant Cripto cKO females
versus Controls using a staining for tissue Alkaline phosphatase activity. Differentiated decidual

cells should have a high level of alkaline phosphatase enzyme which results in a strong staining.
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Interestingly this experiment showed that decidual cell differentiation is indeed compromised

in Cripto cKO females.

The Notch signaling pathway and its components such as Notchl and Rbpj have been shown to
be critical for uterine stromal decidualization [31, 32], stromal remodeling and uterine luminal
closure [16]. We have seen a significant decrease in the expression of Notch1, Notch4 and Dll4
in the uteri of pregnant d5.5pc Cripto cK.O compared to Control females. In addition,
histological analysis during the post-implantation period, abnormal implantation crypts and
failure of uterine luminal closure were frequently observed in Cripto cK.O females in contrast to
controls. These findings are very similar to phenotypes observed in the case of disruption of
Notch signaling pathway [16]. Cripto has been shown to be implicated in enhancing of Notch
signaling [33]. Impaired decidualization and uterine luminal closure process in Cripto cK.O mice
can therefore be the result of decreased activity of Notch signaling which in turn results in
lowered expression of Notch receptors [39] leading to additional decrease in the activity of

Notch signaling pathway and worsening of the condition.

Conclusion

We have characterized the expression pattern of Cripto during early mouse pregnancy and
studied the effects of deleting Cripto in the female reproductive tract which results in
subfertility in the forms of lower pregnancy rate and smaller litter size. We have also shown
that the presence of defective peri-implantation uterine remodeling, decidualization and
luminal closure in Cripto cK.O females are the underlying causes for their subfertility. Although

we have not shown precisely but based on findings of this study, we suggest that Cripto exerts
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functions in female reproduction that can be both related and independent of Nodal signaling.
We have introduced a mouse model to better understand the regulation of female

reproduction by TGF-B related signaling which also can be considered a good tool to study the
pathogenesis of pregnancy-related issues in humans aiming towards the development of new

treatments for female infertility and pregnancy complications.
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Supplemental material

Figure 2.5S1. Cripto localization in pregnant uterus corresponds with implantation sites.
Localization of Cripto (brown) is shown by Immunohistochemistry. On d1.5pc, Cripto protein
expression (arrows) is very low and is limited to a few stromal cells adjacent to the luminal
epithelium and in a few cells within the luminal epithelium (A and B). On d3.5pc, Cripto protein
expression is quite prominent in the uterine stromal cells and to a less extent in the luminal
epithelium only at future implantation site (C, C" and C”) but not at inter-implantation space (D,
D’ and D”, sections are from the same pregnant uterus). Gradient pattern of Cripto protein
expression in the stromal cells at the implantation site is also noticeable (C-C”) where the
expression is highest in the stromal cells adjacent to the luminal epithelium and decreases with
distance from the luminal epithelium toward the periphery of the uterus. Cripto protein
expression is also visible in the embryo within uterine lumen (C”). C’, C”, D’ and D” are higher
magnification of the fields defined by boxes in Cand D. AM, antimesometrial pole; Em, embryo;
GE, glandular epithelium; LE, luminal epithelium; Lu, lumen; M, mesometrial pole; My,
myometrium; St, stroma. (Scale bar: A, 75 um; B, Cand D, 50 um; C’, C”, D" and D”, 250 um)
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Figure 2.52. Cripto protein is highly expressed in uterine decidual cells and
differentiating stromal cells after implantation. Imnmunohistochemistry against
Cripto (brown) on d5.5pc (1 day after implantation) comparing implantation site
(A and A’) and inter-implantation site (B and B’) in the same pregnant uterus.
Localization of Cripto protein is limited to the implantation sites (A) and is
observed in decidual cells and differentiating stromal cells (A’). Cripto is not
detectable at inter-implantation spaces (B and B’). A’ and B’ are higher
magnification of the fields defined by black boxes in A and B. AM,
antimesometrial pole; dSt, differentiating stromal cells; GE, glandular epithelium;
LE, luminal epithelium; Lu, lumen; M, mesometrial pole; My, myometrium; PDZ,
primary decidual zone; SDZ, secondary decidual zone; St, Stroma. (Scale bar, A’
and B’: 75 um; A and B: 250 um)
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Figure 2.S3. Cripto protein is localized around the uterine vasculature during peri-
implantation and post —implantation period. Immunohistological evaluations on d3.5pc and
d5.5pc revealed perivascular localization of Cripto (brown, marked with arrows) around
mesometrial (A and C) and myometrial/stromal vascular structures (B and D). De, decidual cells;
GE, glandular epithelium; My, myometrium; dSt, differentiating stroma. (Scale bar: 50 um)
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Figure 2.54

A
Control females (n=4) Cripto cKO females (n=4)
Total no. of pups-first month 32 pups/4 litter 10 pups/1 litter
Total no. of pups-second month 35 pups/3 litters 48 pups/7 litters
Total no. of pups-third month 55 pups/5 litters 22 pups/4 litters
Total no. of pups-forth month 55 pups/5 litters 7 pups/2 litters
Total no. pups-fifth month 42 pups/4 litters 14 pups/5 litters
Total no. of pups over 5 months 219 pups 101 pups
Total no. of litters over 5 months 21 litters 19 litters
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Figure 2.54. Assessment of fertility in a 5 months-long breeding trial. (A), the number of pups
and litters produced by Control and Cripto cKO females during every month of the trial. (B), the
changes in the average number of pups per litter over time is shown in Cripto cKO females
compared to Controls.
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Figure 2.S5
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Figure 2.55. Normal expression level of /hh, Cox2, Hoxa10 and Hoxa11 in Cripto cK.O females.
(A-D) Relative expression of Ihh, Cox2, Hoxal0 and Hoxal1l on d5.5pc was measured by
guantitative real-time PCR (pregnant Control d5.5pc, n= 6-8 females; pregnant Cripto cKO
d5.5pc, n=8-10 females and non-pregnant Cripto cKO d5.5pc, n = 5-6 females). (E-G) IHC
staining against Cox2 on d5.5pc implantation site shows that localization of Cox2 protein
(brown) in Cripto cK.O females is similar to Control. (G) Presence of an extra branch in the
implantation crypt is also visible. My, myometrium; rLu, residual lumen; SDZ, secondary
decidual zone; embryos in the sections are marked by stars (Scale bar: 250 um).
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Table S1. Level of serum Progesterone on d7.5pc in Cripto cK.O females versus Controls.

Table S1 Pregnancy status on d7.5 pc Level of serum Progesterone
on d7.5 pc * (ng/ml)

Cripto cKO Pregnant-9 decidua >42.00
Cripto cKO Pregnant-11 decidua >42.00
Cripto cKO Not pregnant >42.00
Cripto cKO Not pregnant >42.00
Cripto cKO Pregnant-8 decidua 29.81
Cripto cKO Pregnant-13 decidua >42.00
Cripto cKO Pregnant-10 decidua >42.00
Cripto cKO Pregnant-9 decidua >42.00
Cripto cKO Complete litter resorption (7 resorption sites) 39.05
Cripto Control Pregnant-9 decidua >42.00
Cripto Control Pregnant-8 decidua >42.00
Cripto Control Pregnant-12 decidua >42.00
Cripto Control Pregnant-9 decidua >42.00

* minimum required level of Progesterone on d7.5pc of pregnancy: 12.5-15.5 ng/ml
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Preface

In Manuscript | (Chapter 2), we showed that Cripto is expressed in the mouse uterus during
early stages of pregnancy and loss of uterine Cripto results in subfertility in the form of lower
pregnancy rate and fewer number of pups per litter. In Manuscript | (Chapter 2) we also
showed that the cause of the lower pregnancy rate is implantation failure, impaired peri-

implantation uterine remodeling and defective stromal decidualization.

Here, in Manuscript Il (Chapter 3), we asked why Cripto cKO female give birth to fewer number
of pups per litter with possibility of fetal death due to placentation defects in our mind. In this
chapter we were mainly focused on the period of placental development and late pregnancy.
The expression pattern of Cripto at maternal-fetal interface during placentation period was
evaluated. Furthermore, the structure of placenta, viability and growth of the fetuses, as well as
maternal immune cell composition at the placentation site were analyzed in pregnancy of

Cripto cKO females in comparison with Controls.
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Abstract

The growth and survival of the mammalian fetus is dependent on the placenta, which is the
interface between the maternal and fetal blood circulation that is essential for the exchange of
nutrients, gas and elimination of fetal wastes. Several research groups including our lab have
demonstrated the involvement of different transforming growth factor-beta (TGFB) superfamily
members and their related receptors in placentation. Cripto is a member of the epidermal
growth factor-Cripto1/FRL1/Cryptic protein family and plays a critical role in embryonic
development, stem cell maintenance and tumor progression through TGFB-dependent and
independent pathways. Several studies have suggested that Cripto may also have a role in
female reproduction and pregnancy maintenance, but its specific role remains elusive. We have
previously created a uterine-specific conditional knockout of Cripto and have shown that Cripto
cKO females are subfertile due to compromised uterine remodeling and decidualization. Our
previous findings also suggested that deletion of Cripto from the uterus resulted in placental
defects or insufficiency, leading to fetal death. Here, we showed that Cripto is expressed at
maternal-fetal interface during the placentation period by a variety of cell types including
different maternal immune cells and fetal trophoblast cells. We found that loss of maternal
Cripto in uterine stromal, epithelial and decidual cells during early pregnancy eventually results
in defective placentation, altered immune cell composition at maternal-fetal interface,
decreased vascularization within maternal decidua and more interestingly in the placental
labyrinth. We further demonstrated that components of the VEGF and Notch signaling
pathways are downregulated in Cripto cKO decidua and placenta potentially contributing to

defects in the development of the vasculature at maternal-fetal interface. These findings
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suggest that maternal Cripto is part of the maternal-fetal communications required for proper

development of placenta and placental vasculature.

Introduction

The growth and survival of the mammalian fetus depends on the placenta which is the interface
between the maternal and fetal blood circulation, essential for the exchange of nutrients, gas
and elimination of fetal wastes [1]. The placenta also forms a barrier that protects the fetus
against the maternal immune system. Furthermore, the placenta is the source of hormones
that changes the maternal physiology required for adaptation to pregnancy [2]. Although there
are some differences in the details of the human and mouse placental structures, the overall
architecture of placenta and the molecular mechanisms controlling placental development are
similar [3]. This similarity has led to the increasing use of mouse models for studying the

essential elements of placental development.

The mature placenta in both humans and rodents has three main layers: the maternal layer
which is composed of uterine decidual cells, maternal vasculature and maternal immune cells,
a junctional layer composed of fetal trophoblast cells that are responsible for attachment of the
fetal compartments of placenta to the maternal compartment by invading the uterine wall and
maternal vessels; and the third layer which is composed of vastly branched villi [3]. Placenta in

primates and rodents is of the hemochorial type in which fetal blood is surrounded by fetal
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endothelial cell-lined vessels but the maternal blood is in contact with specific types of

trophoblast cells [4].

In mice, at embryonic day 8.0 (E8.0), extraembryonic mesoderm (allantois), which subsequently
will give rise to the fetal vascular compartment of the placenta [2], extends from the posterior
end of the embryo and at E8.5, in a process called chorioallantoic attachment (or fusion), the
chorion and the allantois locate closely and join together. Shortly after, the chorion starts to
fold toward the mesometrial pole, eventually forming the chorionic villi, which creates spaces
for the allantois-derived fetal blood vessels to grow into [2]. Concomitantly, the differentiation
of chorionic villi trophoblast cells into labyrinth cell types begins. Syncytiotrophoblasts are
multinucleated cells that surround the endothelium of the fetal capillaries within the labyrinth
and are formed by the fusion of trophoblast cells. The maternal blood sinuses within the
labyrinth are lined by a mononuclear trophoblast cell type termed sinusoidal trophoblast giant
cells. The labyrinth trophoblast cells, and fetal vasculature together form the structure of the
highly branched mouse placental labyrinth villi. The labyrinth grows and becomes more
extensively branched with progress of pregnancy until birth which in mice is E18.5 to 19.5 [5].
Labyrinth of the placenta is the placental compartment where the maternal and fetal blood are
in very close proximity for the purpose of nutrients, gas and fetal waste transport. The
countercurrent direction of maternal and fetal blood flow within the labyrinth maximizes the
efficiency of this transport [5]. Any developmental defect such as aberrant or inadequate
vascularization, branching or dilation of the labyrinth can result in impaired placental perfusion
and insufficient oxygen and nutrient diffusion which negatively affects fetal growth and survival
[6].
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Several research groups including our lab, have demonstrated the involvement of different
transforming growth factor-beta (TGFB) superfamily members and their related receptors in
placentation (e.g. Nodal [7, 8], BMPR2 [9], ALK4 [10] and ALK5 [11]) as well as other
fundamental reproductive events [7-24]. Cripto is a member of the epidermal growth factor-
Cripto1/FRL1/Cryptic (EGF-CFC) protein family that acts as a co-receptor in the TGF-£ signaling
pathways (Nodal, GDF1 and GDF3) and plays a critical role in embryonic development [25, 26].
Cripto null mice are embryonic lethal (between d7.5pc and d10.5pc) because of major
gastrulation and heart developmental defects [27]. In addition to be a co-receptor in the TGF-£
signaling pathway, Cripto can activate Smad-independent signaling pathways such as PI3K/Akt
and MAPK and facilitate signaling through the canonical Wnt/R-catenin and Notch/Cbf-1
signaling pathways [28]. Through these various mechanisms, Cripto is implicated in early
embryogenesis, embryonic stem cell maintenance, facilitating epithelial-mesenchymal

transitions and significantly enhancing tumor cell migration, invasion and angiogenesis [28].

Several studies in the literature suggest that, in addition to the aforementioned functions,
Cripto may also have a role in female reproduction and pregnancy maintenance. Cripto mRNA is
consistently detected in endometrial samples from healthy women during the menstrual cycle
[29]. The expression of Cripto is also dysregulated in specific human placental and endometrial
pathologies such as placenta creta, [30] and endometriosis [31]. The specific role of maternal
Cripto in female reproduction and pregnancy remains elusive however, as no study has yet
been conducted that presents an in-depth analysis of its function in the endometrium. We have
previously created a uterine-specific conditional knockout (cKO) of Cripto and have shown that

Cripto cKO females are subfertile due to compromised uterine remodeling and decidualization
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(Shafiei et al, manuscript submitted). Our previous findings also suggested that deletion of
Cripto from the uterus results in placental defects or insufficiency leading to fetal death. In the
present study, we showed that Cripto is expressed at maternal-fetal interface during the

placentation period and that maternal Cripto plays a key role in normal placental development.

Materials and methods

Generation and maintenance of Cripto cK.O and Control Mice

Experimental protocols in this study are in accordance with regulations established by the
Canadian Council on Animal Care and were reviewed and approved by the Animal Care
Committee of the McGill University Health Centre. Mice with loxP sites flanking exon 3-5 of the
Cripto gene (Criptofloxed/floxed or Cripto f/f) on a C57BL6 background were purchased from
The Jackson Laboratory (Stock Number: 016539, Strain Name: STOCKTdgf1tm2.2Mms/J). The
generation of these mice has been previously described [32]. Progesterone receptor-Cre mice
(PgrCre/+) were generously donated by F. J. DeMayo and J. P. Lydon [33] and maintained on a
CD1 background in our lab. Both strains have previously been reported to be healthy and
demonstrated normal fertility. PgrCre/+ mice have been used in numerous studies to

investigate uterine-specific gene function.

Homozygous Criptof/f females were crossed with heterozygous PgrCre/+ males and the
offspring were genotyped by tail snip digestion and PCR. The Cripto floxed (~ 300 bp) and Cripto
wildtype (178 bp) alleles were amplified by touch-down PCR (94 °C 30 Sec, 58-55 °C 30 Sec, 72
°C 30 Sec) for 7 cycles decreasing the annealing temperature 0.5 °C in every cycle; then 30
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cycles of (94 °C 30 Sec, 55 °C 30 Sec, 72 °C 30 Sec) using the following primers: Forward 5'-TGG
TGA TCC AGA GTC ATT GG-3' and Reverse 5-GGG GTC ATT CCT CTC CTA GC-3'. The Pgr-Cre (550
bp) and Pgr-wildtype (300 bp) alleles were amplified by standard PCR (94 °C 1 min, 60 °C 1 min,
72 °C 2 min) for 30 cycles using the following primers: 5'-ATGTTTAGCTGGCCCAAATG-3'; 5'-

TATACCGATCTCCCTGGACG-3'; 5'-CCCAAAGAGACACCAGGAAG-3').

In the first generation, half of the offspring are heterozygous for both genes (Criptof/+
PgrCre/+). The Criptof/+ PgrCre/+ males were crossed with Criptof/f females in order to
generate the required genotypes. Then the Cripto f/f, PgrCre/+ males were crossed with
Criptof/f,Pgr +/+ females to produce the littermates used in our experiments: Cripto
conditional knockout females (Cripto cK.O: Cripto f/f, PgrCre/+), and Control females

(Criptof/f,Pgr +/+).

Mating and sample collection

To assess fertility, 6-12 weeks-old virgin females (Control and Cripto cK.O) were mated with
sexually mature fertile wild-type CD1 males. Mating was confirmed by observation of a vaginal
plug. Females were then separated from males after mating and the date of mating was
recorded (d0.5pc). Mice were sacrificed on specific gestational ages, uteri were dissected, and
the gross morphology was assessed, photographs were taken and then further required

analysis was done.
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Measurements of the conceptus site size

Using Imagel software, the area of each conceptus site was measured in the photographs taken
from whole mount pregnant uteri of Control and Cripto cK.O females at different time-points of

pregnancy.

Tissue processing, paraffin embedding, sectioning and H&E staining

Dissected samples (Uterus or placenta) were collected in PBS, fixed overnight at 4 °Cin 4%
paraformaldehyde (PFA)/PBS or 10% neutral buffered formalin, dehydrated in increasing
ethanol series (25%, 50%, 75%, and 100%, 20 min each) and cleared in xylenes (2x, 15 min). The
tissue was incubated overnight in melted paraffin wax (TissueTek) at 60 °C in a vacuum oven
then embedded at room temperature, and the blocks were placed on a cold plate for 1 hour to
solidify slowly then transferred to —20 °C freezer overnight before sectioning. Seven-
micrometer sections were cut with the Leica RM2145 microtome, mounted on Fisherbrand
Superfrost plus slides and dried overnight. Slides were then either used for
immunofluorescence, immunohistochemistry (described later) or stained with Hematoxylin and

Eosin (H&E).

Immunofluorescence

As described earlier, uteri (Non-pregnant or d0.5pc to d4.5pc pregnant) were dissected,
dehydrated, cleared, embedded in paraffin blocks and sectioned. Slides were then washed in
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xylenes (2x 10 min), rehydrated with a decreasing ethanol gradient (100%, 95%, 85%, 75%, 50%,
20%; 2 min each). Antigen retrieval was done in 10mM sodium citrate solution (+ 0.05% Tween
20, pH 6) at 95 °C for 20 min. Sections then were permeabilized with PBT (0.2% BSA, 2.5%
Triton X-100 in PBS for 15 min), blocked for 1 h at room temperature (10% heat-inactivated
serum and 1% BSA in PBT) then incubated with the primary antibody (Table S2) at 4 °C
overnight. Following several washes in 0.1% PBS-Tween 20, slides were incubated with the
secondary antibody (Table S2) for 1 h at room temperature. Slides were then washed,

counterstained with DAPI (1:5000) and mounted with Mowiol 4—-88 [Sigmal].

Immunohistochemistry

As described earlier, uteri were dissected, dehydrated, cleared, embedded in paraffin blocks
and sectioned. Slides were then washed in xylenes (2x 10 min), rehydrated with a decreasing
ethanol gradient (100%, 95%, 85%, 75%, 50%, 20%; 2 min each). Antigen retrieval was done in
10mM sodium citrate solution (+ 0.05% Tween 20, pH 6) at 95 °C for 20 min. Sections then were
permeabilized with TBT (0.2% BSA, 2.5% TritonX-100 in TBS for 15 min), blocked for 1 h at room
temperature (10% heat-inactivated serum and 1% BSA in TBS). Following washes in TBS-0.025 %
Tween 20 (TBST), slides were incubated with primary antibody (Table S2) at 4 °C overnight.
After washes with TBST, 0.3 % H202 in TBS was used for blocking endogenous peroxidase
activity following by incubation with an appropriate (Table S2) secondary HRP antibody (1:500)
for 1 h at room temperature. For antigen visualization, DAB Substrate Kit (Abcam ab64238) was

used based on recommended instructions provided by the manufacturer. Then Slides were
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counterstained with Hematoxylin solution, Gill no. 2 (Sigma-Aldrich) and mounted with Richard-

Allan Scientific™ Mounting Medium (Thermo Fisher Scientific).

Reverse transcription and Real-time PCR

RNA extraction was done using Trizol and RNeasy Mini Kit [Qiagen Cat. No. 74104]. QuantiTect
Reverse Transcription Kit [Qiagen Cat. No. 205311] was then used for cDNA synthesis. Real-time
PCR was performed using the Rotor-Gene SYBR Green PCR Kit [Qiagen Cat. No. 204074]

following the manufacturer's protocol. The primers are listed in Table S3.

Flow cytometry

Flow cytometry was used to investigate the decidual leukocyte populations present at
maternal-fetal interface on d10.5pc of pregnancy. Females were sacrificed, uteri were
dissected, and implantation sites were cut individually to remove the inter-implantation spaces.
Embryo and fetal membranes were removed from each implantation site and the remaining
tissues of 5 implantation sites from every pregnant female were combined, cut finely using
surgical blades and then digested with an enzymatic cocktail (100 ul 1mg/ml of Liberase TM
Research Grade (Sigma Roche, 5401119001), 9.9 ml HBSS (Sigma-Aldrich), 10 pl of 30 mg/ml
DNase | (Sigma-Aldrich)) for 45 minutes in 37°C with occasional pipetting to help with cell
dissociation. Isolated cells were passed through 70-micron cell strainer, blocked for 10 minutes
on ice with FC block (10 pl Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc Block, Clone

2.4G2 BD 553141) in 990 ul FACS buffer) and were incubated with the designed panel of
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antibodies (Table S4) for 30 min on ice. Then cells were washed 3 times with FACS buffer (495
ml PBS, 5 g BSA and 5 ml 0.5 M pH 8 EDTA) by centrifugation for 4 min at 800g, then fixed with
4% PFA for 10 minutes in ice. After 3 more washes, the supernatant was removed, and the cells
were resuspended in 300 ul FACS buffer for flow cytometric analysis. To determine live vs dead
cells a Fixable viability dye (Table S4) was used in the panel of antibodies. Analysis was carried
out using the BD LSR Fortessa-X20 and data were collected using BD FACSDiva software and

analyzed using FlowJo software version10.

For analysis of Cripto expression by immune cells, first similar process was performed with the
same panel of antibodies. Then, instead of fixation with 4% PFA, a Fixation/Permeabilization Kit
was used based on manufacturer’s recommendation (eBioscience FoxP3/Transcription Factor
Staining Buffer Set” Invitrogen 00-5523-00). After permeabilization, cells were incubated for 30
minutes on ice in the dark with Cripto antibody diluted in permeabilization buffer. Then cells
were washed twice with permeabilization buffer by centrifuge at 500g for 5 minutes,
resuspended in 300 ul of FACS buffer and moved to flow tubes for analysis by BD LSR Fortessa-

X20.

Statistics

Data are presented as the mean + SEM of independent samples. Statistical analysis comparing
experimental groups was performed using two-tailed Student t-test for independent samples,
Student t-test for correlated samples and F-test for the comparison of the difference between
the variances of the two samples. P-values less than 0.05 were considered statistically

significant.
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Results
Fetal death and intrauterine growth restriction are observed in pregnancy of Cripto cKO mice

during placentation and post-placentation period

We have previously shown (Shafiei et al, manuscript submitted) that although around 40% of
Cripto cKO mice either fail to establish pregnancy or undergo embryo resorbsion between
d5.5pc and d8.5pc, about 60% of the females do establish and maintain pregnancy with a
similar number and size of implantation sites as in control females until the initiation of the
placentation process (i.e. d8.5pc). However, by d10.5pc, 2 days after the start of placental
development, the average size of implantation sites in Cripto cK.O females is significantly lower
than that of controls (P<0.0001)(Figure 3.1 A and B). On d16.5pc, a significantly higher number
of resorption sites (i.e. fetal death) and fewer number of decidua per pregnancy were observed
in Cripto cK.O females compared to Controls (Figure 3.1 C and D). Furthermore, the average
fetal weight was significantly lower (P<0.0001) in Cripto cK.O mothers compared to Controls
(i.e. intra-uterine growth restriction; IUGR). Variations in fetal weight was also significantly
higher in Cripto cK.O mothers compared to Controls (p value for difference of variances

<0.0001) (Figure 3.1 E and F).
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Figure 3.1. Intrauterine growth restriction and fetal death in pregnancy of Cripto cKO females
during placentation period. (A) Whole mount d10.5pc pregnant uteri from Cripto cKO and
Control females. Although at this timepoint, no significant difference was observed in the
average number of implantation and resorption sites per pregnancy (data not shown); (B) the
size of implantation sites, evaluated by measurement of implantation site area (i.e. decidual
area; mmz2) was significantly smaller (P<0.0001) in Cripto cKO females (n= 61 decidua from 6
females) compared to controls (n= 61 decidua from 5 females). (C) Whole mount d16.5pc
pregnant uteri from Cripto cKO and Control females. (D) On d16.5pc, significantly higher (P<
0.05) number of fetal resorptions (i.e. fetal death) and significantly lower (P< 0.05) number of
viable fetuses per litter are observed in Cripto cKO females (n= 8 females) compared to Controls
(n=5 females). (E and F) Furthermore, average fetal weight (grams, g) on d16.5pc is significantly
lower (P < 0.0001) in Cripto cKO mice (n= 60 fetuses from 8 females) compared to controls (n=
52 fetuses from 5 females). Fetal weight variation is also significantly higher at this timepoint
pregnancy in Cripto cKO mothers compared to Controls. (Scale bar: 1 cm)

Mild to severe positional and developmental placental defects are evident in pregnancy of

Cripto cKO females

The observed fetal IUGR and fetal death suggested the presence of placental defects or
incompetency where more severe defects probably causing fetal death and less severe
problems resulting in varying degrees of IUGR. To address this hypothesis we performed

histological analysis of placentas from Cripto cK.O and Control mothers.

On d10.5, embryos extracted from the Cripto cK.O uteri showed considerable degrees of
variation in size within a litter and generally smaller in contrast to embryos from Control
mothers (Figure 3.2 A-C). At this timepoint of pregnancy, we evaluated the histological
structure of placentas from Control mothers and placentas related to fetuses with different
growth retardation status coming from Cripto cK.O mothers. H&E staining showed that

although placentas related to the more normal size fetuses (Figure 3.2 E) in Cripto cK.O females

138



are almost similar to placentas from Control mothers (Figure 3.2 D), but placentas related to
growth retarded embryos have severe structural and/or positional defects (Figure 3.2 F-H).
These placentas were not developed at the appropriate position on the mesometrial pole of the
uterine axis and were positionally “tilted” to either sides along with obvious abnormal
organization and/or size of the fetal compartments in these placentas. The abnormal position
of developing placenta can potentially compromise the maternal-fetal cell communications
required for directing proper development of placenta and efficient maternal-fetal blood
association. These severely defective placentas may eventually result in death of the

corresponding fetuses in Cripto cK.O mothers.

To better assess the initial development and organization of fetal compartments of placenta, on
d10.5pc we performed IF staining against a specific marker for spongiotrophoblast layer of
placenta called trophoblast specific protein A (TpbpA). Using this staining we were able to
visualize the junctional zone of placenta which separates the maternal decidua and the
labyrinth of placenta. We were therefore able to evaluate the overall size and organization of
each placental compartment. We observed that at this timepoint, in placentas related to more
normal sized embryos in Cripto cK.O mothers, all compartments of placenta are present and
the size of every compartment is almost comparable to placentas from Control mothers (Figure

3.2 land)).
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Figure 3.2. positional and developmental placental defects in pregnancy of Cripto cKO females.
(A-C) On d10.5, embryos extracted from the Cripto cK.O uteri showed considerable degrees of
variation in size within a litter in contrast to embryos from Control mothers and were also
smaller compared to embryos from control mothers. Hematoxylin and Eosin (H&E) stained
sections of d10.5pc placentas from Cripto cK.O (E-H) and Control (D) females. Dashed yellow
line shows the position of parietal giant cell layer demarking the border between maternal and
fetal compartments of placenta. Placentas in F-H are positionally “tilted” to either sides
(relative to uterine M-AM axis) and the overall size of fetal compartments of placenta is also
smaller compared to placenta from Control mother (D). (I and J) IF staining against TpbpA
visualizing Spongiotrophoblast layer of the placenta which separates the maternal decidua and
the labyrinth of placenta. At this timepoint, in placentas related to more normal sized embryos
(represented by E in H&E) in Cripto cK.O mothers (J), all compartments of placenta are present
and the size of every compartment is almost comparable to placentas from Control mothers (I).
AM, antimesometrial pole; (Scale bar, A-C: 2 mm; D-J: 250 um).

As previously mentioned, on d16.5pc, the “surviving” fetuses in Cripto cK.O mothers were
significantly growth restricted which again suggests the presence of a placental defect. While
the average placental weight (Figure 3.3 A) and the overall size of placental compartments
(Figure 3.3 B) in d16.5pc pregnant Cripto cK.O and Control females did not show any difference,
histological analysis showed a placental labyrinth defect in which increased cell density and
limited blood-filled spaces in the labyrinth of the placenta was evident (Figure 3.3 C and D). This
defect was still present on d18.5pc, almost a day before delivery of the pups (Figure 3.3 E and
F). As the labyrinth of placenta is the site of close proximity between maternal and fetal blood
for the exchange of nutrients, waste and 02/C02, the low vascularized labyrinth can describe

the observed IUGR in surviving fetuses of Cripto cK.O mothers.
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Figure 3.3. labyrinth defect in placentas from Cripto cKO mothers. The average size of the
placenta (measured by weight, g) obtained from d16.5pc pregnant Cripto cKO (n= 60 placentas
from 8 females) and Control females (n= 52 placentas from 5 females) did not show any
difference (A). In our preliminary histological analysis by H&E staining on placentas from
d16.5pc pregnant mice, while all layers of a mature placenta are recognizable in placentas from
both Cripto cKO and Control mothers (B), a placental labyrinth defect is evident in placentas
from Cripto cKO mothers in which blood-filled spaces are limited compared to Controls. (C and
D, higher magnification of the area defined by boxes in the labyrinth of placentas shown in B).
We also showed that this defect is still present on d18.5pc, almost a day before delivery of the
pups (D and E, d18.5pc placental labyrinth). In C and D all of the blood-filled spaces within the
defined area (on the upper left corner of each image) are filled with yellow color to better show
the difference between the labyrinth of placenta from Cripto cKO and Control mothers. Md,
maternal decidua; Sp, spongiotrophoblast and Lb, labyrinth. (Scale bar: B, 75 um; C-F, 50 um)

Fetal vascularization in placental labyrinth is significantly reduced in Cripto cK.O mothers

To better describe the observed labyrinth defect, we asked whether the diminished blood
spaces in the labyrinth is the result of a decrease in size of the maternal blood sinuses, or
decreased fetal vasculature development or possibly both. To answer this question, we
evaluated the labyrinth of the placenta on day 12.5pc. Because of the distinct appearance of
fetal and maternal red blood cells (RBC) at this stage (Figure 3.4 A and B), it is easy to
distinguish fetal vasculature and maternal blood sinuses from each other with a simple H&E
stain. We took images of 5 microscopic fields at certain positions within labyrinth of every
placenta (defined in Figure 3.4 C) and using Image-J software quantified the nonvascular area of
the labyrinth (occupied by different labyrinth cell types), the area filled with fetal RBC and the
area filled with maternal RBC (Figure 3.4 D). The results showed significant increase in
nonvascular area and significant decrease in area allocated to fetal vasculature within the
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labyrinth of placentas from Cripto cKO mothers compared to Controls while the area correlated
to maternal blood sinuses was comparable between Control and Cripto cKO groups (Figure 3.4

E).

Because in the placentas from Cripto cKO mothers, the overall size of labyrinth compartment is
not reduced, and the size of maternal blood sinuses is not expanded (both characteristic
features of decreased branching morphogenesis of chorionic villi), we concluded that chorionic
villi branching is normal and the observed decreased fetal vasculature within the labyrinth is

directly caused by reduced fetal vascularization.

Figure 3.4. Lower fetal vascular development in placental labyrinth in pregnancy of Cripto cK.O
mice. (A and B) Histological analysis of d12.5pc placental labyrinth by H&E staining. At this stage
fetal RBC (green arrows) are larger and still have their nucleus versus maternal RBC (black
arrows) which are very small with no nucleus which makes it easy to distinguish fetal
vasculature and maternal blood sinuses from each other with a simple H&E staining. (C and D)
Images of 5 microscopic fields at certain positions within labyrinth of every placenta were
analyzed using Imag-J software to quantify the nonvascular area of the labyrinth (occupied by
different labyrinth cell types), the area filled with fetal RBC (red) and the area filled with
maternal RBC (blue). (E) The results showed significant increase in nonvascular area and
significant decrease in area allocated to fetal vasculature within the labyrinth of placentas from
Cripto cKO mothers compared to Controls while the area correlated to maternal blood sinuses
was comparable between Control and Cripto cKO groups (p values are defined in each panel,
Cripto cKO group, n= 8 placenta from 3 females; Cripto Control group, n=9 Placenta from 3
females). (Scale bar: A and B, 25 um).
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Down-regulation of VEGF, VEGFR2 and different components of Notch signaling pathway in

maternal and fetal compartments of placenta in Cripto cKO mothers

Looking for the cause for the decreased fetal vascularization in the labyrinth layer of placenta,
we measured the expression level of some general angiogenic factors (Vegf and its receptor
Vegfr2 [34]) and also factors known to be specifically critical for the development of the fetal
vasculature in placental labyrinth (Esx1 [35] and components of Notch signaling pathway [36-

39]).

To do so, females were sacrificed on d12.5pc and uteri were dissected, and fetal components of
placenta were separated from maternal decidua. The vascularization factors were then
measured in uterine wall/maternal decidua (Figure 3.5) and in fetal compartment of placenta
(Figure 3.6). We observed that expression of Vegf, Vegfr2 and several components of Notch
signaling pathway (Dll4, Notch1, Notch4, Heyl, Hey2, and Hes1) were significantly lower in
uterine wall/maternal decidua of Cripto cKO females compared to Controls. However, the
expression of Wnt4 did not show any difference between groups (Figure 3.5). In the fetal
compartments of placenta, the expression of Vegf and Notch4 was significantly lower and the
expression of Hes1 was significantly higher in Cripto cKO group compared to Control. The
expression of Wnt4 and Esx1 did not show any difference between groups (Figure 3.6). These
findings suggest that down-regulation of both general and specific vascularization factors
contributes to decreased fetal vasculature development of placental labyrinth in Cripto cKO

mothers.
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Figure 3.5. Decreased expression level of angiogenic factors in uterus and maternal decidua in

pregnancy of Cripto cK.O females. Relative expression level of Vegf, Vegfr2, Notch4, Notch1,

Dll4, Heyl, Hey2, Hes1 and Wnt4 on d12.5pc was measured by quantitative real-time PCR

(Control, n=3 females and Cripto cKO, n= 4 females). P-values for significant differences are

included in each panel along with an asterisk.
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Figure 3.6. Decreased expression level of angiogenic factors in fetal parts of placenta in
pregnancy of Cripto cK.O females. Relative expression level of Vegf, Vegfr2, Notch4, Notch1l,
Dll4, Heyl, Hey2, Hes1, Esx1 and Wnt4 on d12.5pc was measured by quantitative real-time PCR
(Control, n=6 placentas from 3 females and Cripto cKO, n= 8 placentas from 4 females). P-
values for significant differences are included in each panel along with an asterisk.

Mid-gestation maternal angiogenesis required for the formation of the lateral vascular

sinuses at maternal-fetal interface, is compromised in Cripto cK.O mothers

Since the level of vasculogenic factors was found to be down regulated on d12.5pc of
pregnancy in the maternal decidua of Cripto cKO females compared to Controls, we evaluated
the development of maternal vasculature at implantation sites by means of

immunohistochemical staining (IHC) against CD31, a marker for endothelial cells.

On d5.5pc, maternal endothelial cells within implantation sites showed similar pattern of
localization between Cripto cKO and Control females where they were mostly localized around
the embryo on the anti-mesometrial pole (Figure 3.7 A and B). Although the intensity of
staining appeared to be reduced in Cripto cKO females, the level of Vegf was comparable
between 2 groups at this timepoint (Figure 3.51). We previously demonstrated that the level of
Notchl, Notch4 and DIl4 was significantly lower in Cripto cKO females compared to Controls on
d5.5pc. However, at this timepoint the level of downstream targets of Notch signaling
pathways, Hey1, Hey2 and Hes1, which are known to be involved in the process of

angiogenesis, was similar between groups (Figure 3.51).
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On d7.5pc, the pattern of maternal endothelial cell localization within implantation sites
appeared different between the two groups. In the case of Cripto cKO females in contrast to
Controls, the staining against CD31 was still prominent toward anti-mesometrial pole (Figure
3.7 D-G). Furthermore, lateral vascular sinuses (which are formed by fusion of maternal
vascular network on the mesometrial pole and in histology appear as empty spaces within
maternal decidua) appeared smaller and less developed in Cripto cKO group compared to

Control on d7.5pc (Figure 3.7 C-F) as well as d10.5 pc (Figure 3.2 D-H, Figure 3.10 A and D).

These findings suggest that although the initial maternal angiogenesis within implantation sites
of Cripto cKO females are similar to Controls, the pattern and level of angiogenesis eventually
becomes abnormal. Therefore, around the time of placentation, the maternal vascular network
at maternal-fetal interface is less developed in Cripto cKO females. This defect can adversely

affect the process of placentation and the growth of the fetus.

Figure 3.7. Reduced maternal angiogenesis on the antimesometrial pole of the implantation
sites. (A-F) IHC staining against CD31 (brown), an endothelial cell marker. Slides were counter-
stained with Hematoxylin. On d5.5pc, strong staining is observed on the mesometrial pole of
the implantation site in both Control (A) and Cripto cKO (B) groups. On d7.5pc, in the case of
Cripto cKO (D and F) in contrast to Control (C and E), the staining against CD31 is still prominent
toward anti-mesometrial pole. Furthermore, lateral vascular sinuses (appear as empty spaces
within maternal decidua, marked by arrows) are smaller and less developed in Cripto cKO group
(D and F) compared to Control (C and E). AM, antimesometrial pole; M, mesometrial pole;
asterisk, embryo within the section. (Scale bar: 250 um)
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Altered immune cell composition at maternal-fetal interface in pregnancy of Cripto cKO mice

Studies have shown that interactions between fetal trophoblasts, maternal decidual cells,
maternal immune cells and endothelial cells are critical for angiogenesis and vascular
remodeling at implantation site [40, 41]. Furthermore, it has been shown that immune cells at
maternal-fetal interface (mainly Macrophages and uNK cells) also produce angiogenic factors

[42, 43].

By means of flow cytometry we investigated whether the composition of immune cells at
maternal-fetal interface is normal at mid-gestation in Cripto cKO females. Using specific
markers for different immune cell types and gating strategy, which is described in Figure 3.S2,
we defined the frequency of B cells, T cells, Macrophages, Monocytes and uNK cells at
maternal-fetal interface in d10.5pc of pregnancy in both Cripto cKO and Control females. No
significant difference was observed between Cripto cKO and Control group in abundance of
total immune cells at maternal-fetal interface. Macrophages (Control 6.13% and cKO 4.97%)
and uNK cells (Control 6.25% and cKO 6.58%) also showed similar proportions of total immune
cells in Cripto cKO and Control mice (Figure 3.8 and Figure 3.S3). However, the frequency of T
cells was significantly lower (p<0.05) in Cripto cKO (2.54%) compared to Control group (3.22%).
Furthermore, the frequency of Monocytes was significantly higher (p< 0.01) in Cripto cKO group
(11.07%) compared to Control (7.2%) (Figure 3.8 and Figure 3.53). Although the proportion of B
cells among immune cells was less than half in Cripto cKO group (6.16%) compared to Control

(12.43%), the difference was not statistically significant (Figure 3.8 and Figure 3.53).
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Figure 3.8. Comparison of different leukocyte populations in d10.5pc implantation sites of
pregnant Control and Cripto cKO females by flow cytometric analysis. Frequency of B cells, T
cells, Macrophages, Monocytes and uNK cells among immune cells in d10.5pc implantation
sites was measured by flow cytomeric analysis. Macrophages as well as uNK cells showed
similar proportions of total immune cells between pregnant Cripto cKO and pregnant Control
mice. Frequency of T cells among immune cells was significantly lower and frequency of
Monocytes among immune cells was significantly higher in Cripto cKO compared to Control
group. Although the proportion of B cells among immune cells was less than half in Cripto cKO
group compared to Control, the difference was not statistically significant because of the high
variation observed within the control group and small number of samples. Control groupn =3
females, Cripto cKO group n = 3 females. Frequency of each immune cell type in each group and
the p values for significant differences are shown in each panel.

It is known that during the course of pregnancy, from implantation to placentation as well as
parturition; maternal immune cell composition and their functions changes dynamically to fit
the various phases of pregnancy [44-46]. Our findings showed that immune cell composition is
altered at maternal-fetal interface of Cripto cKO females during placentation period (d10.5). We
also evaluated the expression level of some immune cell markers within the implantation sites
of Cripto cKO and Controls females on d5.5pc (early post-implantation period) to determine if
the immune cell composition was affected earlier during the pregnancy as well. While the
expression of CD45, a marker for all immune cells, and NKp46 a specific marker for all subsets
of NK cells did not show any difference, the expression of F4/80 and CD11b, markers for
Macrophage and Monocytes, was significantly higher (more than double) in Cripto cK.O group

compared to control (Figure 3.9 A). Immunofluorescence staining against F4/80 on d5.5pc also
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showed presence of higher number of F4/80 positive cells in the implantation sites of Cripto

cK.O females compared to Controls (Figure 3.9 B-E).

Together these findings show that although the total number of immune cells seems to be
normal at implantation sites/maternal-fetal interface of Cripto cKO females, the ratio of
immune cell types is altered and therefore, this deviation in balance of immune cell
composition can be considered as a contributor to placentation and vascular defects observed

in pregnancy of Cripto cKO mice.

Figure 3.9. Significant increase in expression of Monocytes and Macrophages markers in d5.5pc
implantation sites of Cripto cK.O females. (A) Relative expression level of CD45, NKp46, F4/80
and CD11b on d5.5pc was measured by quantitative real-time PCR (pregnant Control d5.5pc, n=
6-8 females and pregnant Cripto cKO d5.5pc, n= 8-10 females). P-values for significant
differences are included in each panel. While the expression of CD45, a general marker for all
immune cells, and specific NK cells marker NKp46 did not show any difference, the expression
of F4/80 and CD11b, markers expressed by macrophages and Monocytes, was significantly
higher in Cripto cK.O group compared to control. (B-E) Immunofluorescence staining against
FA4/80 (red) on d5.5pc reveals presence of higher number of cells expressing this marker in the
implantation sites of Cripto cK.O females on d5.5pc compared to controls. AM,
antimesometrial pole; My, myometrium; PDZ, primary decidual zone; embryos are marked by
asterisks (Scale bar, B and C: 250 um; D and E: 75 um).
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Cripto protein is localized in both maternal and fetal compartments during early placentation

period and its level declines post-placentation

We previously demonstrated that decidual cells are the major source of uterine Cripto during
early post-implantation period. To understand the role of maternal Cripto in placentation, we

assessed the tissue specific localization pattern of Cripto during the placentation period.

Using IHC staining, Cripto localization was observed in both maternal and fetal compartments
on d10.5pc in control mice (Figure 3.10 A-C). However, by d12.5pc (Figure 3.11 A-C) and
d16.5pc (Figure 3.54 A), the localization of Cripto was drastically decreased and limited to some
sparsely distributed cells in the maternal compartment of the placenta. Interestingly the
pattern and level of Cripto expression in Cripto cKO was very similar to Controls on d10.5pc
(Figure 3.10 D-F). However, on d12.5pc, Cripto protein was strongly expressed in the placental
labyrinth and also in a population of cells just above the parietal TGC layer within the maternal
compartment (Figure 3.11 D-F). Although on d12.5pc, the localization of Cripto protein was
evidently stronger in both fetal and maternal compartments of placenta in Cripto cKO group
compared to Control, at mRNA level there was no difference in expression of Cripto within fetal
compartments of placenta and the mRNA expression level was significantly lower within
maternal compartment of placenta in Cripto cKO group (Figure 3.11 G and H). On d16.5pc,
similar to Controls, weak Cripto protein localization was visible only within the maternal

decidua in placentas from Cripto cKO group as well (Figure 3.54 B).
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Figure 3.10. Cripto protein is highly expressed at maternal-fetal interface on d10.5pc of
pregnancy. IHC against Cripto (brown) on d10.5pc comparing the maternal-fetal interface
(developing placenta) within implantation sites of Control (A-C) and Cripto cKO females (D-F).
Slides were counter-stained with Hematoxylin. Localization of Cripto protein is observed in both
maternal compartment (Md in A and D, above Sp in B and E) and fetal compartments of
placenta (Sp and Lb in A and D, whole section in C and F) in both Control and Cripto cKO groups.
B and C are higher magnification of the fields from A. E and F are higher magnification of the
fields from D. AM, antimesometrial pole; M, mesometrial pole; Md, maternal decidua; Sp,
spongiotrophoblast and Lb, labyrinth. (Scale bar, A and D: 250 um; B, C, E and F: 50 um)
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Figure 3.11. Cripto protein is strongly expressed at maternal-fetal interface on d12.5pc of
pregnancy in Cripto cKO females in contrast to Controls. IHC against Cripto (brown) on d12.5pc
comparing the maternal-fetal interface (developing placenta) within implantation sites of
Control (A-C) and Cripto cKO females (D-F). Slides were counter-stained with Hematoxylin.
While low Cripto staining is detected only within maternal compartment of placenta (arrow at
B) from Control females, Strong Cripto protein localization is observed both within maternal
compartment (D and E) in a population of cells located adjacent to parietal trophoblast giant
cells (large cells with very large nucleus evident in D at the border of Md and Sp) and also within
labyrinth of the placenta (F and Lb in D). (G and H) relative expression of Cripto mRNA
measured by quantitative PCR on d12.5 within maternal and fetal tissues separately. P values
for statistically significant differences is indicated in the related panel along with an asterisk. (G)
Control n= 6 placenta from 3 females, Cripto cKO n= 8 placentas from 4 females. (H) Control n=
3 females, Cripto cKO n=4 females. (B and C) are higher magnification of the fields define in A.
(E and F) are higher magnification of the fields defined in D. Md, maternal decidua; Sp,
spongiotrophoblast and Lb, labyrinth. (Scale bar, A and D: 250 um; B, C, E and F: 50 um)
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Labyrinth sinusoidal trophoblast giant cells (TGCs), some Spongiotrophoblast cells and
different maternal immune cells express Cripto protein at maternal-fetal interface during

placentation

We attempted to define the exact fetal and maternal cell types that produce Cripto during
placentation. By interpreting the histological position of Cripto localization inplacenta,
performing IHC and IF staining against Cripto and specific placental compartment markers for
visualization of co-localization and also by using flow cytometry; we were able to determine

some of maternal and fetal Cripto producing cell types on d10.pc.

IF staining against Cripto and Tpbpa (Spongiotrophoblasts marker) showed that in both Cripto
cKO and Control groups, some cells within the spongiotrophoblast compartment of the
placenta expressed Cripto protein (Figure 3.12). Furthermore, Cripto protein localization within
the labyrinth of placenta showed a very specific and organized pattern (Figure 3.13 A and B). By
using IHC staining against Cripto in order to have a better visualization of histology, we were
able to show that within the labyrinth, Cripto protein is expressed by sinusoidal trophoblast
giant cells, which are those cell types within the placental labyrinth that directly surround
maternal blood sinuses (Figure 3.13 C-E). This specific labyrinth localization of Cripto protein
seemed to be lower in placentas from Cripto cKO mothers on d10.5pc (Figure 3.13 C and D) and

was evidently higher on d12.5pc compared to Controls (Figure 3.11 C and F).
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Placenta from Cripto cKO mother-d10.5pc

Cripto

* Cripto

Figure 3.12. Cripto protein is expressed by some cells of spongiotrophoblast compartment of
developing placenta on d10.5pc. IF staining against Cripto (green) and Tpbpa (red) on d10.5pc
comparing the developing placenta of Control (A and C) and Cripto cKO females (B and D).
Slides were also stained with DAPI to visualize the cells nuclei. Co-localization of Cripto and
Tpbpa is observed within some cells of Spongiotrophoblast layer. C and D are higher
magnification of the fields defined in A and B respectively. (Scale bar, A and B: 250 um; C and D:

100 um)
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Figure 3.13. Cripto protein is expressed by sinusoidal trophoblast giant cells within labyrinth of

developing placenta on d10.5pc. (A) IF staining against Cripto (green) and Tpbpa (red) on

d10.5pc showed a very specific pattern of localization for Cripto within labyrinth of placenta (B,
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magnification of the defined field in A). Slides were also stained with DAPI to visualize the cells
nuclei. (C and D) IHC staining against Cripto (reddish brown) and counter-staining with
Hematoxylin shows that within placental labyrinth, Cripto protein localization is only limited to
those cells surrounding the maternal blood (red asterisks). These cells are sinusoidal
trophoblast giant cells (E, adapted and modified from reference [73]). Red asterisk, maternal
blood; Blue asterisk, fetal blood. (Scale bar, A: 250 um; B: 50 um; C and D: 25 um)

As we have previously confirmed the successful deletion of Cripto in the uterus (Shafiei et al,
Manuscript submitted), we speculated that those Cripto expressing cells residing in maternal
compartment of placenta (seen in both Control and Cripto cKO groups) must be the cell types
which do not express progesterone receptor (PR), therefore Cripto is not deleted in these cells.
Immune cells were potential candidate cell types which are present at maternal-fetal interface
and do not express PR. We employed flow cytometry using appropriate antibodies against
Cripto and several markers for different immune cells types to determine whether any immune
cell type possibly expresses Cripto (Figure 3.14). We observed that on d10.5pc, around 30% of
all cells at maternal-fetal interface express Cripto. Intrestingly, out of these Cripto expressing
cells, a little more than 50% were CD45 positive cells (immune cells). These Cripto positive
immune cells make up around 28% of all immune cells at maternal-fetal interface on d10.5pc.
Further gating of these Cripto positive immune cells for specific markers showed that around
20% of them are Macrophages, 7% are Monocytes and 13% are uNK cells. Expression of Cripto
on B cells and T cells was not detected (Figure 3.14). We emphasize that these results are

preliminary and in order to have a more precise estimation of the abundance of each immune

164



cell type that expresses Cripto, we need to analyze more samples and use more specific

markers as we were only able to define the type of 40% of these Cripto positive immune cells.

To confirm the results obtained by flow cytometry, IF staining against Cripto and Dolichos
Biflorus Agglutinin (DBA) lectin (which is specifically expressed by a subset of uNK cells at
maternal-fetal interface) was employed. We were able to show that on d10.pc, Cripto is
detected in some DBA positive uterine NK cells at maternal fetal interface in both Control and

Cripto cKO females (Figure 3.15).

Figure 3.14. Flow cytometric analysis of leukocytes that express Cripto protein in d10.5pc
implantation sites. This figure shows the gating scheme to identify total immune cells and
several immune cells types present at d10.5pc implantation sites which express Cripto protein.
Cells were chosen apart from debris and particles within the sample using gating for forward
scatter area (FSC-A, representing the size) and side scatter area (SSC-A, representing the
complexity). Single cells (singlets) were selected versus doublets using FSC-A and FSC-H
(height). A Fixable Viability Dye (FVD efour506) was used to mark the dead cells. Live singlets
were first gated for Cripto to select all the live single cell which express Cripto protein within
the samples. Fluorescent Minus One control (FMO) for Cripto antibody showed the high
specificity of the signal perceived in the sample. Cripto positive single cells were then gated for
CD45 to select the population of all Cripto positive leukocytes. The selected population was
further gated and some of immune cell types were defined as follows: uterine Natural Killer
cells (uNK cells): CD45 pos, Ly6c neg-int, F4/80 neg, CD11b pos, CD11c pos. B cells: CD45 pos,
Ly6c neg, CD3 neg, CD19 pos. T cells: CD45 pos, Ly6c neg, CD3 pos, CD19 neg. Macrophages:
CDA45 pos, CD11b pos, CD11c neg, Ly6c neg-int, F4/80 pos. Monocytes: CD45 pos, CD11b pos,
CD11c neg, Ly6c hi, F4/80 neg-pos. Within Cripto positive immune cell population, we were
able to define Monocytes (~ 7%), Macrophages (~ 20%), uNK cells (~ 13%) but no B cellsor T
cells (less than 1%). pos: positive, neg: negative, int: intermediate, hi: high, via: viability.
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Placenta from Control mother-d10.5pc Placenta from Cripto cKO mother-d10.5pc

0

Figure 3.15. Cripto protein is expressed by some uNK cells within maternal decidual
compartment of developing placenta on d10.5pc. IF staining against Cripto (Red) and DBA
(Green) on d10.5pc comparing the developing placenta of Control (A and C) and Cripto cKO
females (B and D). Slides were also stained with DAPI to visualize the cells nuclei. expression of
Cripto is observed in some DBA positive uNK cells within maternal decidua. C and D are higher
magnification of the fields defined in A and B respectively. (Scale bar, A and B: 100 um; C and D:
25 um)
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Discussion

We have previously demonstrated that Cripto cKO females are sub-fertile as around 40% of
them fail to give birth to any pups although they have normal estrous cycles, ovulation and
fertilization (Shafiei et al. manuscript submitted). Furthermore, the Cripto cKO females that
became pregnant, despite having similar number and size of implantation sites as control
littermates at the start of the placentation process, eventually gave birth to significantly fewer
number of pups per litter suggesting a loss of embryos during later developmental stages. In
this study we assessed the implantation site, fetal size and placental structure from early
placentation until a few days prior to delivery. On d10.5pc, the average decidual and embryo
size in Cripto cKO females was already significantly lower than that of controls with significant
variations in fetal size within a litter from Cripto cKO female in contrast to Control. On d16.5pc,
a significantly higher number of fetal resorptions (i.e. fetal death) was observed in Cripto cK.O
females which explained why these mice give birth to fewer numbers of pups per litter.
Furthermore, fetal weight was more variable within a litter and the average fetal weight was
also significantly lower in Cripto cK.O mice compared to controls (i.e. intra-uterine growth
restriction; IUGR). The observed fetal IUGR and fetal death suggested the presence of placental

defects or incompetency.

Histological and markers analysis for different compartments of the placenta demonstrated
that some placentas from Cripto cKO females have severe structural and positional defects.
These placentas were positionally “tilted” to either sides of the mesometrial-antimesometrial
axis along with obvious abnormal organization and size of the fetal placental compartments.
This tilted position of placentation most probably originates from incomplete uterine luminal
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closure and the presence of extra luminal branches which results in defective crypt formation
(Shafiei et al. manuscript submitted). Abnormal position of the developing placenta can
potentially compromise maternal-fetal cell communications that are required for directing the
proper development of placenta and efficient maternal-fetal blood association, leading to
development of severely defective placentas eventually resulting in death of the corresponding
fetuses in Cripto cK.O mothers. Interestingly, surviving fetuses in Cripto cKO females at d16.5pc
were growth restricted suggesting further placental defects at this stage. While the average
placental weight and the overall size of placental compartments in d16.5pc pregnant Cripto
cK.O and Control females did not show any difference, histological analysis showed a placental
labyrinth defect in which increased cell density and limited blood-filled spaces in the labyrinth
of the placenta is evident. This defect was still present on d18.5pc, almost a day before
delivery. As the labyrinth of the placenta is the site for maternal- fetal exchange of nutrients,
waste and 02/C02, this defect is most likely the underlying cause of fetal IUGR in Cripto cK.O

mothers.

We also showed that this defect in the labyrinth layer of the placenta was the result of a
significant decrease in fetal vasculature within the labyrinth and a significant increase in the
area occupied by labyrinth trophoblast cells; whereas the area of the maternal blood sinuses
within the labyrinth had remained normal. In our study, we observe a cell dense labyrinth with
less blood spaces, a phenotype mostly associated with defective branching morphogenesis of
the placental labyrinth [1], however, as the overall size of placental labyrinth was not smaller
and the size of maternal blood sinuses were not increased in placentas from Cripto cKO

mothers compared to Controls (neither on d12.5pc nor on d16.5pc), we concluded that
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chorionic villi branching must be normal and the primary defect is in the process of fetal
vascularization into the chorionic villi. This phenotype is similar to what has been observed only
in a few mouse mutant models including Esx1 and some components of the Notch signaling

pathway [35-39].

Along with the fetal vasculature defect, we also observed that the development of maternal
vasculature at the placentation site is decreased in pregnancy of Cripro cKO females compared
to Controls. This defect was first observed starting on d7.5pc and was also evident on d10.5pc.
To determine the cause of decreased vascularization within maternal decidua and labyrinth, we
measured the expression of general angiogenic factor Vegf and its receptor Vegfr2 and two
known primary fetal allantoic vascularization factors, Esx1 and components of Notch signaling
pathway in uterus/maternal decidua and fetal parts of placenta separately. We observed that
expression of Vegf, Vegfr2 and all components of Notch signaling pathway, DIl4, Hey1, Hey2,
Hes1, Notch1 and Notch4, was significantly lower in uterus/maternal decidua of Cripto cKO
females compared to Controls. Furthermore, the expression of Vegf and Notch4 in fetal parts

of placenta was also significantly lower in Cripto cKO group compared to Control.

VEGEF signaling through Its receptors (mostly VEGFR2) is the main pathway involved in
development of vascular structures [34, 47]. Furthermore, different Components of Notch
signaling pathway including Notch1, Notch4, DII1, DIl4, Hey1, Hey2 and Rbpj are critical for
vascular development in different organs as well as fetal vasculature of placental labyrinth [37-
39, 48-51]. Notch signaling has been shown to affect vasculogenesis both through interaction

with VEGF signaling and also independent of it [48, 49, 51-55]. Interestingly, Cripto has been

170



shown to enhance the Notch signaling pathway activity [56], thus, the loss of Cripto can
potentially results in less activity of Notch and VEGF signaling resulting in lower vasculogenesis.
Furthermore, it has been suggested that Cripto itself has angiogenic effects which are
independent of VEGF [57]. It is worth to mention that we observed strong localization of Cripto
protein around the vascular structures of the pregnant uterus both before and after
implantation (Shafiei et al, manuscript submitted). Therefore, a significant decrease in the level
of Cripto in maternal tissues in our cKO mouse model, may result in decreased vascular

development both directly and also through Notch and VEGF signaling pathways.

We showed that the level of Cripto expression is not different in fetal compartments of
placenta in Cripto cKO dams compared to Controls. However, the level of Notch4 and VEGF
were significantly lower in fetal parts of placentas from Cripto cKO mothers compared to
Controls. We speculate that loss of Cripto in maternal uterine tissues results in altered
maternal-fetal cell communications where the required signal from maternal cells for regulating
the function of fetal trophoblasts (e.g. level of VEGF and Notch4 expression) is probably

missing.

We have previously demonstrated that decidual cells are the major source of uterine Cripto
during the early post-implantation period. To understand the role of maternal Cripto in early
placentation and how the loss of Cripto in maternal tissues results in placentation defects, we
assessed the tissue specific localization pattern of Cripto in Control uteri during placentation

period.
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IHC staining on d10.5 showed that during the early placentation period, Cripto was localized in
both maternal and fetal compartments of placenta in Control. Interestingly, Cripto was also
found to be localized in both maternal and fetal compartments of placenta in Cripto cKO. As we
had previously confirmed the successful deletion of Cripto in the uterus (Shafiei et al,
manuscript submitted), we speculated that those Cripto expressing cells residing in maternal
compartment of placenta must be the cell types which do not express progesterone receptor,
therefore Cripto is not deleted in these cells. Immune cells and fetal trophoblast cells were our
best candidate cell types as these calls are present at maternal-fetal interface and do not
express progesterone receptor. Interestingly, our preliminary results using flow cytometry and
IF staining showed that Cripto is indeed expressed by maternal immune cells at maternal-fetal
interface during early placentation period. Although we did not determine the type of all these
Cripto positive immune cells, we were able to define populations of Macrophages, Monocytes
and uNK cells that express Cripto at maternal-fetal interface. Furthermore, using flow
cytometry we showed that although the abundance of total immune cell population at
maternal-fetal interface is similar between Control and Cripto cKO females, the composition of
immune cell types is different and there are significantly more Monocytes and fewer T cells in
Cripto cKO females compared to Controls. Many studies have brought attention to the
importance of maternal immune cells for proper vascular development and remodeling during
placentation [42, 44-46, 58-67]. It is suggested that there are extensive interactions between
certain immune cell types, decidual cells, vascular endothelial cells and fetal trophoblast cells
which are believed to be of critical importance for proper placental development. Furthermore,

different subsets with specific functions have been defined in the population of Macrophages

172



[42, 68] and uNK cells [69-73] which are the most abundant immune cell types at maternal-fetal
interface during placental development. For example, there are different subsets of NK cells at
maternal-fetal interface with quite different inhibitory and stimulatory functions including
production of angiogenic factors and involvement in remodeling of maternal vasculature (both
critical for proper placentation) [43, 72]. Based on our results, we speculate that loss of Cripto
in decidual cells could have possibly rendered them defective in directing the formation of
proper immune cell composition at maternal fetal interface which is highly critical for normal

development of placenta and placental vasculature.

In summary, in this study we have shown the localization pattern of Cripto at maternal-fetal
interface during placentation period of mouse pregnancy. We found that a variety of different
cell types are the source of Cripto during this period including different maternal immune cells,
fetal spongiotrophoblast cells and fetal labyrinth sinusoidal giant cells. Our study suggests that
although maternal immune cells and fetal trophoblast cells are the source of Cripto during
placentation period, the presence of Cripto in maternal uterine structural cells (uterine luminal
epithelium, stroma and decidual cells) during early stages of pregnancy is critical for proper
development of placenta, placental vasculature, and balanced immune cell composition at
maternal-fetal interface later during the course of pregnancy. We observed that loss of Cripto
in maternal uterine structural cells leads to defective placentation which leads to fetal IUGR and
fetal death. Our results also suggest that the role of Cripto in vascularization during

placentation period is most likely exerted through VEGF and Notch signaling pathway.
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Our study brings many interesting questions into the mind such as “how uterine Cripto during
early stages of pregnancy is linked to the composition of maternal immune cells later on during
the placentation period?”, “what are the different immune cell types and subtypes that express
Cripto within maternal-fetal interface?”, “What is the role of Cripto in these immune cells?”,
“does Cripto acts as a co-receptor for TGF-beta signaling in these immune cells and makes them
specific target cells for TGF-beta ligands or it acts as a secreted ligand itself that is produced by
these immune cells and will affect its own target cells?”, etc. More studies are required to

answer these interesting questions.
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Figure 3.51. Expression level of downstream targets of Notch signaling pathway involved in

angiogenesis during early post-implantation. Similar relative expression level of Vegf, Hey1,

Hey2 and Hes1, on d5.5pc measured by quantitative real-time PCR was observed in Control (n=

4 females) and Cripto cKO (n=5 females) groups.
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Figure 3.52. Flow cytometric analysis of leukocytes in d10.5pc implantation sites. The figure
shows the gating scheme to identify total immune cells and several immune cells types present
at d10.5pc implantation sites. Cells were chosen apart from debris and particles within the
sample using gating for forward scatter area (FSC-A, representing the size) and side scatter area
(SSC-A, representing the complexity). Single cells (singlets) were selected versus doublets using
FSC-A and FSC-H (height). A Fixable Viability Dye (FVD efour506) was used to mark the dead
cells. Live singlets were gated for CD45 to define the population of all leukocytes. Some of
immune cell types were defined as follows: uterine Natural Killer cells (uNK cells): CD45 pos,
Ly6c neg-int, F4/80 neg, CD11b pos, CD11c pos. B cells: CD45 pos, Ly6c neg, CD3 neg, CD19 pos.
T cells: CD45 pos, Ly6c neg, CD3 pos, CD19 neg. Macrophages: CD45 pos, CD11b pos, CD11c
neg, Ly6¢c neg-int, F4/80 pos. Monocytes: CD45 pos, CD11b pos, CD11c neg, Ly6c hi, F4/80 neg-
pos. pos: positive, neg: negative, int: intermediate, hi: high, via: viability.
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Figure 3.53. Representative flow cytometry contour plots showing the clustering scheme of
different immune cell subsets in d10.5pc implantation sites. The plots created by FlowJo
software (version 10) show how B cells, T cells, Monocytes and Macrophages, obtained from
implantation sites of Control and Cripto cKO females on d10.5pc of pregnancy, cluster after
flow cytometric analysis. Each line in the graphs represent 2% of the whole population present
in the graph. Smaller population of T cells and B cells, and larger population of Monocytes can
be appreciated in graphs related to Cripto cKO compared to Control.
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Figure 3.54. Cripto protein is weakly expressed only within maternal compartment of mature
placenta. IHC against Cripto (brown) on d16.5pc comparing the mature placenta of Control (A)
and Cripto cKO females (B). Slides were counter-stained with Hematoxylin. In both groups low
Cripto staining is detected only within maternal compartment of placenta (Md). Smaller panels
in each section show higher magnification of placental labyrinth. Md, maternal decidua; Sp,
spongiotrophoblast and Lb, labyrinth. (Scale bar, larger panels: 250 um; smaller panels: 100 um)
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Antibody Host animal | Company Concentration
. Santa Cruz _

Cripto Goat «c-17188 1:100

CD31 Rabbit Abcam-ab28364 1:100

Tpbpa Rabbit Abcam-ab104401 1:100

DBA-FITC

. bioWORD- 21761015-1 1:300
conjugated
Invitrogen eBiosciences _

F4/80 Rat {4 55T 55 1:50

HRP-anti Rabbit | mouse Santa Cruz- sc-2357 1:250

HRP-anti Goat Donkey Santa Cruz- sc-2020 1:250

Ale).<a Fuo.r 594 Donkey Molecular probes 1:950

anti Rabbit

Ale>.<a Fluor 488 Dy Life Technologies 1950

anti Goat

A|e>.<a Fluor 546 Briliey Invitrogen 1:300

anti Goat

Rhodamine Invitrogen-molecular

Red-X anti Rat Goat probes 1200
Table S2
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Gene Name Q-PCR primer-Forward Q-PCR primer-Reverse
Cripto 5'- GACCAGAAAGAACCTGCCGT -3’ 5'- AGGATAGACCCACAGTGCTCTT -3/
Wnt4 5'-AACGGAACCTTGAGGTGATG-3’ 5'-TCACAGCCACATTCTCCAG-3'
Notch4 5'-TTGGCTGAGCAGAAGTCTCG-3' 5'-CCTCACTTCTCCTGCACCTG-3’
Notchl 5'-TCACTCTCACAGTTGCGACC-3’ 5'-AGTGGCCCTAATTGCCAGAC-3’
Dll4 5-TTCTTGCACGGAGAGTGGTG-3’ 5'-CAACACGACACCGGAACAAAC-3’
GAPDH 5'-AACTTTGGCATTGTGGAAGG-3' 5'-ACACATTGGGGGTAGGAACA-3’
F4/80 5’- GCTGCCTCCCTGACTTTCAA-3’ 5’- GCTGTATCTGCTCACTTTGGAG-3’
CD11b 5’- GAGGCCCCCAGGACTTTAAC-3’ 5- CTTCTTGGTGAGCGGGTTCT-3’
NKp46 5-TGGTCTTTTCCCAGTGAGCC -3’ 5’-AGTAGGGTCGGTAGGTGCAA-3’
Heyl 5’-GCCGACGAGACCGAATCAA-3’ 5’-CCCCAAACTCCGATAGTCCA-3’
Hey2 5’-TCCAGGCTACAGGGGGTAAA-3’ 5’-AGATGAGAGACAAGGCGCAC-3’
Hesl 5’-CAACACGACACCGGACAAAC-3’ 5’-TTGGAATGCCGGGAGCTATC-3’
Esx1 5'-TGGAGCAGTGAAGGAGGAAAC-3’ 5’-GCTTCTTCCAGAAACATGGAGT-3’
Vegfr2 5’-TGTGCCTGAGAACTGGGCTC-3’ 5-GTCTTTCTGTGTGCTGAGCTTG-3’
Vegf 5’-ACTGGACCCTGGCTTTCATG-3’ 5’-GCTTCGCTGGTAGACATCCA-3’
Nodal 5’-TGGCGTACATGTTGAGCCTCT-3’ 5-TGAAAGTCCAGTTCTGTCCGG-3’
CD45 5’-GAGATGCAGGGTCCACCTAC-3’ 5’-GGCCTTTTGCTCCCAGATCA-3’
Table S3
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Antibody Fluorochrome Company
Fixable Viability Dye eFluor 506 Invitrogen eBio. (65-0866-14)
CD45 Alexa Fluor 700 Biolegend (103127)
CD3 BUV 737 BD (17a2 612803)
CD19 APC Invitrogen eBio. (1d3 17-0193-80)
Ly6c APC-Cy7 BD (AL-21 560596)
CD11b V450 Invitrogen (M1/70 48-0112-80)
CD11c PerCp-Cy5.5 BD (HL3 560584)
F4/80 PE-Cy7 eBiosciences (BM8 25-4801-82)
Cripto PE Novus (NB100-1598)

Table S4
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Discussion

Currently, it is not well understood how Cripto is involved in female reproduction. In the studies
conducted in this thesis, we investigated whether Cripto is present in the mouse uterus during
pregnancy and if it played a role in physiologic events of female reproduction such as
implantation, uterine decidualization and placentation. We generated a conditional knockout
mouse model in which Cripto was deleted in all cell types expressing progesterone receptor,
including the uterus. We showed that these mice are subfertile due to abnormalities observed
in decidualization, uterine remodeling and luminal closure as well as defective placental

development.

Our lab had previously generated a conditional deletion of Nodal in the mouse uterus, using a
similar loxP-Cre system, resulted in a dramatic reduction in fertility of Nodal conditional
homozygous knockout (cKO) and conditional heterozygous (cHet) females due to impaired
implantation, decidualization and placentation (Park CB, 2012, Park CB, manuscript in
preparation). In addition, Nodal cKO were prone to spontaneous pre-term delivery on d17.5pc
as opposed to term birth at d19.5pc (Park CB, 2012) and both Nodal cKO and Nodal cHet
females showed significantly higher sensitivity to infection induced inflammation which causes
them to deliver prematurely (Heba T. and Dufort D., manuscript accepted in Biology of
Reproduction). Nodal signals through an extracellular membrane-bound receptor complex
comprised of type | (ALK4/ALK7) and type Il (ActRIIA/ActRIIB) Activin receptors and an EGF-CFC
(Cripto/Cryptic) co-receptor. Activation of the receptor complex results in the phosphorylation
of the transcription factors SMAD2 and SMAD3. Phosphorylated SMAD2/3 bind to SMAD4,
which allows the complex to undergo nuclear translocation. These SMADs then associate with
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additional transcription factors, such as FoxH1, Mixer and p53 to facilitate DNA binding and
regulate downstream target genes (Schier AF, 2009). Besides Smad-dependent pathway, Nodal
can also function through Smad-independent pathways such as ERK/JNK/P38-MAPK and

PI13/Akt pathways (Zhang YE., 2010).

The present study was part of our lab’s main goal to elucidate the precise mechanisms of Nodal
action with regards to female reproduction. In order to activate the Alk4-Smad2/3 signaling,
Nodal depends highly on the EGF-CFC proteoglycan family; Cripto in particular (Blanchet AH,
2008). However, other studies have indicated that Nodal can also bind ActRIIA/B and Alk4 (its
receptor complex) independent of Cripto (BenHaim N, 2006). It has been shown that besides
being a co-receptor for Nodal, Cripto can activate Smad-independent signaling elements such
as PI3K/Akt and MAPK and also facilitate signaling through the canonical Wnt/R-catenin and
Notch/Cbf-1 pathways by functioning as a chaperone protein for LRP5/6 and Notch,

respectively (Klauzinska, Castro et al. 2014).

Among different components of the Nodal-Cripto-Alk4-Smad dependent pathway, the uterine
expression pattern and/or reproductive consequences of uterine deletion of Nodal (Park CB,
2012; Park CB, manuscript in preparation), Cripto (this study), ALK4 (Peng J. et al, 2015), Smad3
(zhao, K.Q. et al, 2012), Smad2 and Smad4 (Liu G. et al 2003, Rodriguez, A. 2016) have been
studied. Although all these components have been detected in the mouse uterus during early
pregnancy, they show different spatiotemporal pattern of expression. Similar to what we have
observed for Cripto, Nodal (Park CB 2012) and Smad3 (Zhao, K.Q. 2012) are not expressed in

non-pregnant uterus while ALK4 protein expression was detected in luminal epithelium,
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glandular epithelium, stroma, and myometrium (Peng J. et al, 2015), and Smad2 and Smad4
MRNA was found to be predominantly present in the luminal and glandular epithelium of non-

pregnant mouse uterus (Liu G. et al 2003).

We have shown that Cripto expression starts weakly after mating and increases gradually till it
becomes prominent on d3.5pc only at future implantation sites in the subluminal uterine
stromal cells and luminal epithelium and is not present at the inter-implantation spaces.
Similarly, on d5.5pc (1 day after implantation) localization of Cripto protein is limited to the
implantation sites in decdidual cells, differentiating stromal cells and some glandular
epithelium. During this period (d0.5pc-d5.5pc) Smad3 shows a very similar expression pattern
to Cripto (Zhao, K.Q. 2012). Nodal, Smad2 and smad4 were shown to be present in luminal
epithelium and glandular epithelium from d0.5pc-d4.5pc. On the day of implantation, Smad2
and Smad4 are also detectable in the subluminal stroma around the implanting blastocysts then
on d5.5pc and d6.5pc in primary and secondary decidual zone in decidual cells whereas, the
expression of Nodal becomes limited only to inter-implantation spaces on d4.5pc till d6.5pc
(Park CB 2012, Liu G. et al 2003). In the study by Peng J. et al, 2015 however, localization of Alk4
was not assessed during early pregnancy. They reported that on d5.5pc ALK4 protein
expression is almost undetectable in uterus at the implantation sites (the possibility of ALK4
expression in the inter-implantation sites like that of Nodal at this timepoint of pregnancy has
not been assessed). ALK4 expression was reported in the antimesometrial stroma near the
embryo at around d7.5pc and reached its peak at d8.5pc, with the highest expression observed
at the antimesometrial pole of the implantation site which is the site of placental development

(PengJ. et al, 2015). On d8.5pc both Nodal and its receptor ALK4 are present on the
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stroma/decidual cells in the antimesometrial aspect of the conceptus site. Then expression of
ALK4 decreases and becomes undetectable by d10.5pc whereas Nodal continues to have a
dynamic expression in a distinct thin layer of the decidua parietalis from d8.5pc untill d12.5pc
shifting from antimesometrial to the lateral and mesometrial aspects of conceptus and
continues to be expressed till the end of pregnancy (Park CB, 2012, Peng J. et al, 2015). These
dynamic patterns of expression of the components of Nodal Smad-dependent pathway during
pregnancy is very interesting and suggest complex and extensive communications between

embryonic cells and uterine cells at implantation as well as inter-implantation spaces.

Our studies have shown that the outcomes of deleting Cripto in the female reproductive tract
are not similar with what happens in the case of the uterine specific deletion of Nodal or Alk4.
Some physiologic events are disrupted in Nodal cKO mice but seem to be completely normal,
impaired with less severity or impaired with a different phenotype in Cripto cKO and/or Alk4
cKO mice. While ovulation, fertilization and early embryo development are normal in these 3
cKO mouse model, considerable implantation failure is observed in Nodal cKO females (Park
and Dufort, manuscript in preparation) while this phenotype is very mild in Cripto cKO (present
study) and Alk4 cKO females (PengJ. et al, 2015). This observation can be justified with these 2
possibly: 1) Nodal role in regulating implantation is exerted through Smad-independent
pathways and/or 2) Nodal target cells in the uterus during peri-implantation period are those
that do not express progesterone receptor (such as immune cells); Therefore, Cripto or Alk4 will

not be deleted in these cells and required pathway will remain active.
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While both Cripto cKO females (present study) and Nodal cKO mice (Park and Dufort,
manuscript in preparation) showed compromised decidualization ability, Alk4 cKO females have
been shown to not have any defects in decidualization (Peng J. et al, 2015). This observation
suggests that Nodal and Cripto are involved in uterine decidualization through Alk4/Smad-
independent pathways and although we have not yet tested this directly, their involvement in
uterine decidualization is probably not redundant. Creating a conditional knockout mouse
model with deletion of both Nodal and Cripto from the uterus is required for understanding
whether Nodal and Cripto exert their roles in the process of decidualization independently or

through the same pathway.

We have assessed the level of some critical factors in uterine decidualization including the
serum level of progesterone as well as the expression of lhh, Cox2, Hoxal0, Hoxall, Bmp2,
Wnt4 and Notch signaling pathway components in uteri of pregnant cKO and Control females. A
significant decrease was observed in the expression of Wnt4 and Bm2 in the uteri of d5.5pc
Cripto cKO compared to Control females. BMP2 (Lee, Jeong et al. 2007) and Wnt4 (Franco, Dai
et al. 2011) which are both critical decidualization elements are suggested to be involved more
in differentiation of decidual cells rather than the proliferation phase (Ramathal, Bagchi et al.
2010). We also evaluated the differentiation state of decidual cells in d5.5pc pregnant Cripto
cKO females versus Controls using staining for tissue Alkaline phosphatase activity.
Differentiated decidual cells have a high level of alkaline phosphatase enzyme which results in a
strong staining. Interestingly this experiment showed that decidual cell differentiation is indeed

compromised in Cripto cKO females.
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The Notch signaling pathway and its components such as Notch1 and Rbpj have been shown to
be critical for uterine stromal decidualization (Ramathal, Bagchi et al. 2010, Afshar, Jeong et al.
2012), stromal remodeling and uterine luminal closure (Zhang, Kong et al. 2014). We have seen
a significant decrease in the expression of Notch1, Notch4 and DII4 in the uteri of pregnant
d5.5pc Cripto cK.O compared to Control females. In addition, abnormal implantation crypts and
failure of uterine luminal closure were frequently observed in Cripto cK.O females in contrast to
controls. These findings are very similar to phenotypes observed in the case of disruption of
Notch signaling pathway (Zhang, Kong et al. 2014). As described earlier, Cripto has been shown
to be implicated in enhancing of Notch signaling (Watanabe, Nagaoka et al. 2009). Impaired
decidualization and uterine luminal closure process in Cripto cK.O mice can therefore at least
partly be the result of decreased activity of Notch signaling which in turn results in lowered
expression of Notch receptors (Artavanis-Tsakonas, Rand et al. 1999) leading to additional

decrease in the activity of Notch signaling pathway and worsening of the condition.

We observed fetal death and IUGR in pregnancy of Cripto cKO females which are also the
phenotypes seen in Nodal cKO and Alk4 cKO females all due to placental defects. The
characteristics of the defective placentas however, is not completely similar in these three cKO
mouse models. We showed that in placentas from Cripto cKO females, all placental
compartments including maternal decidua, junctional zone (spongiotrophoblast and
trophoblast giant cells), and labyrinth are present, and each layer seems to have a normal
overall size as analyzed on d16.5pc in our study. However, we have observed that the labyrinth
layer of the placenta in Cripto cKO females was cell dense and had significantly less blood-filled

spaces due to significant decrease in development of fetal vasculature. As the overall size of the
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labyrinth was not diminished and labyrinth maternal blood sinuses showed normal size, this
phenotype was concluded to be the result of normal villi branching but impaired labyrinth fetal
vascularization, a defective labyrinth phenotype which is also observed in mutants of Notch
signaling pathway components and Esx1 (Li and Behringer 1998, Krebs, Xue et al. 2000, Duarte,
Hirashima et al. 2004, Fischer, Schumacher et al. 2004, Krebs, Shutter et al. 2004). Interestingly
we observed that the expression of several components of Notch signaling pathway (DIl4, Hey1,
Hey2, Hes1, Notch1 and Notch4) along with Vegf and its receptor Vegfr2 was significantly lower
in uterus/maternal decidua of Cripto cKO females compared to Controls. Furthermore, the
expression of Vegf and Notch4 in fetal parts of placenta was also significantly lower in Cripto
cKO group compared to Control. These findings suggest that maternal Cripto could be a part of
the maternal-fetal communications required for proper development of the placenta and of the
placental vasculature. Our results also suggest that the role of Cripto in the development of
vasculature at maternal-fetal interface is at least partly through VEGF and Notch signaling

pathways.

In comparison, pregnancy of Nodal cKO females showed a drastic decrease in the maternal
decidual compartment of placenta and an expansion of the trophoblast giant cell layer and
spongiotrophoblast layer but overall size of labyrinth did not seem to be changed (Park C.B.,
2012). In Alk4 cKO mice, although all layers of placenta are present, the normal organization is
disrupted in the form of an expansion of the trophoblast giant cells layer (similar to Nodal cKO
females) and a reduction in size of spongiotrophoblast and labyrinth layers. The size of the
maternal decidua, however, is not affected in Alk4 cKO mice as severely as it is seen in placenta

of Nodal cKO females. Together, these studies including our data suggest that the required
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pathway for the maintenance of maternal decidua compartment of placenta during late
pregnancy, is either Nodal Smad-independent pathways or Nodal Smad-dependent pathway in
the target cells that do not express PR (such as immune cells). It can be also speculated that
Nodal signaling through Alk4 is probably active in regulation of giant cells and trophoblast cells
at the fetal-maternal interface as impaired organization of giant cell and spongiotrophoblast
layers are observed in placentas in both Nodal and Alk4 cKO females. This defect is not
observed in Cripto cKO mouse model which can possibly suggest that either Nodal signaling
through Alk4 might function independently of EGF-CFC co-receptors (Cripto or Cryptic), which is
supported by studies indicating that Nodal can bind ActRIIA/B and Alk4 independently of Cripto
(BenHaim N, 2006) or that there is functional redundancy between the two EGF-CFC genes,
Cripto and Cryptic. Despite the non-overlapping expression of Cripto and Cryptic prior to
gastrulation in the developing embryo, in a study using double Cripto/Cryptic mutants, Chu J.
and Shen M. in 2010 showed some partially redundant functions between these proteins in
early mouse development (Chu and Shen 2010). The expression of Cryptic in mouse uterus has
not been elucidated yet. Our preliminary results of Real-Time quantitative PCR suggest that in
uteri of wild type mice during estrous cycle (estrus and diestrus) and early pregnancy from
d0.5pc to d5.5pc, Cryptic expression is generally very low (data not shown). The definite answer
will be reached by creating a double Cripto/Cryptic uterine cKO mutant which is beyond the

scope of the present study.

In this study, no incidence of preterm delivery in Cripto cKO females was observed, similar to
Alk4 cKO and in contrast to Nodal cKO females. Again, these data suggest that for maintenance
of pregnancy to full-term, Nodal possibly either signals through Cripto/ALK4/Smad-independent
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pathways and/or Nodal Smad-dependent pathway is required in target cells that do not express
PR (such as immune cells). Interestingly, our preliminary results using flow cytometric analysis
showed that indeed during the placentation period, a population of maternal immune cells at
maternal-fetal interface express Cripto and these cells are most likely the target cells of Nodal

and may be involved in modulating pregnancy maintenance and/or timing of parturition.

Conclusion

In summary, in this study we have shown the spatiotemporal localization pattern of Cripto in
the uterus and at the maternal-fetal interface during the course of mouse pregnancy for the
first time. We have defined that depending on gestational age, different cell types produce
Cripto including uterine luminal epithelium, uterine stroma, decidual cells, uterine immune
cells, embryonic trophectoderm, trophoblast giant cells, spongiotrophoblast cells and labyrinth
sinusoidal giant cells. Deletion of Cripto in the female reproductive system (maternal sources of
Cripto) leads to subfertility in the forms of lower pregnancy rate and smaller litter size. We have
shown that implantation failure, compromised uterine remodeling and luminal closure,
impaired uterine decidualization, as well as placentation defects in Cripto cKO females are the
underlying causes for this subfertility. Based on findings in this study, we suggest that Cripto
exerts functions in female reproduction that can be both dependent and independent of Nodal
signaling. We have introduced a mouse model to better understand regulation of female
reproduction by TGF-B related signaling which also can be considered a good tool to study
pathogenesis of pregnancy related issues in humans, aiming towards the development of new

treatments for female infertility.
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