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Omics sur les placentas sains et pathologiques

Résumeé court

La prééclampsie (PE) et la restriction de la croissance intra-utérine (RCIU) sont les deux
pathologies placentaires les plus courantes, affectant 2 a 5% des grossesses dans le monde. Le
développement correct de I'ensemble du placenta requis pour l'invasion profonde appropriée du
placenta dans l'utérus maternel et le remodelage complet des artéres spirales utérines. Toute
perturbation dans le placenta peut conduire au développement de maladies. Ainsi, cette these vise a
comprendre la physiopathologie du placenta au niveau moléculaire dans les états sains et

pathologiques a quatre niveaux d'Omics différents:

1. Etude des changements de méthylation de I'ADN dans les placentas pathologiques pour
déterminer les signatures spécifiques de la maladie dans les maladies PE et RCIU.

2. Caractérisation moléculaire détaillée des différents types cellulaires présents dans le
placenta par analyse transcriptomique a I'échelle du noyau unique (single nucleus-RNA seq).

3. Etude de la dysruption d'épissage alternative du placenta souffrant de PE et / ou RCIU.

4. Ler6le des ARN non codants dans la fusion des cellules placentaires (syncytialisation).

Résumé

Le placenta humain est un organe temporaire qui se développe pendant la grossesse pour le
transport des nutriments, des gaz et des déchets entre la meére et le foetus. Au cours du
développement placentaire humain, les cellules trophoblastiques (CTB) se différencient par deux
voies principales : la voie villeuse ou les CTB fusionnent pour former un syncytium, composé de
noyaux de syncytiotrophoblastes (SCT), au contact du sang maternel et la voie extravilleuse ou les

CTB acquierent un phénotype invasif et migrent pour s’ancrer dans I'utérus maternel. D'autres types
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de cellules sont importants pour le bon développement et fonctionnement du placenta, comme les
cellules immunitaires (cellules Natural Killer, macrophages, cellules T), les cellules stromales et les

cellules endothéliales.

Le placenta doit s'adapter aux menaces environnementales tout en garantissant une bonne
communication entre la mére et le bébé. Une dysfonction placentaire quel que soit le stade de la
grossesse peut influencer la croissance foetale et/ou étre a I'origine d’issues défavorables de la

grossesse comme un accouchement prématuré ou un petit poids a la naissance.

La prééclampsie (PE) est I'une des principales pathologies de la grossesse, touchant 2 a 5 %
des femmes enceintes dans le monde. La PE est définie classiquement par une hypertension
gestationnelle et une protéinurie a partir de la 20éme semaine de grossesse. L'origine de la maladie
serait placentaire avec deux stades distincts : le premier impliquerait une mauvaise placentation ou
I'organe n'est pas capable d'envahir suffisamment profondément I'utérus maternel et le deuxieme
stade, un stress cellulaire et un déclin de la fonction placentaire. Le retard de croissance intra-utérin
(RCIU) est défini comme une croissance inférieure au 10° percentile pour I'dge gestationnel. Le RCIU
peut survenir en association avec la PE ou de fagon isolé. Enfin, la chorioamniotite, qui affecte 9,7
pour 1000 naissances vivantes, est caractérisée par une inflammation du chorion due a une invasion
microbienne. Ces trois pathologies placentaires augmentent le risque d'issues défavorables chez la
mere et I'enfant et peuvent entrainer un accouchement prématuré spontané ou induit pour des

raisons médicales.

Dans mon travail de these, j'ai abordé la question de la dysfonction placentaire, en me
concentrant dans la PE, selon quatre approches distinctes, 1) une étude du méthylome placentaire a
partir de 74 biopsies placentaires obtenues chez des femmes ayant une grossesse compliquée ou
non par une PE ; 2) une caractérisation moléculaire détaillée des différents types cellulaires présents
dans le placenta par analyse transcriptomique a I'échelle du noyau unique (single nucleus-RNA seq) a

partir de 12 biopsies placentaires (8 obtenus chez des femmes enceintes au terme d’une grossesse
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singleton a bas risque et 4 chez des femmes affectées par une PE) ; 3) une étude d'épissage alternatif
entre les placentas contréle et PE et 4) une étude des ARN non codants dans le processus de

syncytialisation.

1) La méthylation de I'ADN est essentielle pour d'importants processus cellulaires, comme
I'expression des genes, la stabilité du génome, I'inactivation du chromosome X et la
régulation de I'empreinte génomique. Chez les mammiféres, la méthylation de I'ADN
consiste en I'ajout d'un groupement méthyl sur les cytosines de dinucléotides CpG. Il est
proposé que I'hypométhylation globale observée dans le placenta facilite les fonctions
uniques de cet organe ; de faibles niveaux de méthylation améliorent la capacité du
placenta a répondre aux expositions environnementales qui nécessitent des
changements adaptatifs rapides. Le méthylome du placenta présente aussi des
changements dynamiques au cours de la gestation afin de favoriser le développement
du foetus. Des modifications de la méthylation de I'ADN (ADNm) peuvent altérer le
comportement cellulaire conduisant a des maladies. Plusieurs études ont montré des
différences d'ADNm placentaires dans la PE et/ou RCIU en comparaison de grossesse a
bas risque. Cependant, la reproductibilité des études de méthylation placentaire reste
faible en raison de nombreux biais méthodologiques. Nous avons cherché au cours de
ma thése a identifier des « signatures mCpG » de chacune des pathologies présentes
dans notre ensemble de données (prééclampsie, RCIU, PE+RCIU et chorioamniotite) en
incluant une analyse approfondie de variables confondantes. Une analyse de ’ADNm a
été réalisée dans 74 échantillons de placentas humains (34 témoins, 22
chorioamnionites, 12 PE, 2 RCIU et 3 PE+ RCIU) a I'aide des kits Infinium MethylationEPIC
d’lllumina qui interrogent la méthylation de 750,000 CpGs. Les variables confondantes
telles que l'age gestationnel, la composition cellulaire, I'origine ethnique et le sexe du
bébé ont été prédites a partir des données de méthylation. Pour écarter les CpGs
influencés par les facteurs de confusion cliniques ou méthodologiques, une régression
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linéaire multivariée utilisant 14 covariables a été réalisée. Ainsi, 142 CpGs ont été
trouvés corrélés avec la pathologie placentaire (PE, PE+ RCIU et RCIU) (valeur de p
ajustée <0,05, différence de valeur béta >5%). Cette approche nous permet de
déterminer un sous-ensemble de CpG en corrélation avec la maladie seule, créant une «
signature de la maladie » en termes de méthylation de I'ADN. Ce travail sera poursuivi

par I'analyse de cette signature dans une cohorte de réplication.

Les technologies séquencage de cellule unique permettent d'effectuer une cartographie
a haute résolution d'un organe grace a l'interrogation transcriptomique de chaque
cellule individuelle. Nous avons réalisé une analyse RNA-seq a I"échelle du noyau pour
améliorer I'analyse du syncytium de placentas obtenus chez des femmes a l'issue d’une
grossesse a bas risque ou compliquée par une PE. Douze placentas humains (8 controles
et 4 PE) ont été analysés a I'aide de la technologie 10xGenomics. Un total de 71k noyaux
individuels a été analysé, incluant 21 clusters différents et les types cellulaires suivants :
SCT, CTB villeux et extravilleux, cellules stromales et fibroblastes, cellules endothéliales,
et cellules immunitaires (cellules de Hofbauer, Natural Killer, cellules T). Neuf des 21
clusters contiennent des noyaux de SCT. Une analyse ontologique des genes-marqueurs
de ces neuf clusters a révélé que chaque groupe peut étre associé a une fonction
distincte. En effet, nous avons pu retrouver par exemple des clusters de SCT dédiés a la
stéroidogenese, aux voies de la prolactine, ou au métabolisme du tryptophane. Ces
résultats soulévent la question de l'architecture syncytiale et la localisation des noyaux
au sein de cette couche syncytiale. Les genes exprimés différentiellement (DEG) entre les
échantillons controle ou affectés par une PE ont été identifiés au niveau du type
cellulaire. Nous avons observé un nombre de DEG plus élevé dans les SCT que dans les
autres types cellulaires, suggérant que les SCT sont les plus affectés dans la PE. La

phosphorylation oxydative, I'inflammation et les voies métaboliques liées au réticulum
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endoplasmique sont les voies les plus enrichies dans les échantillons affectés par la PE.
De plus, la dynamique de I'expression des génes a été étudiée en analysant les formes
d'ARNs épissés et non épissés, montrant des différences significatives entre les placentas
affectés et non affectés par la PE.

La forme soluble du récepteur VEGF (sFLT1) est des biomarqueurs les mieux établis pour
le diagnostic précoce de la prééclampsie, se trouvant a des concentrations augmentées
dans le sang maternel en cas de PE. Cette molécule est produite par épissage alternatif.
Cependant, une différence d’épissage globale en cas de PE n’était pas décrite a notre
connaissance. Nous avons analysé le transcriptome de 37 échantillons placentaires
(controle, PE et RCIU) par une puce d’expression Clariom D d’Affymetrix qui permet
I'interrogation des sites d’épissages. Un total de 1071 genes a été retrouvé épissé de
maniere différentielle entre les placentas contréles et affectés par une PE. Parmi ceux-ci,
des genes tels que la pappalysine (PAPPA2), la sérine peptidase 4 (HTRA4) et la leptine
(LEP) avaient déja été observés comme ayant une expression augmentée dans la PE.
Nous avons validé par RT-qPCR ces épissages différentiels pour 12 génes : FLT1, CLDN1,
LEP3, FSTL3, TXK, CAP2, CA10, TNFRSF1B, ACOXL, TIE1, LAGLS14 et CPXM2. Nous avons
également identifié des loci de trait d'épissage quantitatif (sQTL). Les 48 génes avec
I'indice d'épissage le plus élevé étaient corrélés avec un total de 331,204 SNPs: 52 cis-
QTL et 52 trans-QTL (FDR <0,05) ont été ainsi identifiés avec cette stratégie. Ces résultats
mettent en évidence l'importance de I'étude de I'expression des différentes isoformes
dans le contexte de la maladie placentaire et nous avons décrit les premiéres

dérégulations globales de I'épissage dans les placentas pathologiques.

Les ARN non codants (ARNnc) sont des molécules d'ARN qui ne se traduisent pas en
protéines mais qui peuvent réguler d'importants processus cellulaires. Pour étudier le

role de ces molécules dans la fusion des trophoblastes a l'origine du syncytium
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placentaire, nous avons réalisé une analyse transcriptomique dans les cellules BeWo de
choriocarcinome humain, modele cellulaire de CTB, capables de fusionner apres
traitement par la forskoline. Nous avons identifi€ 800 genes avec une expression
augmentée et 1281 avec une expression diminuée dans les cellules traitées a la
forskoline par rapport aux cellules non traitées. Parmi ces genes, 307 sont des ARNnc
dont 8 MiARN (miR-193b, miR-365a, miR-936, miR-6886, miR-7110, miR-518A1, miR-
4454 et miR-1283-2) et un IncRNA (UCA1) retrouvés en commun avec le profil
transcriptomique des placentas affectés par PE et RCIU. L'inhibition de I'expression
d'UCA1 par interférence a I'ARN dans les cellules BeWo réduit les différences
transcriptomiques observées apres traitement par la forskoline dans les cellules
contrdles, suggérant pour la premiére fois que le IncRNA UCA1l participe a la

syncytialisation du trophoblaste.

Cette approche multi-« omique » des pathologies placentaires permet d’aborder les
dysfonctionnements placentaires a différents niveaux moléculaires. Ces études améliorent la
compréhension des pathologies placentaires et pourront servir pour I'élaboration de nouvelles

stratégies de diagnostic et de traitement de ces pathologies.

Mots-clés :

Placenta, Omics, Méthylation de I'ADN, Epigénétique, Transcriptomique, Prééclampsie
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Resume

Preeclampsia (PE) is one of the main pathologies of pregnancy, affecting 2 to 5% of pregnant women
worldwide. The placenta is thought to be at the origin of the disease in two distinct stages: the first
involved a poor placentation where the organ is not able to invade sufficiently deeply the maternal
uterus and the second stage, a cellular stress which leads to a decline of the placental function.
During human placental development, trophoblast cells (CTB) differentiate through two main
pathways: the villous pathway where CTBs fuse to form a multinucleated syncytiotrophoblast (SCT)
on contact with maternal blood and the extravillous pathway where CTBs acquire an invasive
phenotype and migrate into the maternal uterus and arteries. During my thesis work, | approached
the question of the placental difference in preeclampsia according to four distinct approaches, 1) a
study of placental methylome from 74 placental samples of women with a pregnancy complicated or
not by PE ; 2) a detailed molecular characterization of the different cell types present in the placenta
by transcriptomic analysis at the scale of the single nucleus (single nucleus-RNA seq) from 12
placental samples (8 obtained from women with uncomplicated pregnancy and 4 with PE affected);
3) a study of alternative splicing between unaffected and PE-affected placentas and 4) a study of
non-coding RNAs implicated in the syncytialization process. Methylome analysis allowed us to
identify 142 differentially methylated CpGs in PE-affected samples, considering confounding factors
such as gestational age, which could be a signature of pathology in the placenta. The snRNA-seq
analysis showed an increase in the expression of genes involved in oxidative stress specifically in
SCTs as well as different cell dynamics in PE-affected samples compared to unaffected placentas. We
further observed global splicing differences in the disease and identified four chromosomal regions
influencing splicing in the placenta. Finally, we identified two miRNAs (mir193b and miR365a) and
one long non-coding RNA (UCA1) involved in the fusion of trophoblasts and deregulated in placental
pathologies. These studies have helped advance our understanding of the placenta at a genome-

wide scale under physiological conditions and in the context of preeclampsia.
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Table of Abbreviations

CpG Cytosine and Guanine separated by a phosphate
C-section Cesarean section

CTB Cytotrophoblast

Ctrl Control

CvD Cardiovascular Diseases

DEGs Differentially Expressed Genes
DNAmM DNA methylation

ds Decidual Stromal cells

eCTs Endovascular Cytotrophoblast
END Endothelial cells

EOPE Early Onset of Preeclampsia

EVs Extracellular Vesicles

EVTs Extravillous Trophoblast

FDR False Discovery Rate

FSK Forskolin

GA Gestational Age

HELLP Haemolysis, Elevated Liver transaminases and Low Platelet count
ITv Interstitial cytotrophoblast
IUGR Intrauterine Growth Restriction
VS Intervillous space

IncRNA Long Non-Coding RNAs

LOPE Late Onset of Preeclampsia
MeQTL Methylation Quantitative Trait Loci
(0} Oxydative Stress

PCA Principal Component Analysis
PE Preeclampsia

Pred_GA Predicted Gestational Age

PT/T Preterm/Term

Pvd Placenta vaginal delivery

Qc Quality control

SCT Syncytiotrophoblast

SNP Single Nucleotide Polymorphism
snRNAseq single nuclei RNA sequencing
sQTL splicing Quantitative Trait Loci
STB Syncytiotrophoblast

TAC Transcriptome Analysis Console
TB Trophoblast

TSC Trophoblast Stem Cells

UMAP Uniform Manifold Approximation and Projections for Dimension Reduction
uMmi Unique Molecular Identifier
uNKs uterine Natural Killer cells

VCT Villous Cytotrophoblast

VSMCs Vascular smooth muscle cells
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Introduction

This PhD Thesis forms part of iPlacenta, a doctoral-level European training network founded by
the European Union under the Horizon 2020 Research and Innovation Programme (Marie

Sktodowska-Curie Actions) (https://www.iplacenta.eu). The main objective of this consortium is to

support Early-Stage Researchers to study, model and visualize the placenta. Fifteen PhDs around
Europe are grouped in three different work packages (WP) by their axis of interest: WP1 is focused
on the development of in-vitro models to mimic the placenta; WP2 aims to understand multi-omics
data using system biology and WP3 is focused on the characterization and validation of new
methodologies for in vivo placenta modelling. My PhD, part of the WP2, aims for the study of the
placenta through many different perspectives: genetics, epigenetics, and transcriptomics to further
understand healthy and pathological placentas in the characterization of possible targets that could

be used to diagnosis and treat placental pathologies.
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1 Human placenta development

The placenta is the largest fetal organ and the first to develop during pregnancy. Its main
functions are the fetal-maternal interchange of nutrients, gases, waste, and the production of
hormones and growth factors that support fetal development and ensure a healthy 9-months
pregnancy. Morphologically, it is a flat circular shape of 20 cm in diameter at term. The placenta
must develop and adapt to many different environmental threats while guaranteeing proper

communication between mother and baby (Gude, Roberts, Kalionis, & King, 2004).

Healthy and successful pregnancy starts at the implantation of an embryo in the maternal
uterus and ends in the successful delivery of a baby after 40 weeks of gestation. Human pregnancy is
divided in three trimesters: first trimester (0 to 13 weeks), second trimester (13 to 27 week) and
third trimester (27 to 40 weeks). Three subsequential and discrete events are necessary for a healthy
pregnancy: implantation, decidualization and placentation (Mendes, Timoteo-Ferreira, Almeida, &
Silva, 2019). A proper placentation, defined as the formation and a controlled invasion of the

placenta in the maternal tissue, is critical in pregnancy.

Week 1 — Fertilization and implantation

Fertilization of the oocyte with sperm occurs in the maternal oviduct creating the zygote, in
which the maternal and paternal genome will fuse. After 30 hours, the zygote undergoes a series of
mitotic divisions, in which each cell or blastomere reduces in size every time a division occurs. These
blastomeres will be compacted together inside the zona pellucida. On the 3rd day post-fertilization,
12 to 32 blastomeres constitute a compact mass denominated the morula. During the 4th day post-
fertilization, the morula travels throughout the fallopian tube towards the uterine cavity. Cells
located in the morula's outer line start to secrete a fluid inside the cell clump, creating an
intracellular space (blastocoel). The hydrostatic pressure produced by this liquid gives rise to a

shallow monolayer sphere of cells (trophoblast), protecting an inner cell mass (embryoblast) (Figure
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1). While the embryo will develop from the inner cell mass, the placenta will arise from these

trophoblast cells composing the external monolayer (Shahbazi, 2020).

@

Morula

Fertilization Blastocyst

Figure 1: After the fertilization of the egg with a spermatozoid, a one-cell zygote is formed. Several divisions
after, a morula will arise. These cells will rearrange in the blastocyst, where the inner cell mass or embryoblast
will develop into the fetus while the outside cell monolayer, the trophoblast; will form the placenta.

During day 5 post-fertilization, the blastocyst arrives at the uterine cavity and hatches from the
degraded zona pellucida. Around the 6th day post-fertilization, the blastocyst gets activated and
acquires implantation competency, implanting into the receptive uterine lining or endometrium. The
endometrial tissue has previously undergone a differentiation called decidualization, which occurs
during the second part of the ovarian cycle, right after ovulation. When the egg is released from the
ovaries, the empty follicle left in the ovary reorganizes and becomes an endocrine cyst or the so-
called, the corpus luteum. This cyst is the major source of steroid hormones, such as progesterone,
which is one of the main drivers of the decidualization process (S.-W. Ng et al., 2020; Reynolds &
Redmer, 1999). Decidualization prepares the maternal uterus to tolerate the invasion of the
activated blastocyst (S.-W. Ng et al., 2020). The main changes are increased vascularization, stromal
cell differentiation into decidual secretory cells, extracellular matrix remodelling and increase in

specific subsets of immune cells (macrophages and uterine natural killer cells).

Moreover, the decidua is key to supply nutrients to the embryo during the first trimester. Since
the placenta has not yet been developed, the embryo nutrition is achieved through the secretions of

the uterine glands. This process is denominated histotrophic nutrition, and it is critical in the supply
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of carbohydrates, amino acids, proteins, and ions to the developing embryo (Cooke, Spencer, Bartol,

& Hayashi, 2013).

Once the embryo gets in contact with the maternal decidua, trophectoderm cells (Chorion
Frondosum) differentiate into the two main placental cells: cytotrophoblasts (CTB) and
syncytiotrophoblasts (SCT). The SCT, formed by fused cytotrophoblast cells on the first line, creates a
primary syncytium that protrudes and invades the endometrium. In contrast, in the second line, a
mononuclear cytotrophoblast layer retains the primitive trophectoderm morphology sphere.
Therefore, SCT develops from the CTB, and it is continuously renewed through CTB division and
syncytialization. In this stage, named the pre-lacunae stage, the syncytiotrophoblast protrusions,
filled with digestive enzymes, break down the maternal decidua and erode the uterine glands
making nutrients available to the fetus. As a result, the blastocyst not only invades but also gets
completely encapsulated into the maternal tissue by the proliferation of uterine stromal cells around

it (Carter, Enders, & Pijnenborg, 2015; Staun-Ram & Shalev, 2005) (Figure 2).

Decidua hige
Uterine
Nutrients~* Gland

Angiogenic‘factors
Enzymes

MMPs /v Lacunae

Figure 2: Embryo implantation and early placenta development: After the embryo gets in contact with the decidualized
uterine wall, the cytotrophoblast cells (CTB) start to fuse creating the syncytiotrophoblast (SCT). SCT secretes digestive
enzymes and metalloproteases (MMPs) which modify the uterine tissue leading to the invasion of the fetus. The embryo
gets embedded in the uterus and the SCT produces spaces within the syncytium (lacunae), where nutrients from the
remodelled uterine glands will be supplied to the embryo. The early placenta is composed by a syncytial mass with a
trabecular system of lacunaes and a trophoblast shell formed by the cytotrophoblast cells surrounding the developing
embryo.
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Week 2 — Syncytiotrophoblast Invasion

In the middle of the 2nd week of gestation, irregular spaces appear within the syncytium;
these fluid-filled cavities, called lacunae, establish the trabeculae placental system. The syncytium
erodes into the uterine glands, filling these cavities with nutrients and bathing the syncytial mass.
The development of these lacunae gives rise to the lacunae stage of the placenta (Hertig, Rock, &
Adams, 1956).

Around day 14, post-fertilization CTB formed the initial shell around the embryo proliferates
and projects into the syncytium in column-like structures (villous CTB), forming the primary villi
(Figure 3). The placenta enters into the placental villous stage. CTB cells undergo a proliferation
pressure. While moving through the villi they change their repertoire of matrix metalloproteases
(MMPs) and start the expression of immunotolerant antigens. Once the CTB villi reach the
syncytium, they differentiate in SCT, maintaining and renewing the syncytium that surrounds the villi
or in CTB, maintaining the CTB pool. Moreover, these nucleated trophoblast cells invade the uterine
tissue and create an exterior cytotrophoblast shell between villi and decidua (Turco & Moffett,
2019). Further villi's growth and branching lead to more complex tree-like villi structures. The space
between these villi, the former lacunae, will become the intervillous space (IVS) (Kingdom, Huppertz,

Seaward, & Kaufmann, 2000; Knofler et al., 2019; Turco & Moffett, 2019).

Week 3 to 8 — Villi development

Around day 17-18 post-fertilization, fetal mesenchymal cells penetrate the CTB columns,
forming the secondary villi. Some of these extraembryonic mesenchymal cells can differentiate into
placental macrophages or so-called Hofbauer cells. These cells are highly numerous at this stage of
pregnancy. They have essential roles in releasing proangiogenic factors that will guide the fetal
endothelial cells towards the tips of the placental villi. Moreover, they stimulate the production of

human Chorionic Gonadotropin and human Prolactin by the trophoblast. Thus, Hoffbauer cells are
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highly important in fetal defence, and their phagocytic activity engages them in tissue remodelling
by breaking down collagen fibrils present in the villi (Aplin, Lewis, & Jones, 2018).

After 18 days, fetal capillaries start to invade the mesenchymal core of the secondary villi,
leading to the tertiary villi. As a resume, tertiary villi are formed by fetal capillaries surrounded by
fetal mesenchymal stromal cells embedded inside the cytotrophoblast villi, which is surrounded by
the syncytiotrophoblast layer (Figure 3). The top tip of some of the placental villus reaches the
maternal decidua, allowing the cytotrophoblast to invade the maternal tissue. Thus, each placenta
villi act as a wall between two intervillous spaces, where the maternal blood will be allocated in the
coming weeks of pregnancy once the invasion of the spiral maternal arteries is achieved (Kingdom et

al., 2000; Knofler et al., 2019; Turco & Moffett, 2019).
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Figure 3: Placental villi development. The Syncytiotrophoblast (SCT) invades the maternal decidua. SCT
develops further forming a syncytial mass with empty spaces called lacunae. The cytotrophoblast (CTB) below
the SCT starts proliferating towards the syncytium. This CTB releases Metalloproteases (MMPs) continues
proliferating creating tree-like structures, the primary villi. Fetal mesenchymal cells invade the villi, creating the
secondary Vvilli. Some trophoblast cells from the SCT keep proliferating outside the villous column, becoming
extravillous trophoblast (EVTs). The previous lacunae from the syncytial mass have merged creating the
intervillous space (IVS). Fetal capillaries invade the secondary villi, transforming it into the tertiary villi. EVTs
keep invading the decidua, remodelling the maternal spiral arteries, and creating a plug (EVTs plug) which
blocks the maternal blood flow into the IVS. At the end of the first trimester, these plugs are dissolved, and the
blood can bath the intervillous space, allowing the exchange of nutrients between the mother and the fetus,
being the placental villi the filter and wall between both blood streams.
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The syncytialization process

Syncytialization is an important hallmark of placentation, tightly regulated by numerous

molecules and pathways. Although the full understanding of the process is still under debate, this

process can be divided in three main steps:

1)

2)

3)

Biochemical differentiation: increasing levels of intracellular cyclic AMP (cAMP) induce
the activation of multiple signalling pathways implicating transcription factors such as
ELF5, TP63, ID2 and TEAD4 and epigenetic modifications. These changes induce CTBs to
exit the cell cycle, lose their ability to proliferate and become fusion-competent cells
(Figure 4) (Jaremek, Jeyarajah, Jaju Bhattad, & Renaud, 2021; Lu et al., 2017).
Morphological differentiation of competent CTBs: competent CTBs suffer a modified
epithelial-mesenchymal transition, resulting in the loss of cell-cell junctions and the
reorganization of the cytoskeleton. This morphological differentiation is mainly achieved
by the downregulation of E-cadherins through ADAM12 and the increased expression of
fusogenic proteins such as syncytin-1 (HERVW-1) and syncytin-2 (HERVFRD-1)
(Aghababaei, Hogg, Perdu, Robinson, & Beristain, 2015; Omata, Ackerman 1V, Vandre, &
Robinson, 2013; Wheelock & Johnson, 2003). Syncytins are envelope proteins of human
endogenous retroviruses which were integrated in the human genome through
evolution (Rawn & Cross, 2008). While syncytin-1 is expressed in the STB during all
pregnancy, syncytin-2 is observed only in the villous trophoblast and its expression
decreases as pregnancy progresses. However, recent single-cell analysis, syncytin-2
transcripts are observed in subpopulations of syncytiotrophoblast, contradicting the
immunohistochemistry, where syncytin-2 is observed mainly in the extravillous
trophoblast (Roberts et al., 2021).

Fusion: cytotrophoblast cells fuse with the overlaying syncytiotrophoblast rather than
with neighbouring cytotrophoblast (Figure 4). The fusion process is triggered by the

interaction of the fusogenic proteins with the membrane phospholipids such as
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phosphatidylserine or cardiolipin found in temporary complexes in the cells to be fused

(Potgens et al., 2002).

CTB » SCT
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Figure 4: The syncytialization process: CTB differentiate into fusion competent cells through the
increase of cAMP and the activation of different transcription factors. Loss of proliferation and the
expression of fusogens leads to the fusion of the CTB cells into the syncytial layer.

Week 8 — Maternal Spiral Arteries Remodelling

As mentioned previously, Extravillous cytotrophoblast (EVTs) differentiate from the column
CTB once they reach the maternal decidual. EVT cells which lose their proliferative activity, are
differentiated into invasive interstitial cytotrophoblast (ITV). ITVs invade and remodel the tissue
stimulating the profound expansion of the placenta in the uterus and the recruitment of maternal
arteries. These uterine arteries are narrow muscular vessels that need to be remodelled into dilated,
flaccid sinuses without maternal vasomotor function. The final transformed vessels will perfuse high
guantities of blood at a low resistance towards placental intervillous space, achieving the proper
distribution of nutrients and gases to the fetus for its correct development and growth (Kaufmann,
Black, & Huppertz, 2003; Pijnenborg, Vercruysse, & Hanssens, 2006). Thus, a strong and deep spiral

artery remodelling is a critical step in the placentation process.

30



RUANO SAN MARTIN Camino — Theése de Doctorat - 2022

This remodelling can be described in 4 different stages, based on the extent of maternal

vessel disruption and loss (S. D. Smith, Dunk, Aplin, Harris, & Jones, 2009):

1)

2)

3)

Intact arterioles with full vascular smooth muscle layer (VSML)

The uterine arteries supply blood to the uterine musculature, the myometrium. They
penetrate through the muscular tissue and supply blood to the uterus and the endometrial
tissue walls. The human uterus has around 1500 arteries, and only 150 of these will take part
in the placental blood supply. Initially, these arteries are highly muscular and composed of
two tissue layers: an internal layer of endothelial cells supported by an elastic lamina and a
medial layer of tightly compacted vascular smooth muscle cells (VSMCs) (Figure 4)
(Sweeney, Jones, Greenwood, Baker, & Taggart, 2006).

Initiation of the VSMC layer disruption and misalignment independently of ITVs

Invasion of the ITVs into the uterine tissue leads to the recruitment of uterine
arteries towards the placental. It is hypothesized that the uterine Natural Killer cells (UNKs),
a specific set of NK cells located in the decidua characterized by reduced cytotoxicity, are key
players in early spiral artery remodelling (Robson et al., 2012). As early as the decidualization
process occurs, uNKs migrate towards the uterine arteries and start to express pro-
inflammatory cytokines (Interferon-y), to produce proangiogenic factors (Angiopoietin-1,
Angiopoietin-2 and VEGF), and to secrete proteolytic enzymes (Metalloproteases-7 and -9)
into the vessel vicinity (Figure 4). The array of these molecules leads to the impairment of
the VSMC and the endothelial layer below, causing endothelial barrier dysfunction. The
ability of uNKs to destabilize the VSMC layer is crucial and facilitate the further invasion of
the ITVs in the latter stages of remodelling (Robson et al., 2012).

Major disorganization and clearance of the vessel structural cells
EVTs will reach those maternal spiral arteries located in the remodelled tissue. Once

the trophoblast cells contact the VSMCs, these muscle cells get detached from the walls.
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IVTs differentiate into endovascular cytotrophoblasts, substituting this muscle layer (Figure
4).

There are two main hypotheses on this substitution process. a) ITVs stimulate the
apoptosis of the VSMCs throughout the ligation of the tumour necrosis factor receptor (TNF-
R) family, namely Fas/CD95, TNF-R1, death R-3/TRAMP, TNF-a-related apoptosis-inducing
ligand (TRAIL-R1, and TRAIL-R2 (Harris et al., 2006) and b) VSMCs get detached from the
vessel and migrate away from the spiral artery to the endometrial tissue, where they further
dedifferentiate (Bulmer, Innes, Levey, Robson, & Lash, 2012).

Fully remodelled vessels without VSMC

The spiral artery VSML is completely substituted by a fibrinoid material containing
endovascular trophoblast cells (Figure 4). As a result, these vessels are now wide-bore
channels independent of maternal vasoconstriction.

From week 8 to the end of the first trimester, these spiral arteries keep being
invaded until the junctional zone of the myometrial layer. This invasion is the deepest
placental invasion in all placental animals and could be caused by the high necessity of
nutrients the embryo requires for the early brain development observed in humans (Burton,

Moffett, & Keverne, 2015).
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Figure 3: Four stages of the maternal spiral artery. Stage 1, intact arterioles formed by the vascular smooth
muscle layer (VSML), the elastic lamina and the endothelial layer. Stage 2, immune cells such as the uterine
Natural Killer cells (uNK) express pro-inflammatory cytokines which induce the impairment of the muscular
cells. Stage 3, invasion of the interstitial cytotrophoblast (ITVs) in the muscular layer induce the detachment of
the muscular cells and the differentiation of the trophoblast cells into endovascular cytotrophoblast (eCTs).
Stage 4, the complete invasion of the trophoblast cells in the maternal arteries produces a blood vessel with
increased blood flow and decreased resistance.

Week 10 to 12 — From Hypoxia to Normoxia

Vasculogenesis and angiogenesis are two consecutive important processes in the creation
and development of blood vessels in the human placenta. Firstly, vasculogenesis induces the novo
production of a primitive vascular network through the differentiation of precursor cells (pluripotent
mesenchymal cells) into endothelial cells. Secondly, angiogenesis is described as the growth of
capillaries from pre-existing blood vessels (Risau, 1997). Two of the main genes implicated in
vascular development are Vascular Endothelial Growth Factor (VEGF) and Placental Growth Factor
(PIGF). While VEGF stimulates the mobilization and circulation of endothelial progenitor cells,

inducing the novo vessels and the growth of existing ones (Szmitko et al., 2003). PIGF, a VEGF
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subfamily member, acts on endothelial cells and trophoblast cells stimulating VEGF expression and

the development and branching of the existing vasculature (Torry, Ahn, Barnes, & Torry, 1999).

EVTs cells form plugs inside the vessel lumen during all these remodelling processes, preventing
the flow of oxygenated blood into the placental intervillous space. This creates a physiologically
hypoxic environment (oxygen tension 2.5%) required for a successful trophoblast differentiation and
migration (James, Stone, & Chamley, 2006). At low oxygen tension, the placenta maintains its
stemness throughout activated hypoxia-inducible factors (HIF-la and HIF-2a). These two
transcription factors bind to specific DNA sequences called Hypoxia Response Elements (HREs),
present in more than 200 genes. HIF-1 and HIF-2 are heterodimeric proteins composed of an
oxygen-sensitive subunit (HIF-1a/HIF-2a) and an oxygen-independent subunit (HIF-1B) (Fryer &
Simon, 2006) (Figure 4). Only in a hypoxic environment, the a subunit is functional, stimulating the
expression of key genes in vasculogenesis, such as the previously mentioned Vascular Endothelial

Growth Factor (VEGF).

VEGF has a pivotal role in embryonic vasculogenesis, angiogenesis, vascular permeability, anti-
apoptosis of endothelial cells and cell migration promotion (Melincovici et al., 2018). VEGF
upregulates the expression of the two isoforms of Nitric Oxide Synthase (NOS), the inducible NOS
(iNOS) and the endothelial (eNOS) in the endothelial cells, SCT and EVTs (Martin & Conrad, 2000).
While eNOS induces an intrinsic synthesis of Nitric Oxide (NO) which leads to the maintenance of the
vascular tone and inhibits a pro-inflammatory state by blocking the adhesion of leukocytes and
platelets in the vascular endothelium, iNOS produces a proinflammatory temporary excess of NO
(Matsubara, Higaki, Matsubara, & Nawa, 2015). In normal pregnancies, NO is key in the delay and
inhibition of trophoblast apoptosis, increasing trophoblast proliferation, migration, and invasion.
Moreover, increased levels of NO upregulate the VEGF gene enhancing the HIF-1 activity, these

reciprocal relations between NO and VEGF regulate angiogenesis in normal tissues (Figure 4).
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Figure 4: HIF regulation in Hypoxia and Normoxia in the placenta. The HIF1-a heterodimer is degraded in
normal oxygen concentrations (Normoxia). During hypoxia, HIF1 is active and activates the transcription of
genes that have Hypoxia Response Element in their sequence. One of these genes is VEGF, a proangiogenic
protein that upregulates the expression of Nitric Oxide Synthases, which increase the production of Nitric Oxide
(NO) leading to a positive loop in which VEGF is upregulated by high concentrations of NO.

As pregnancy progresses, the embryo metabolic requirements increase, thus, a more efficient
maternal to fetal supply system is necessary. Increased uteroplacental circulation is enhanced by the
removal of the trophoblast plugs around weeks 10-12 of pregnancy. Once these cell clumps are
dissolved, the maternal blood bathes the intervillous placental spaces and continuous low perfusion
of oxygenated circulation is established. Oxygen tension increases to normoxic levels (8.5% 02)
leading to a dramatic reduction in markers of trophoblast stemness (ELF5, CDX2), the loss of growth
factors (Chiarello et al., 2020) and the activation of oxygen tensors, such as NAD(P)H oxidase, which

regulates the differentiation from CTB to SCT (Poston & Raijmakers, 2004).

35



RUANO SAN MARTIN Camino — Theése de Doctorat - 2022

Higher 02 availability increases fetal metabolic rate and placental mitochondria increase their
activity. Due to this increased activity, incomplete reduction of oxygen and nitrogen molecules
occurs, leading to the release of high quantities of free radicals such as Reactive Oxygen Species
(ROS) and Reactive Nitrogen Species (RNS) into the maternal circulation. Increased concentrations of
RNS and ROS produce an imbalance between oxidants and antioxidants denominated oxidative
stress (OS). OS induces cell damage through lipid peroxidation, incorrect protein conformational
modifications, DNA lesions and even DNA methylation errors. As a defence mechanism against ROS
and RNS, the placenta expression of antioxidants is stimulated. There are two different types of
antioxidants: enzymatic-antioxidants (manganese superoxide dismutase (MnSOD), superoxide
dismutase (SOD), glutathione peroxidase (GSH-Px) and catalases (CAT)) and non-enzymatic
antioxidants (vitamin C, vitamin E, lipoic acid, ubiquinone, and uric acid). These molecules
metabolize free radicals into innocuous by-products returning the OS burst to baseline levels

(Chiarello et al., 2020).

OS is necessary for the maturation of the placenta and the development of the fetus in healthy
pregnancies. However, excessive OS can also exert a critical effect on pathological processes. This
increase of OS induces a proinflammatory state in which maternal neutrophils and endothelial cells
are active and expressing inflammatory cytokines through the activation of key transcription factors
such as nuclear factor-kappa B (NF-kB). The most vulnerable cell type in this environment is the SCT.
SCT is the first layer in contact with maternal oxygen tension, it has a high mitochondrial activity, a
reduced expression of antioxidants and a high concentration of fatty acids in the cytoplasm.
Moreover, SCT mitochondria are highly implicated in steroidogenesis, specifically progesterone
production, which starts in the mitochondria and leads to lipid peroxide production
(Chatuphonprasert, Jarukamjorn, & Ellinger, 2018). Consequently, a higher ROS production rate is
observed in this layer, favouring apoptosis, and shedding of syncytial fragments into maternal

circulation
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Week 12 to 18 — From First to Second trimester

The end of the first trimester of pregnancy is characterized by the complete placenta formation
and maturation, the establishment of the maternal circulation to the placenta and the achievement
of a correct intrauterine environment for the further development of the fetus. To note, trophoblast
invasion, unlike cancer, is tightly regulated spatiotemporally. This invasion ceases by the 18" week

of gestation and is limited to the inner third of the myometrium (Y. H. Ng, Zhu, & Leung, 2012).

Week 18 to 27 — Second trimester placental maturation

As the placenta matures and increases in size in the second trimester, the villi become smaller
and more vascular. The syncytiotrophoblast cell layer draws up into “syncytial knots” which are small
clusters of nuclei, leaving a single cytotrophoblast layer (Sultana et al., 2017). This leaves the core of
the villi is exposed to the maternal blood temporary (Loukeris, Sela, & Baergen, 2010). Detachment
of the syncytial knots can occur, producing syncytial aggregates which are transcriptionally active

and circulate in the maternal bloodstream.

Week 27 to 40 — Third trimester Placenta maturation

During the third trimester, the more prevalent villi are mature intermediate and terminal villi
with a thin stromal layer. Increased concentration of vasculo-syncytial membranes, characterized by
the fusion of fetal capillaries with the syncytiotrophoblast layer are produced due to the thinned of
the syncytial layer caused by the increased mass of the placenta. All these maturation changes result
in an optimal materno-fetal transfer of nutrients and gases for the increased conductance of oxygen

diffusion (Fox, 1997).
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—

A EXTRACELLULAR MATRIX

Figure 5 : Development of the human placental villi: a) Primary villi arborization b) First-trimester villi c)
second trimester villi d) third trimester villi. Figure from Sultana et al., 2016.
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2 Placental Functions

The placenta has 3 main functions throughout pregnancy: 1) the transport of nutrients, gases
from the mother to the fetus and waste from the fetus to the mother, 2) generation of hormones to
maintain the pregnancy and 3) the participation to an immunotolerance state to avoid being

attacked by the maternal immune system.

A) Transport and metabolism
Three main groups of molecules are transported through the placenta: gases, nutrients, and

waste.

The placenta is highly permeable to respiratory gases allowing rapid diffusion of oxygen from
maternal to fetal blood and of carbon dioxide from fetus to mother. To note, fetal haemoglobin has
a much higher affinity to oxygen than maternal haemoglobin, favouring the transfer of oxygen to the

fetus (Souza, McDaniel, & Baum, 2011).

The main source of energy for the placenta is glucose. Trophoblast cells express a high
number of Glucose transporters (GLUT). Once in the SCT, glucose is transformed into placental
glycogen and transported into the fetus. Eight different GLUT have been described in the placenta
and GLUT1, considered the primary placental glucose transporter, is only observed to be expressed
in the SCT (Baumann, Deborde, & llsley, 2002). Interestingly, GLUT1 is a bidirectional transporter,
but its asymmetric expression, 6-fold higher in the apical part of the syncytium (the maternal-facing
membrane) than in the basal, allows the maximal gradient for glucose flux into the fetus and
prevents the transport of glucose from the fetus to the mother in the event of maternal

hypoglycemia (Knipp, Audus, & Soares, 1999).

Lipids are hydrolysed before crossing the placenta by several lipases, such as such as

lipoprotein lipase (LPL), endothelial lipase (EL) and hormone sensitive lipase (HSL), expressed by the
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placenta (Barrett et al., 2014). Placenta uptakes long-chained fatty acids through five different Fatty
acid transporter proteins (FATPs) (Gaccioli & Lager, 2016). Although the placenta can produce
enough lipids to maintain the plasma membrane function and morphology, cholesterol is key to
producing hormones. Therefore, high internalization of cholesterol bound to Low-Density
Lipoproteins (LDL) is transported from the mother to the placenta by endocytosis (Gude et al., 2004;

Martinez, Olvera-Sanchez, Esparza-Perusquia, Gomez-Chang, & Flores-Herrera, 2015).

Amino acid transport across the placenta is active and mediated by specific transporters
found in the syncytiotrophoblast membrane and in the basal membrane. Fifteen different
transporters are observed across the placenta with high stereospecificity and can be divided in Na*-
dependent and Na*-independent systems. The concentration of free amino acids in the placental
tissue is higher than the concentration both in fetal and maternal plasma, thus, the transport of
these amino acids across the syncytiotrophoblast always requires energy to act against
concentration gradient while in the basal membrane amino acid exchangers are observed

(Avagliano, Garo, & Marconi, 2012).

lons, minerals, and vitamins are as well transported across the placenta from the maternal
blood and their demands increase during the gestational period. While sodium and chloride ions are
transferred across the placenta by passive diffusion, calcium, magnesium, iron, zinc, copper,
manganese, and vitamins are transported by active carrier-mediated transport and determine the

proper growth and development of the fetus (Griffiths & Campbell, 2015).

B) Endocrine function
Pregnancy is characterised by a tight hormonal control, involving steroid hormones such as
progesterone, produced by the ovaries in the beginning of pregnancy, then by the placenta after the
9™ week of gestation. The placenta produces endocrine, paracrine and autocrine factors such as

oestrogen, progesterone, chorionic gonadotrophin, placental lactogen, placental growth hormone

41



RUANO SAN MARTIN Camino — Theése de Doctorat - 2022

and several growth factors, cytokines, chemokines, and many others. The production of these
hormones is necessary for the development and maintenance of pregnancy and also for the labour

process (Costa, 2016) and their concentrations vary across the pregnancy (Figure 6).

Human Chorionic Gonadotropin

Produced mainly in SCT cells, human Chorionic Gonadotropin (hCG) stimulates in early
pregnancy the production of progesterone from the corpus luteum to maintain pregnancy before
the placenta takes over, also has a role in immunomodulation and angiogenesis stimulation. hCG in
the uterine microenvironment binds to its cognate receptor (LHCGR) stimulating leukaemia inhibitor
factor (LIF) production and inhibiting Interleukin-6 (IL-6) in the endothelial endometrial cells
enhancing embryo implantation and trophoblast invasion. Hofbauer cells respond to high
concentrations of this hormone by protecting the fetal tissues against maternal immune cells

(Gridelet et al., 2020).

Progesterone

At the beginning of pregnancy, the corpus luteum is the main producer of progesterone until
the placental syncytium layer is developed. Then, the hormone is produced in the SCT's
mitochondria by a two-step process in which maternal cholesterol is transported into the organelle
by the metastatic lymph node 64 (MLN64) protein (Martinez et al., 2015). Progesterone levels
increase throughout pregnancy, peaking at the 4™ week. This hormone is implicated in the
decidualized process by activating the PKA signalling pathway, immunotolerance through the
inhibition of uterine Natural Killer (uNK) cells and the inhibition of myometrial contractility through

the control of Ca% levels (Martinez et al., 2015; Tuckey, 2005).

Human Placental Lactogen
Human Placental Lactogen (hPL) is produced by the syncytiotrophoblast in a constant rise
until the 34" week of gestation. It modulates the maternal metabolisms inducing peripheral insulin

resistance to reduce maternal glucose usage. Moreover, it stimulates maternal lipolysis, increasing
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the dependency of the mother on the fatty acids and ketones and increasing concentrations of lipids

in the bloodstream as a substrate for hormones production (Johnson, Jackson, & Schust, 2018).

Estrogen

Fetal and maternal androgens are supplied to the placenta, where the placental aromatase
converts these into the 3 main estrogens (estradiol, estrone and estriol). Estrogen production in the
placenta is dependent of the fetal and maternal adrenal cortex, where androgenic C19 steroid
(dehydroepiandrosterone (DHEA)) is produced (Kaludjerovic & Ward, 2012). Elevated estrogens
concentrations suppress Follicular-Stimulating hormone and Luteal hormone production, blocking
the development of ovarian follicles. Estrogens stimulate uterus growth leading to vascular
proliferation and remodelling and an increased uteroplacental blood flow (Johnson et al., 2018).

Moreover, they are involved in appetite regulation, insulin and glucose homeostasis and mammary

HCG

Progesterone
Corpus Placenta — Estrogen
luteum

hPL

1st trimester 2nd trimester 3rd trimester
Figure 6: Hormone trends during pregnancy. Human Chorionic Hormone (HCG) is produced by the
maternal Corpus luteum until the placental production takes place. Progesterone and estrogen
maintain a constant rise from the beginning till the end of pregnancy while human Placental Lactogen

(hPL) starts to be secreted after the 4th week of pregnancy.

gland development (Napso, Yong, Lopez-Tello, & Sferruzzi-Perri, 2018).
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C) Immunomodulation

Immunology of pregnancy is a vast subject which goes beyond the subject of my thesis. | will not
go into details on this part and will only mention a few key elements.

Pregnancy is characterized by a very specific immunological timing denominated “pregnancy
immunological clock” (Mor & Cardenas, 2010). This clock is characterized by a shift from a
proinflammatory state in the first trimester, to an anti-inflammatory state in the second trimester

towards a pro-inflammatory state at the end of pregnancy leading to the baby’s delivery.

During the first half of pregnancy, a pro-inflammatory state stimulates embryo implantation,
invasion, placental development, and spiral artery remodelling. High concentrations of pro-
inflammatory cytokines are expressed, and the maternal immune cells are activated, the pregnancy
resembles an “open wound”. Maternal immune cells, such as Natural Killer (NK) cells, dendritic cells
and macrophages accumulate in the decidua, surrounding the invading trophoblast. SCTs are devoid
of HLA | molecules, while EVT expresses non-classical HLA class Ib molecules, HLA-E and HLA-G low
amounts of the polymorphic HLA-C, HLA-la molecules (Slukvin, Lunn, Watkins, & Golos, 2000). These
molecules are key in blocking alloreactivity of the placenta by inhibiting MHC class | receptors in
maternal lymphocytes and myelocytes (Slukvin et al., 2000). Moreover, HLA-G and HLA-C expression
can enhance communication between trophoblast and endometrial NK cells, the most abundant
immune cells in the decidua, a key element to achieving a proper placental invasion (Small,
Cornelius, Guzik, & Delles, 2017). During the first trimester, remodelling and invasion caused by the
placenta produced cell debris and high levels of apoptotic cells. Removal of these components must
be quick and effective to prevent the release of paternal antigens. Endometrial macrophages are the
main actors in this task, although Hofbauer cells engulf some apoptotic bodies from the placental
side (Reyes, Wolfe, & Golos, 2017). Moreover, the placenta expresses Fas Ligand (FasL), which is
responsible for maternal immunotolerance to the paternal alloantigens by the induction of

apoptosis in maternal lymphocytes (Bamberger et al., 1997). Interestingly, some studies suggest the
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role of the placenta in controlling maternal T cells through the regulation of tryptophan availability

in the maternal-fetal interface (Munn et al., 1998).

45



RUANO SAN MARTIN Camino — Theése de Doctorat - 2022

3 Placental Pathologies

Preeclampsia (PE) and Intrauterine Growth Restriction (IUGR) are the two most common
placental pathology affecting 3 to 5% of the worldwide pregnancies and 24% of new-borns
respectively. PE and IUGR are separate disease entities that can be seen alone or together, with

more unfavourable outcomes for the mother and/or foetus when they occur together.

Physiopathology of Preeclampsia

Clinical Aspects

Preeclampsia is described by the International Committee of the International Society for the
Study of Hypertension in Pregnancy (ISSHP) in 2018 as the new onset of hypertension (blood
pressure of > 140 mmHg systolic and/or = 90 mmHg after 10 weeks of gestation accompanied by one
or more of the following new-onset conditions at or after 20 weeks’ gestation (Bouter & Duvekot,

2020):

1. Proteinuria or presence of proteins in the urine
2. Maternal organ dysfunction including:
e renal insufficiency (creatinine > 90umol/L; 1 mg/dL)
e liver involvement (increased level of transaminases with or without right upper
guadrant or epigastric abdominal pain)
e neurological complications (eclampsia, altered mental status, blindness, stroke,
severe headaches)
e hematological complications (thrombocytopenia with platelet count below
150,000/dL, DIC, haemolysis)
3. Uteroplacental dysfunction (fetal growth restriction, abnormal umbilical artery Doppler

wave)
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In the most severe cases, PE can lead to HELLP syndrome, a pregnancy-associated liver disease
characterized by haemolysis (H), elevated liver transaminases (EL) and low platelet count (LP). HELLP
syndrome constitutes the main predisposing factor to the development of eclampsia (Alese,
Moodley, & Naicker, 2021). Severe PE can also progress in eclampsia, characterized by maternal
seizures leading to cardiovascular accidents, liver rupture, pulmonary oedema and acute renal

failure that can result in maternal death (Ghulmiyyah & Sibai, 2012) (Figure 9).

T Multiorgan Damage
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Fetal Growth
Restriction Renal AP
failure Cardiomyopathy oedemay

Figure 7: Main clinical symptoms and comorbidities observed in PE

PE can be subdivided into Early-onset of PE (EOPE) when the symptoms appear before 34 weeks
of gestation or Late-onset of PE (LOPE) when they appear after 34 weeks. EOPE is generally
associated with defective placentation and as a result, most of these pregnancies will lead to
preterm delivery since the early delivery of the baby is induced to avoid further system damage in
the mother and/or the fetus. On the other hand, late onset of preeclampsia (LOPE), which
corresponds to 85% of the preeclamptic pregnancies, is less severe, and it is generally associated
with defective placental interaction and maternal predisposition to cardiovascular diseases (Burton,

Redman, Roberts, & Moffett, 2019).
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Treatment for pre-eclampsia focuses on lowering blood pressure and managing the other
symptoms, sometimes with medication, such as labetalol (200—-1200 mg/day), methyladopa (0.5-3
gm/day) as first-line agents and oral nifedipine (10-30 mg) and Verapamil (80 mg) as second-line
agents (Brown & Garovic, 2014). Low dose of aspirin (81mg/day) is recommended as prophylaxis in
women with high risk of PE (with more than one risk factors for PE) and should be initiated in early
stage of pregnancy (12-28 weeks of gestation) and continued daily until delivery (Odigboegwu, Pan,
& Chatterjee, 2018). Early diagnosis of the disease is also key to reducing the progression of PE into
eclampsia and the risk of death from the condition (Zakiyah, Postma, Baker, van Asselt, &
Consortium, 2015). Early prediction in high-income countries has reduced the mortality rate
associated with PE by 90% from the early 1900s to 1980. However, in low-income countries, PE is
responsible of the 98% of fetal and maternal deaths (Goldenberg et al., 2014). Moreover, sequelae
related to this multiorgan syndrome can highly affect the long-term health of the mother and the
fetus. Mothers suffering from PE have a 14-fold higher risk of suffering cardiovascular diseases
(CVDs) later in life and are more likely to be treated for primary hypertension within the following 10
years of delivery (Lin et al., 2011). Babies may also suffer from comorbidities associated with the
brain, heart, liver, kidney, hormonal changes and delayed physical development (Turbeville & Sasser,

2020).

Fetal outcomes

PE represents a significant risk factor for intrauterine fetal death of about 21 stillbirths per 1000
in severe cases, while in mild cases, fetal demise is observed 9 out of 1000 cases (MacDorman,
Munson, & Kirmeyer, 2007; L. L. Simpson, 2002). Babies suffering from PE are observed to have
reduced fetal growth, birth asphyxia, neonatal thrombocytopenia (platelet count less than
150,000/uL), bronchopulmonary dysplasia, neurodevelopmental outcomes (cerebral palsy, autism,
attention deficit hyperactivity disorder) and increased risk of developing adult diseases such as

hypertension, obesity and diabetes due to the “Fetal Origins of Adult Disease” (Backes et al., 2011).
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Maternal outcomes

Within the first 6 weeks after the infant’s delivery, mother’s blood pressure and other
symptoms go back to normal. However, several studies have shown that women who had PE are at a
4-times higher risk of developing hypertension and 2-times higher risk of developing ischemic heart
disease, blood clots in vein and stroke compared to women who did not have PE (Andrus & Wolfson,
2010). Less commonly, women suffered from PE experience permanent damage to the kidneys and
liver, fluid in the lungs and eclampsia and seizures after delivery (M. Smith, Waugh, & Nelson-Piercy,

2013).

Molecular Aspects

The aetiology of PE has not been yet fully elucidated, probably due to its complexity. It is
likely that multiple insults converge on a common pathophysiology in which endothelial disruption
and an anti-angiogenic response is observed. However, the placenta seems to be a main actor in the

development of the disorder, since after delivery, the symptoms remit.

Although there are still debate as to whether improper placentation results in either a hypoxic
environment, an increased oxygenation (Huppertz, Weiss, & Moser, 2014) or a cycle of ischemia and
reperfusion, a burst of oxidative stress (OS) is produced in the preeclamptic trophoblast. Increased
levels of OS induce trophoblast damage and the release of factors such as sFLT1, angiotensin Il type-
1 receptor autoantibody (AT1-AA) and inflammatory cytokines (TNF-a and IL-6, IL-10), C-reactive
protein (CRP), creating an inflammatory environment in the maternal blood (Figure 8). Disruption of
the delicate balance between antioxidants and oxidants, increases free radicals in the maternal
circulation. High levels of Reactive oxygen species (ROS) and Reactive nitrogen species (RNS) leads to
lipid peroxidation, protein degradation and ultimately cell death and endothelial dysfunction (ED)

(Burton & Jauniaux, 2011; O’Brien, Baczyk, & Kingdom, 2017).
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ED can be characterized as increased vascular resistance, vasoconstriction, leukocyte adherence,
increased oxidative stress and vascular inflammation. All these abnormalities lead to the leakiness of
the blood vessels, the active infiltration of immune cells into the tissues and ischemic injury. Some of
the molecules upregulated during the pathological process include Endothelin 1 (ET-1), IL-8,
Endothelial Leukocyte Adhesion-Molecule 1 (ELAM-1), etc (Lamarca, 2012) (Figure 8). Interestingly,
ET-1 is a vasoconstrictor whose antagonism has been linked with improvements in gestational
hypertension in animal models, suggesting this molecule as the main link between ED and
hypertension (George & Granger, 2011; Lamarca, 2012). ET-1 with decreased expression of VEGF
adversely affects the expression and distribution of podocyte foot, leading to proteinuria (Wagner,
Craici, Grande, & Garovic, 2012). Endothelial function is largely based on endothelial Nitric Oxide
Synthase (eNOS) activity. Although there are ambiguous results, eNOS expression and activity has
been shown to be increased in the preeclamptic maternal endothelium (Sutton, Gemmel, & Powers,
2020). Increased expression elevates the local NO concentration, leading to vasoconstriction.
However, in high OS, oxidation of eNOS cofactors, such as tetrahydrobiopterin (BH4), induces the
uncoupling of eNOS. Dysfunction of eNOS triggers an activity switch in the production of superoxide

instead of NO (Guerby et al., 2021).
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Figure 8: Main mechanisms implicated in the developmental of PE. Elevated Oxidative stress due to poor
placental invasion is increased production of Reactive Oxygen and Nitrogen Species (ROS and RNS). This
oxidative stress leads to secretion of placental molecules into the maternal circulation increasing
endothelial dysfunction and creating a proinflammatory state.

Hypothesis of Preeclampsia

Although the molecular physiopathology of PE is well described, the ultimate cause of the
disease development is not well established. Several hypotheses have been developed; however,
continuous contradictory findings maintain the disease aetiology as a mystery. A constellation of

non-specific features ends up in the development of preeclampsia.

a) Defective placenta

The classical hypothesis of PE is the inability of the placenta to properly invade deep into the
maternal myometrium. This hypothesis sets placental defects in trophoblast lineage
specification. If insults occur in early placental development, PE and IUGR occur at the same time
(Figure 9). However, if defects are produced in late stages the diseases can be seen separately.
The onset of PE occurs if all villous trophoblast cell types are affected (SCT and VCT) while the
onset of IUGR is produced if only EVTs shows defects in the second trimester of pregnancy

(Huppertz, 2008).
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It is mostly EOPE, typically associated with IUGR that is linked to defective EVTs. The
placenta is unable to invade the spiral arteries and leading to an impaired response to oxidative
stress. This, in turn, causes the release of antiangiogenic factors that induce endothelial
dysfunction and inflammation. Several studies pinpoint the role of the defective expression of
trophoblast factors in the development of PE, being sFLT1 and PIGF the most studied (Agrawal,
Shinar, Cerdeira, Redman, & Vatish, 2019; Sheridan et al., 2019). While sFLT1 is upregulated,
PIGF is downregulated in PE placentas. Low concentrations of PIGF, mainly through its
sequestration by sFLT1, contribute to abnormal placentation and abnormal growth in the latter
half of pregnancy (Chau, Hennessy, & Makris, 2017; Dover, Gulerman, Celen, Kahyaoglu, &
Yenicesu, 2013). Other studies suggest the inability of the syncytiotrophoblast to sense and
generate ROS possibly due to the abnormal regulation of NADPH oxidase in this cellular layer

Morula
|

First differentiation towards the trophoblast lineage

PE & IUGR uu | un PE & IUGR

Blastocyst Trophoblast
|

Differentiation towards cytotrophoblast and syncytiotrophoblast

PE & IUGR nn l uu PE & IUGR

Early cytotrophoblast
and syncytiotrophoblast

Differentiation towards Differentiation towards
villous trophoblast extravillous trophoblast
pe (Fau 0l | |inCFaize) uor
Villous cytotrophoblast Extravillous
and syncytiotrophoblast cytotrophoblast

(Pereira & Martel, 2014).

Figure 9: Trophoblast Development diagram and placental pathologies associated. Insults in early
placental lineage specification led to a combination of PE and IUGR, while late insults can lead to either PE (if
it affects the villous trophoblast) or IUGR (if it affects the extravillous trophoblast). Image extracted from
Huppertz et al. 2008.
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b) Immune Maladaptation

First pregnancies have a higher risk of developing PE while second pregnancy with the same
partner decreases the risk, second pregnancy with a new partner has the same risk of PE as first
pregnancies. This multiparity problem has been explained by the maternal immune system
mechanisms to recognize paternal alloantigens. Several immunomodulatory mechanisms seem
to be dysregulated in the preeclamptic placenta. As an example, HLA-G, an important molecule
that confers protection to the fetus from the maternal immune system, is reduced in PE

placentas (Saito, Shiozaki, Nakashima, Sakai, & Sasaki, 2007).

Another immune hypothesis involves the catabolism of Tryptophan. Tryptophan catabolic
pathway produces different metabolites that exert a potent immunoregulatory function by
inducing apoptosis in T-cells. The first step of the catabolic pathway requires indoleamine-2,3-

dioxygenase (IDO), which expression is decreased in PE placentas (Keaton et al., 2019).

c) Genetic Factors

PE has a strong genetic component, with a recurrent risk of 20-40% in daughters of either
eclamptic or preeclamptic mothers. African American mothers have a higher rate of PE than the
general population of the United States, suggesting an ethnicity impact on the incidence of PE. Twin
studies estimate that 22% to 47% of PE risk is heritable (Chappell & Morgan, 2006). Several studies
suggest that the transmission method of PE is complex, involving non-Mendelian transmission,
numerous variants, gene interactions and environmental variables. Moreover, since the disease is
already characterized by its non-specificity, the genetic variants will not induce the disease, rather
reduce the threshold at which the mother will develop the condition (Ayorinde & Bhattacharya,

2017).

d) Primary impaired uterine perfusion
Although placental dysfunction is necessary for the development of PE, its aberrant function is

secondary to a maternal vascular maladaptation to pregnancy. Dramatic changes in the
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cardiovascular system occur throughout gestation, intending to increase blood flow delivery to the
fetus. In these terms, PE is more likely to be related to a hemodynamic adaptation to the pregnancy,

where the maternal vasculature leads the end-organ damage (Thilaganathan, 2018).

Physiopathology of Intrauterine Growth Restriction

Clinical Aspects

Intrauterine Growth Restriction (IUGR) is defined as the inability of the baby to reach its full
growth potential due to an abnormal growth rate. There are two main types of IUGR: asymmetrical
IUGR (70% of the IUGR cases), symmetrical IUGR and mixed IUGR. Symmetric growth restriction
implies a foetus whose entire body is proportionally small while asymmetric growth is characterized
by a foetus who is undernourished and only the vital organs maintain a normal growth at the

expense of liver, muscle, and fat (Peleg, Kennedy, & Hunter, 1998).

Many acute neonatal problems develop from IUGR babies, such as perinatal asphyxia,
hypothermia, hypoglycaemia and polycythaemia (Sharma, Shastri, & Sharma, 2016). IUGR babies are
at increased risk of growth retardation, neurodevelopmental handicaps, and have increased risk to
develop of metabolic syndrome later in life, obesity, arterial hypertension, hypercholesterolemia,
cardiovascular disease, impaired glucose tolerance, or diabetes mellitus type 2 (Kanaka-Gatenbein,

Mastorakos, & Chrousos, 2003).

Molecular Aspects

Fetal growth depends purely on the maternal supply of nutrients through the placenta into
the umbilical circulation. The placental transport of glucose, the most important nutrient, seems to
be maintained in IUGR. However, alterations in the glucose fetal availability have been observed,
which in turn lead to fetal chronic hypoglycemia (Sharma et al., 2016). This mismatch can be
explained by the ability of the placenta to maintain a normal glucose uptake to ensure its survival at

expense of a decreased growth rate in the fetus.
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Reduction in the concentration of amino acids in the placental plasma have been also

observed (Economides, Nicolaides, Gahl, Bernardini, & Evans, 1989). Several amino acids

transporters, such as system A and taurine transporters, have a reduced activity in the IUGR

placenta (Glazier et al., 1997; Norberg, Powell, & Jansson, 1998). In some cases, not only reduction

in amino acid ratios is observed due to impaired transport, but due to an increase of protein

catabolism. Regarding fatty acids, changes in the ratios of specific fatty acids have been reported,

which can be linked with damage in the brain of the fetus suffering this pathology. Moreover,

lipoprotein receptors and lipases are significantly altered in IUGR placentae (Gauster et al., 2007).

Due to the limited nutrients, IUGR embryos develop a low uptake of oxygen, IUGR fetus

becomes progressively hypoxic and lacticaemic, leading to metabolic changes which can develop

into long-term effects (Marconi, Paolini, Zerbe, & Battaglia, 2006).

Hypotheses of the disease

a)

Maternal factors

Maternal status has been linked with the development of IUGR, especially age.
Women aged below 20yrs have a 25% increased risk of developing IUGR while women over
35yrs account for 3% of IUGR cases. Socioeconomic status, nature of the occupation, low
maternal weight before pregnancy and parity are as well correlated with the risk of

developing IUGR (Manandhar, Prashad, & Pal, 2018).

Placenta

As mentioned before, IUGR can arise from the early insult in placenta development
or the later impairment of the extravillous trophoblast. Defects in all differentiating
trophoblast pathways seem to be related to the early onset of IUGR, implicating an early
defect in trophoblast differentiation (Chaddha, Viero, Huppertz, & Kingdom, 2004). Electron
microscopy of IUGR placental villi indicates abnormal villi development. More specifically, a

lack of formation of terminal villi may account for the reduced gas and nutrient exchanging
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ability of the villi (Krebs et al.,, 1996). Peripheral villous maldevelopment is a prominent

feature in the early development of IUGR.

c) Genetic Factors
Fetuses with chromosomal disorders, such as trisomy and autosomal abnormalities,
frequently show suboptimal growth restriction. Approximately 20% of the IUGR fetuses have
an abnormal karyotype and the percentage is higher if growth failure is detected before 26
weeks of gestation (Monk & Moore, 2004). This may be linked with impairments in cell
division leading to a reduction in cell number and fetal growth. Moreover, genomic

imprinting syndromes, such as Silver-Russell syndrome (SRS) leads to growth restriction.

Physiopathology of Chorioamnionitis

Clinical Chorioamnionitis has been defined as a broad clinical syndrome with a
heterogeneous array of conditions characterized by infection and inflammation or both, the so-
called “Triple 1”. On histopathological settings, chorioamnionitis is defined as diffuse infiltration of
neutrophiles into the chorioamniotic membranes, affecting the villous tree in an acute manner
(acute villitis)(Jain, Willis, Jobe, & Ambalavanan, 2022). Chorioamnionitis is a common cause of
preterm birth and may cause adverse neonatal outcomes, including neurodevelopmental,
cardiorespiratory, retinal and renal sequelae (Galinsky, Polglase, Hooper, Black, & Moss, 2013; Peng,
Chang, Lin, Cheng, & Su, 2018). Current therapies of this pathology rely on antibiotics, progesterone

and antenatal corticosteroids (Jain et al., 2022).

Omics in placental research

Omics technologies, described as the study at a wide-genome level of different molecules in
a non-target and unbiased manner aim to understand the biology of healthy and pathological organs
using large scale data on DNA, RNA, proteins, etc (Figure 10). Proteomics, Epigenomics, Genomics

and Transcriptomics among other “omics” large datasets are organized by computational tools to
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provide a framework for the hierarchical contribution of integrated cellular pathways (Jaremek et al.,

2021);].

i)
W Genomics (

~ Epigenomics
% @
© ©

W Transcriptomics (’

‘ e \‘ “ Proteomics

Figure 10: Omics to understand health and disease. Genomics, the study of the gene sequence; Epigenomics,
the study of DNA methylation and histone modifications; Transcriptomics, the study of gene expression and
Proteomics, the study of the proteins are the main large-scale studies used in omics to understand the biology
in health and pathology.

Omics studies regarding the placenta have been focused on placental development using
both cellular models that recapitulate trophoblast differentiation and early human embryonic cells
(Jaremek et al., 2021). The most common techniques used have been DNA arrays and RNA-seq to
understand gene transcription and the molecular pathways implicated in placental cells
differentiation (Jaremek et al., 2021; Yong & Chan, 2020). Epigenomic approaches have focused on
DNA methylation using bisulfite-pyrosequencing, histone marks using ChIP-seq and microRNAs using
microarray-based miRNA profiling. Epigenetic network dynamics have been observed in the placenta
during development, during oxygen tension changes and during drug treatment, giving more
understanding the epigenome and its associations with the transcriptome. Proteomics and

metabolomics using mass-spectrometry or nuclear magnetic resonance spectroscopy have been
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developed to understand placental metabolic rate, hormone biosynthesis and nutrient transport in

both healthy, pathological pregnancies.

Although Omics approaches in the placenta and its pathologies have given unprecedented
details about the formation and function of the organ, several challenges and limitations arise from
these studies. Inconsistency in the patient’s description, sampling procedures, patient population,
placental cell composition, data management differences and the fragility of the organ itself. Omics
technologies are fastly advancing, entering into the multi-omics stage for the integration of different

omics strategies for a better understanding and characterization of the placenta.
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Project Objectives

Given the role of the placenta in these two pathologies and the remaining gaps in knowledge
on healthy and pathological placentas, we aimed to continue studying the placenta to find distinct
traits which can potentially help in the understanding of PE and IUGR. We developed four different

perspectives to study the placenta and pathologies associated:

1) Identification of DNA methylation signatures in placental pathologies through the

assessment of 850k CpGs using EPIC Illumina array.

2) Molecular characterization of the placental cell types using single-nuclei RNAseq

transcriptomics and the study of lineage specifications through computational analysis.

3) Investigation of global splicing alterations in pathological placentas using transcriptomic

from microarrays and genetic information from Single Nucleotide Polymorphismes.

4) Investigation of trophoblast fusion through the analysis of key long-non-coding RNAs
involved in the syncytialization process and key in the development of a pathogenic

phenotype
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CHAPTER 1: DNA Methylation Analysis in Normal and Pathological
Placentas

Introduction

Epigenetics constitutes all the heritable changes in gene activity without alteration of the
DNA sequence. These epigenetic modifications include histone modification, DNA methylation, DNA
acetylation and production of non-coding RNAs. The plasticity of certain epigenetic modifications
can be followed throughout development and differentiation and in response to environmental

stimuli. Changes in methylation can be also associated with aging, oncogenesis, and other diseases.

One of the most studied epigenetic modifications is DNA methylation (DNAm). In mammals,
DNAm is defined as the addition of a methyl group to the C5 of a cytosine to form a 5-
methylcytosine (5mC). These methyl groups are generally added to specific symmetrical CpG
dinucleotides found all around the genome. These CpGs can be found individual or clustered in small
regions of the genome, creating CpG islands, which are often associated with the promoter regions
of a gene. It is generally thought that, when the promoter of a gene is methylated, the transcription
is inhibited, due to promoter being compacted and the transcription factors not able to bind to this
region. However, a growing number of studies has challenged this simple model of gene expression
control as hypermethylation of promoters may also be associated with induction of transcription (J.
Smith, Sen, Weeks, Eccles, & Chatterjee, 2020). Epigenetic contributions to transcriptional regulation
occur in a complex and dynamic manner, also involving regions outside genes such as enhancers.
DNAm is heritable through mitosis, consequently, when a CpG is methylated in a cell, it remains
methylated in all its descendants (Goll & Bestor, 2005). This cell-to-cell transmission makes DNAm a
long-term stable epigenetic modification (Handy, Castro, & Loscalzo, 2011). DNA methylation is vital
for important cellular processes including gene expression, genome stability, X chromosome dosage

composition and regulation of imprinted genes.
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After fertilization, global DNA methylation of both the maternal and paternal pronuclei is
erased, except on imprinted regions in which methylation is maintained. The genes in these specific
regions are only transcribed from one parental copy and their expression is directly governed by
methylation. While the paternal genome seems to undergo active demethylation driven by the
demethylase TET3, the maternal demethylation process is slower and passive through cell division,
caused by the inactivation of the methyltransferase DNMT1 in the daughter cells (Guo et al., 2014;
Kobayashi et al., 2012; Okae et al., 2014; Smallwood et al., 2011). Once this global demethylation is

achieved, the embryo genome is activated towards an epigenetic state compatible with totipotency.

During embryo development, cell fate decisions are pursued to determine how cells develop
into different cell types. This is a complex process that involves many different signals, such as the
position and location of the cell, mechanical constraints, epigenetic modifications, and changes in
gene expression. These combined signals will end up to specific cell types, units of specific organs.
The first cell lineage differentiation event is a new wave of de-novo methylation in the blastocyst.
Trophectoderm cells are primarily distinguished from the inner cell mass cells by their global
hypomethylated status, showing a 14-25% less global methylation than embryoblast (Figure 1.1)

(Gamage et al., 2018). This hypomethylated profile will be maintained during all pregnancy.
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Figure 1.1: DNA methylation levels along gamete formation, fertilization, and embryo development. During
gametogenesis. After fertilization, removal of DNA methylation signatures (except those on the imprinting
regions) is produced. After implantation, re-methylation takes place giving the embryonic tissue higher
methylation levels than the placenta.

Global hypomethylation in the placenta is hypothesized to support the unique functions of
the organ. Low methylation levels enhance the ability of the placenta to respond to environmental
exposures that require fast adaptive changes in the cell composition. In addition, the placenta
methylome undergoes dynamic changes during gestation in order to promote fetal development
and adapt to the different requirements of each month. Increased methylation levels are observed
from the first to the third trimester, especially on genes implicated in immunomodulation
(Novakovic et al., 2011). Some studies have detected increased inter-individual variation comparing
beginning to end of pregnancy, supporting the effect of environment or stochastic changes in DNA
methylation pattern during pregnancy (Vlahos, Mansell, Saffery, & Novakovic, 2019). Interestingly,
DNA methylation in the placenta shows highly similar patterns as tumoral cells, which can explain
the similar phenotypic behaviour: invasive, immunomodulatory and angiogenic (Costanzo, Bardelli,

Siena, & Abrignani, 2018).
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Aberrations in DNA methylation can modify cell behaviour leading to diseases. Several
studies have associated DNAm differences between PE/IUGR and control samples (Blair et al., 2013;
Sundrani et al., 2013; van den Berg et al., 2017; Zhu et al., 2015). However, there is a general
inconsistency in the results and most findings have not been replicated. Although same ontology
terms are found between different studies (oxidative stress, cell proliferation and inflammation),
sites that show differentially DNAm are not (Wilson, Leavey, Cox, & Robinson, 2017). Small sample
size, intrinsic heterogeneity of the diseases samples and different statistical and methodological
approaches have led to different results with minimal overlap. Some of the genes that have been
correlated with lower methylation levels in PE are VEGF, MAPK1, PRDX5, LEP, INHBA, etc. On the

other hand, observed hypermethylated genes are ACAP2, CLIC6, GATA4 and PCFH9 among others.

Biological and technical confounders contribute to DNA methylation value variation. One of
the most known confounding factors in PE is gestational age (GA) since, in severe PE cases, babies
(and ipso facto placenta) are delivered in earlier gestational terms than in non-PE affected
pregnancies. Some DNAm in PE and IUGR studies have addressed the effect of gender, batch, and
GA in their analyses, however, other confounding factors, such as cell composition, ethnicity and

other technical errors are not always considered.

The scope of our work was to identify “CpG signatures” from each of the pathologies present
in our dataset (Preeclampsia, Intrauterine Growth Restriction, PE+IUGR and Chorioamnionitis) by
removing CpGs influenced by other covariates. Clinical, technical, and inferred covariates were used.
Herein, we aimed to identify CpGs, linked with the disease status with minimal influence of other

clinical, biological, known or predicted, and technical covariates.
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Materials and Methods

1. Human Placental Samples

This study includes a total of 73 placental DNAm datasets issued from 3 different series of
placental datasets. We generated the DNAm datasets from two of these series —in two separate
experimental batches—, and DNAm dataset of the third series was retrieved for the public
functional genomics data repository Gene Expression Omnibus (GSE115508) (Table 1.1). Series 1 is
composed of placental biopsies obtained from women who were delivered at the Maternité Port
Royal, Hospital Cochin (Paris). Series 2 is composed of placental biopsies obtained from women who
delivered at the St George’s Hospital (London). Two control samples from GSE115508 were
considered outliers after principal component analysis and thus removed from the dataset. Clinical

features can be found in the Annex 1.1.

Table 1.1: Samples used in the experiment

Subject group/Series

(Experimental batch) Hospital/GEO Ctrl PE IUGR PE+IUGR Chorioamnionitis
Series 1 (Batch 1/Batch 2) Cochin 6/8 6/0 0/2 3/0 0
Series 2 (Batch 2) St Georges 0 6 0 0 0
Series 3 GSE115508 20 0 0 0 22

Total (73) 34 12 2 3 22

2. DNA extraction (Experimental batches 1 & 2)

Human placental tissue was collected after delivery, cleaned and a few biopsies of the villous
fetal in different parts of the placenta were collected, snap-frozen and stored at -80°C until use.
Tissues were powdered using a pestle and mortar on dry ice and resuspended on sample Lysis buffer
(10mM Tris HCI pH8, 10mM EDTA, 50mM NaCl, 0.5% NaCl, 0.5% SDS, Proteinase K (Invitrogen
#25530-049) used at 1:3000) overnight in shaking water bath at 58°C. DNA was precipitated using
absolute ethanol. Pellet was collected and washed with 70% ethanol. After the pellet was air-dried,

DNA was resuspended in Tris-EDTA.
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3. EPIC lllumina Array Methodology

Five ng of placental DNA were analysed by EPIC lllumina array. This array assesses 850k CpGs
located all along the genome: CpGs located in CpG islands and outside the islands, in DNAse
hypersensitivity sites, and miRNA promoter regions, CpGs differentially methylated in tumour cells

vs. control cells and, also, additional non-CpG methylated sites observed in human stem cells.

After assessing DNA quality and quantity, DNA is sequenced after bisulfite treatment, which
converts the unmethylated cytosine into uracil. Briefly, after a whole genome amplification, DNA is
fragmented enzymatically, purified from dNTPs, primers, and enzymes, and hybridized onto the
array. Fluorescent staining (red fluorochromes for Adenine and Thymine bases (unmethylated CpGs)
and green fluorochromes for Cytosine and Guanine (methylated CpGs) is then recorded. Methylation
level, reported as a B-value (ratio of unmethylated/methylated value for one given CpG), can have a

value range from 1 if the CpG is completely methylated to 0 if there is no methylation (Figure 1.2).
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Figure 1.2: DNA methylation array methodology. After bisulfite conversion, enzyme fragmentation and whole
genome amplification, hybridization of the fragments to the chips is performed. Single base extension adds a
red fluorochrome to Thymine and Adenine bases and a green one to Cytosine and Guanine bases. Beta values
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Bioinformatic Analysis

Since our aim is to obtain CpG signatures for each disease, we attempted to select CpGs which
are correlated with the disease status with minimal contribution to any other confounding factors.
To achieve this, we first gathered as much information as possible about the different series in terms
of clinical data and technical confounding factors and also inferred ethnicity/ancestry, GA, and cell
composition using the PlanetR package (PIaNET —Placental DNAme Elastic Net Ethnicity Tool—)
developed by Yuan et coll. (Yuan et al., 2019) (Figure 1.3). Once these covariates were inferred, CpG
filtering and quality control of the raw data was performed, removing low quality CpGs, CpGs
located on sex chromosomes or aligned to multiple locations and CpGs influenced by SNP. Next,
multivariate linear regression was performed against each individual CpG in to remove CpGs
influenced by these covariates. CpGs significantly correlated with the disease status and with
minimal influence of the other covariates were then selected. Finally, CpGs with a mean beta value
difference of more than 5% between the disease and the control samples were considered as “CpG
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Figure 1.3 : Bioinformatic Analysis workflow
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signatures”.

a. Prediction of Covariates: Cell composition, ethnicity, and gestational age
The raw B-values were normalized using the Beta-Mixture Quantile Normalization (BMIQ)
method from the WateRmelon R package, in which the beta value is fitted correcting for possible
bias of type-2 probe values. Unfiltered normalized data was then used with the PlanetR package to

infer information about GA, ethnicity, and cell composition.

i. Gestational Age prediction

Three different GA clocks from Lee Y. et al. 2019 are used to infer GA on the placenta (Lee et
al.,, 2019): a robust placental clock (RPC, 558 CpGs) which is unaffected by common pregnancy
complications (e.g., gestational diabetes, preeclampsia), and 2) a control placental clock (CPC, 546
CpGs) constructed using placental samples from pregnancies without known placental pathology,
and 3) a refined RPC (395 CpGs) for uncomplicated term pregnancies, GA >36 weeks. The results of

the three clocks were averaged to produce the “Predicted GA” covariate of our dataset.

ii. Ethnicity prediction

Ethnicity prediction is based on an ethnicity classifier in placenta samples. PIaNET utilizes a
total of 1860 ethnicity-predictive sites. Categorical labels (Caucasian, Asian, Eurasian, Ambiguous,
Afro-European, or African) was applied using the probability of being African, Asian or European as

predicted by the model.

iii. Cell composition prediction

Cell composition prediction for trophoblast (TB), syncytiotrophoblast (STB), nucleated red
blood cells (nRBC), Hofbauer, endothelial cells (END) and stromal cells (Stromal) was obtained
through three different cell deconvolution methods from the minfi package using, as reference data,
DNAm profiles of third-trimester placentas from the PlanetR package p/CellCpGsThird. This reference
data was obtained by assessing term and preterm placenta cell populations separated by FACs and
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enzymatically isolated STB (Yuan et al.,, 2021). The average of the three different estimations
(Houseman, Epidish partial correlations and Epidish Cibersoft) was used as the percentage of each
cell type present in the sample and added as a covariate. Comparisons between diseased placentas
(PE, PE+IUGR and IUGR samples) vs. control placentas (Control and Chorioamnionitis samples) were

compared using T.test to assess if the differences were significant.

b. CpG quality control and filtering

Filtering of low-quality CpGs was performed using the function ‘champ.load’ of the Champ
Package. CpGs located in SNPs (93,970 CpGs based on Zhou’s paper 2016), located in the X or Y
chromosomes (15,576 CpGs), 11 CpGs which align to multiple locations (11 CpGs), probes with a
beadcount <3 in at least 5% of the samples (1173 CpGs), non-cg probes (2,774 CpGs) and those CpGs
whose detection p-value was above 0.01 in at least 1 sample (28,675 CpGs) were removed. A total of
723,680 CpGs were used for downstream analysis. Zeros from the dataset were replaced to the
smallest positive value and the ones were replaced by the largest value below 1. The beta-mixture
guantile normalization method was used for the correction of the bias observed in the type-2
probes. Finally, to get better statistical power, normalized B-values were logarithmically transformed

into M-values:

B value

M value = logZ(1 )

— [ value
To note, all statistical analyses were performed using M values, however, B-values were used
for figure visualization.

c. Grouping of placentas
All statistical models were performed three times, differing the grouping of the samples as

follows:

e  “Group” - Ctrl, chorioamnionitis, PE, PE+IUGR, IUGR, all considered individually
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e “Unaffected_Diseases” > Unaffected groups (Ctrl and chorioamnionitis, together) vs. PE,
PE+IUGR, or IUGR, considered individually
e ‘“Unaffected_affected” > Unaffected groups (Ctrl and Chorioamnionitis, together) vs.

Affected (PE, PE+IUGR, IUGR groups considered together)

d. Multivariate linear regression
To determine which CpGs were influenced by the pathology, the M-values of a total of
723,680 CpGs were linearly regressed towards 16 clinical, technical, and predicted covariates using

the limma R package under the following model:

{M value ~ GA+Sex+Term+Batch+Series+Pathology+Array+Slide...

...+ Ethnicity+TB+Stromal+Hofbauer+ENT+nRbC+STB+Pred_GA }

This model has been performed in “Pathology” groupings described before: Group,

Unaffected Diseases, Unaffected_affected.

eBayes function from limma package was used to perform the statistical analysis and p.
values corresponding with the significance of each individual regression coefficient towards the
regression model. Thus, when the p.value is <0.05 the regression coefficient of the covariate is
significantly different from zero meaning the covariate has a significant effect in the DNA
methylation level of the CpG. To obtain CpGs linked with the pathology status with minimal
influence of the other covariates, removal of significantly correlated CpGs (p.val <0.05) for each of
the remaining 15 covariates were removed. From these, only significantly correlated CpGs with the

pathology status were collected for downstream analysis.

e. Dimensionality Reduction

Principal Component Analyses were performed using PCAtools R package, after standard

removal of the lower 10% of variance based on variance. In order the determine the correlation
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between the Principal Components (PCs) and the covariates was performed using the eigencorplot

function of the same package.

Code Availability:

All code repositories are available in https://github.com/CaminoRuano?tab=repositories

Results

Clinical vs Predicted Gestational Age

Predicted GA of all the samples was inferred with the PlaNet package and the linear
relationship between predicted and clinical GA was evaluated by linear regression t-test. These tests
were significant for the control (R>=0.92, p value= 2.14e-18) and for the chorioamnionitis cases: (R?>=
0.91, p value= 2.84e-12) (Figure 1.4), and the lines did not differ between the two groups (Control
and chorioamnionitis equations: y=4.7+0.86x and y=4.6+086x, respectively). In contrast, the linear
relationship was not significant for the placentas affected by PE, R%: 0.097, p value: 0.325 (equation;
y=27+0.24x). Especially, for the earlier GA, diseased placentas have a higher predicted GA than the
clinical GA, suggesting that the methylation pattern on these placentas is much similar to older

placentas.
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Figure 1.4: Clinical GA (x-axis) vs Predicted Gestational Age (y-axis). Colour code: Ctrl in light green,
chorioamnionitis in red, PE in blue, IUGR in dark green, PE+IUGR in purple.
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Cell Composition Differences between Control and Pathological Placentas

Since cell type composition is a major contribution to DNAm pattern, it can easily confound
important findings in placenta such as true difference occurring at the cellular level (Avila et al.,
2010; Jones, Islam, Edgar, & Kobor, 2017). The main inferred cell type was Syncytiotrophoblast
(>50% of the cells), as expected from term placentas, followed by Trophoblast cells (20-30%) (Figure
1.5). We can also observe some differences among the sample groups in terms of proportion.
However, because there is interaction between cell composition, GA, disease and, DNAm pattern,

we did not perform any statistical analysis to compare the proportion between groups.
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Figure 1.5: Cell composition differences between control and diseased placentas: Colours of dots represent the Series: red Series
1 (Cochin), blue Series 2 (St.Georges) and green Series 3 (GSE).
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Ethnicity prediction: Genetics vs Epigenetics

Because in France, it's forbidden by law to collect statistics on ethnicity, we do not have
access to this information through clinical reporting. However, DNAm pattern can be used to
address population stratification and we were able to infer the ethnical origin of our samples: 31

Caucasian, 12 Asian, 6 Eurasian, 8 Ambiguous, 4 Afro-European and 12 African (Figure 1.6).

African
Afro-European

Ambiguous
s Asian
Caucasian
i Eurasian
0.8
- ®
3 06
o S
5 o0 ®
2 P
3 o4 ®o°
0.2
LR o
0.2 0.2
A 0, a0
P,bb 0 4 (,36\
8 45,' & 06 © Cb‘)
a .
(2 0_g 0.8 Q(O

Figure 1.6: Ethnicity Prediction of the placental samples. Probability of being African, by the probability of
being Asian by the probability of being Caucasian. African, Caucasian and Asian are considered when the
percentage of the respective ethnicity was >60%. Mixed ethnicities (Afro-European and Eurasian) were
considered when the second top ethnicity had a probability >20%. Ambiguous ethnicities were considered when
neither of the three probabilities reached the 50%.

Preliminary visualization and identification of covariates affecting the DNAm profile
As an assessment of the global variability in our different datasets, principal component

analysis (PCA) was performed. The two main principal components (which explain the 24% and 8%
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of the global variability) segregate the samples from series 1 and 2 to the samples from series 3

(Figure 1.7a). PCA without the 42 samples of series 3 segregates series 1 and 2 samples by

experimental batches (Figure 1.7b).
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Figure 1.7: Visualization Normalized 723,680 CpGs. a) PCA plot of all 73 samples showing the two groups by Series.

PC1, 18.75% variation

Series 1 (Cochin), Series 2 (St Georges), Series 3 (GSE). b) PCA plot of the samples from Batch 1 and Batch 2.

76




RUANO SAN MARTIN Camino — Theése de Doctorat - 2022

To further gain insight on the sources of variation in the DNAm profile of these three series,
a correlation plot between the 10 first PCs and our observed and predicted covariates was
performed Figure 1.8. The covariates ranged from contineous variables (GA, cell composition) and
discrete values (ethnicity, PT/Term (delivery before or after 37 weeks of gestation based on the
clinical data, baby sex, Series, Groups, Unaffected_Diseases, Unaffected_Affected, Batches, Array).
These covariates were classified in the following subgroups: Technical (Batch, Array, slide), Grouping
(Unaffected/Affected, Unaffected/Disease, with PE, PE_IUGR and IUGR taken into account
individually, and Group, with the sample group taken into account separately), Inferred covariates
(Cell composition, ethnicity, predicted GA), and clinical data (GA, Infant sex, PT/term, and Series). As
depicted in Figure 1.8, all covariates, but Array, nRBC, ethnicity, and sex, are significantly correlated
with PC1. Batch presents the highest correlation coefficient, following by slide and group. So, a

distinct DNAm signature could not be inferred with this analysis.
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Figure 1.8: Correlation plot between the main 10 PCs and the 16 covariates of interest. Pearson coefficients of
correlation between the covariates and the first Principal components. Negative correlations are in purple and
positive correlations in red. Significance is stated as F-statistic where * pvalue <0.05, ** pvalue =0.001,
***pvalue=0.0001, **** pvalue=0.00001. Percentage of variance explained by each PC is annotated in the bottom.
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Multivariate Linear Regression Model and Differentially Methylated CpGs

We next performed a multivariate analysis using a multivariate Linear Regression model,
since it considers more than one factor of independent variables that influence the variability of
dependent variables. To create our regression model, the Pearson correlation coefficient between
the covariates was calculated (Figure 1.9). Because all the covariates, but the ones describing the
grouping of the samples, have a correlation coefficient <|0.9], they were not considered as colinear

and, thus, added in the regression model.
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Figure 1.9: Correlation coefficients between the experimental, clinical and predicted variables. Each dot is the
correlation coefficient with a significance p-value<0.05. The dot area corresponds to the correlation coefficient.
Negative correlation is in red, while positive correlation is in blue.
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We next performed the multivariate linear regression model analysis with a total of 16 covariates on
the M-value of each CpG. All the CpGs that were significantly influenced (p.val<0.05) by any of the 15
covariates — clinical GA, Predicted GA, Sex, Term, Batch, Array, Slide, Ethnicity, TB, Stromal,
Hofbauer, Endothelial cells, nRBCs, STB, and Hospital— were then discarded. As result, 1,713 CpGs
correlated with the “group” category (p.val<0.05), when considering all the different pathologies,
1,666 with the “Unaffected Diseases”, and 1,760 with the “Unaffected_Affected” category. CpGs
showing a B-value difference > |5%| between unaffected and affected groups were further filtered

(Table 1.3).

Table 2.3: Results of the multivariate linear regression: Significant CpGs were considered when pval<0.05.
Beta value difference was performed on Control vs Diseased placentas.

CpGs only correlated with the disease | Betavalue difference > |5%|

Group 1713 614
Unaffected_Diseases 1666 691
Unaffected_Affected 1760 698

As depicted in Figure 1.10, 142 CpGs are common to the three grouping categories, with 90
associated with a gene. Unsupervised clustering of our placenta samples, based on the methylation
status (B-value) of the 142 CpGs placed 14/17 diseased placentas in two subgroups on the far left,
clearly separating them from the healthy placentas. Heatmap displaying the methylation status in
relation to the pathology status showed the trend toward a disease (PE and PE+ IUGR) signature,
with two main groups of hypermethylated CpG and two main groups of hypomethylated groups. A
PCA analysis was next performed and the two groups, Unaffected and PE-affected placenta, are

clearly separated on PC1, which explains 27% of the total variance.
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Figure 1.10: Final Set of CpGs with biological significance in the development of pathologies in the placenta. A) overlap
between the different analysis performed lead to the identification of 142 common CpGs correlated with only the disease
and with a difference 8-value 2|5%]|. B) Heatmap of the 8-values of the 142 CpGs and the 73 samples (annotation of the
73 samples is not in the figure). C) Plot of the PC1 (which explains 27.04% of the variation between samples) against the

PC2 (explaining the 6.26%). Color of the points represent the pathology.
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Discussion

DNA methylation (DNAm) is an important epigenetic mechanism of gene regulation and has
critical role in cellular processes and fates. Herein, we were interested in identifying differential
mCpGs purely driven by the pathology, intending to find “CpG signatures” for each of the
pathologies across our dataset. We analysed the methylome of 73 placental samples across
unaffected, and chorioamnionitis, PE, PE_IUGR or IUGR-affected groups using the Illumina EPIC
methylation array, which quantifies DNAm at > 850,000 CpGs. After quality control and filtering,
multivariate linear regression was performed using 16 covariates including clinical, technical, and
inferred variables. A total of 1.7k CpGs were found to be more influenced by the PE state —
considering separately the PE, PE_IUGR or IUGR-affected groups— than by any other covariates.
Among these 1.7k CpGs, a focus on those with a B-value difference of at least 5% between
unaffected and pathology-affected placentas further filters ~600 CpGs, of which 142 were common
to the PE, PE_IUGR or IUGR-affected groups. Hierarchical clustering and PCA confirmed that the

methylation levels of these 142 CpGs effectively separated unaffected and PE-affected placentas.

PE and/or IUGR constitute heterogeneous conditions, with many different factors
contributing to these phenotypes. To date, five published studies have reported genome-wide
changes in DNAm associated with PE (Hogg, Blair, von Dadelszen, & Robinson, 2013; Smallwood et
al., 2011; Sundrani et al., 2013; van den Berg et al., 2017; Xiang et al., 2013). However, differences
between PE subtypes, the inclusion or not of confounding factors and different statistical analysis led
to lists of CpGs with minimal overlap between these studies. Indeed, there is challenge in
reproducing genome wide DNAm hits. Hence, the use of covariates to adjust the methylation signal
is essential for the finding of CpGs driven by the disease. For example, DNAm cell-specific differences
and variability in the cell-type mixture can have a strong effect on the DNAm level observed in mixed
tissue samples. Furthermore, in placenta samples, other factors, such as age, maternal

comorbidities, fetal characteristics, sex, ethnicity have also to be considered in the statistical model.
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Although many of the published studies introduced gestation age and experimental batch as
possible confounders, only one (van den Berg et al.,, 2017) performed a side analysis with 8
covariates (batch-effect of the bisulphite-plate, gestational age, birth weight, fetal gender, maternal
comorbidity, mode of delivery and moment of inclusion for the study) which were not further

considered in their statistical model.

Since one of the main confounding variables in PE is GA, we decided to add unaffected
placental dataset from early GA from a publicly available database into our analysis. Although half of
these new samples were associated with chorioamnionitis, a preliminary analysis showed that
samples of the chorioamnionitis-affected group have a similar DNAm profile to those of the
unaffected samples in that dataset. Thus, we decided to consider in our subsequent analyses,
chorioamnionitis-affected and unaffected samples at the “series” level without considering the

III

chorioamnionitis parameter. In addition to increase the number of “control” samples to be analysed,
these early GA samples proved to be key to discriminate CpGs influenced by GA from those
influenced by the disease. Since the gestational age prediction was highly similar using the three
different methylation clocks, a mean Notably, the prediction of gestational age using a DNAm clock
was as accurate in samples affected by chorioamnionitis as in healthy placentas. This was not the
case with PE-affected samples, where the DNAm clock inferred older gestational ages for the most

severe cases; this is in line with the hypothesis of premature aging of the placenta in PE (Mayne et

al., 2017).

We also performed cell deconvolution analysis to infer underlying cell type proportions,
because DNA methylation patterns can serve as distinctive cell type markers (Baron et al., 2006). We
obtained results comparable to a recent study addressing this issue in healthy placentas (Yuan et al.,
2021). These proportions were included in our linear model, but we did not formally test the cell
composition difference in unaffected vs. PE-affected placentas since cell proportions may also be

influenced by GA and the location of the placenta biopsy within the whole organ. However, a
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strongly correlation was observed between cell subpopulations and the first 3 PCs in our PCA,
especially for the STB component, suggesting that STB proportion/composition is an important

source of variation in the global placental DNAm profile.

We are also able to estimate the ethnicity of the placenta donors with a good precision. The
results obtained with DNAm profiles were confirmed for the samples of series 1 and 2 by analysing
the genotype using lllumina human genotyping arrays (data not shown). We were able to
differentiate not only Caucasians, Africans, and Asians, but mixtures of these ethnicities, giving a
high spectrum of genetic variability within our sample set. However, the interindividual epigenetic
variation is not only determined by genetic ancestry but also by environmental/cultural influences
(Busche et al., 2015; Gunasekara et al., 2019; Wilson & Robinson, 2018). Nevertheless, considering

the ethnicity prediction adds another layer of information in our dataset.

In conclusion, although we did not achieve to produce “CpG signatures” for each of the placental
pathologies, our statistical approach led to the identification of a small subset of CpGs with a
stronger influence of the PE disease rather than discrete or continuous confounding factors.
However, we can hypothesize that either a) all the covariates explain the pathology, leading to an
insignificant number of CpGs correlated with the disease alone which, at the same time can be still
influenced by the other covariates at a non-significant level b) the effect of the disease cannot be
detectable at the DNAm level, which can be due to strong DNAm changes at specific cell-type level
are blurred into the bulk DNAm data or c) we did not have enough number of samples to develop
this type of analysis accounting with both, the strong heterogeneity found in the disease and the

strong heterogeneity that represents the placenta itself.

Limitations
e Known risk factors for PE, such as maternal characteristics and comorbidities (maternal age,
BMI, hypertension, parity) and fetal characteristics (birthweight) were not available and,

thus, could not be added to the model. These variables, although they could be collinearly
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correlated with other covariates, e.g. birthweight and GA, should also be considered,
especially due to their high relevance in the development of PE (Ogunwole et al., 2021).
When using of Combat package, although being a standard step in DNAm analyses, on a
small subset of the samples, we observed inflation of the B-values. Several studies have
pointed out how batch normalization approaches can increase the false discovery rates and
hyperinflated differences between conditions (Zindler, Frieling, Neyazi, Bleich, & Friedel,
2020). We thus choose to filter CpGs correlated with batch experimental effect rather than
applying a batch correction.

This strategy aims to identify only CpGs whose effect is highly specific to the pathology; thus,
we have discarded probes which could be associated with both the pathology and other
covariates. These CpGs are still interesting in the development of the disease and should be
taken in account for further studies, such as the case of sex-specific probes which can
increase the development of placental dysregulations.

Some covariates of interest, such as maternal blood pressure, environmental factors,
diabetes, the use of drugs, smoking or other covariates may have an effect in the
development of the disease but have been discarded due to incomplete information within
our samples. This is a highly common problem in big data analysis in which several datasets
have been used. Curation of the metadata file and the homogenization of the patient and
disease information is a common requirement for the development of these type of
research.

Placental collection and variations in the biopsy location and the protocol used can impact
the DNA methylation level and, although batch effect could explain some of this difference,
other variations should be considered.

As mentioned before, the low number of samples, the high heterogeneity between the

patients, the disease and within the placenta itself made this DNA methylation analysis a
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complicated task. Increase the number of samples and adding new PE dataset could benefit

in the robustness of the analysis.

Further Perspectives
We will further test the robustness of our 142-CpG signature by a Monte Carlo approach,
with a random shuffling of the group labels to assess whether this enrichment is random. Moreover,

validation of this signature in replication cohorts is mandatory.
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CHAPTER 2: Single Nuclei RNA-seq Analysis in Preeclamptic Placentas

Introduction

As described in the introduction, the placenta is an organ composed of a mix of cell
subpopulations, including trophoblasts in differentiated states —VCT, SCT, EVT—, stromal and
endothelial cells and resident placental macrophages (Hofbauer cells). Trophoblasts arise from the
trophectoderm, while stromal, endothelial, and immune cells derive from the extraembryonic

mesenchyme that originates from the inner cell mass (Figure 2.1).
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Figure 2.1: Trophoblast cell lineage specifications (Edgar et al., 2013).
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Briefly, during the placentation process and throughout the 9 months of pregnancy. VTB
differentiates into EVT, when it reaches the tip of the placental villi, or into SCT if the fusion process
takes place. SCTs form a syncytial layer that covers all the placenta villi (Figure 2.2). Over time, nuclei
in this layer age and decay, creating structures denominated syncytial knots which are released into
the maternal circulation (Loukeris et al., 2010). The CTB layer is continuously renewing the syncytial
layer by dividing and fusing to maintain a proper syncytial layer during all the development of

pregnancy (Jaremek et al., 2021).

Myometrium

Figure 2.2: Main placental cellular populations found in the villi of the organ. Extravillous trophoblast (EVT),
syncytiotrophobblast (SCT), cytotrophoblast (CTB), endovascular cytotrophoblast (eCT).

Improvements in microfluidic devices, substantial reductions in sequencing costs,
developments of ready-to-use kits and bioinformatic pipelines have made experiments at the single-

cell level increasingly feasible and affordable. These experiments have opened the possibility to map
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cell types, subsets and cell states in health and disease at a high degree of resolution. Single-cell RNA
sequencing (scRNA-seq) has been used to describe the placenta [20,518 captured cells from 6 full-
term placenta villi (Tsang et al., 2017), 11,055 cells from 4 full-term placenta villi and 8,195 cells from
3 midterm placenta villi (Pique-Regi et al., 2019)] and the maternal-fetal interface in early pregnancy
[18,547 captured cells from 5 early term placenta villi (Vento-Tormo et al., 2018), 14,341 cells from 8
early term placenta villi (Suryawanshi et al., 2018)].These datasets captured a significant number of
trophoblastic cells, ranging from 36% to 51%, with VCT being the most abundant captured
trophoblast subtype, followed by SCT and EVT —90%, 7.7% and 2.3%, respectively in early placenta
(Suryawanshi et al., 2018) and —82%, 1.3%, and 16.9%, respectively in late term placenta (Pique-
Regi et al., 2019). However, earlier stereological analyses of full-term placenta found that VCT cells
are less than 20% of SCT; the average placenta contains 6.4 x 10%° trophoblast nuclei of which 90%
are located within the syncytium (Mayhew, 2014; R. A. Simpson, Mayhew, & Barnes, 1992). scRNA-
seq technology relies on enzymatic dispersion of live cells and multinucleated cells show poor
recovery after tissue digestion. Single nucleus RNA-seq (snRNA-seq) approach achieves comparable
gene expression detection to scRNA-seq, but presents substantial advantages as it allows the
reduction of cell dissociation bias, it is compatible with frozen tissue samples, and it avoids the stress
response induced by the dissociation procedures (Habib et al., 2016; Wu, Kirita, Donnelly, &
Humphreys, 2019). Grindberg et coll. described that 98% of the transcripts which are found in whole
cells are found at similar levels in the nuclei (Grindberg et al., 2013). Therefore, snRNA-seq applied
to the term placenta paves the way for the identification of transcript profiles and inference of

functions, cell trajectories, signaling interactions in nuclei embedded in the SCT layer.

Thus, in order to further understand the cellular complexity of this heterogeneous tissue, we
performed snRNA-seq analysis from 8 healthy and 4 PE-affected late-term placentas. We captured a
total of 71,719 isolated nuclei and analysed their transcriptomes to evaluate the diversity of
placental cell subpopulations. Also, transcriptomics differences were assessed at the single nucleus
level between healthy and pathological placentas as well as the differential transcriptomic dynamics.
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Collectively, we established a comprehensive map of trophoblasts in human late-term placenta and
provided a resource to better understand how preeclampsia conditions can affect the molecular

profile of the human placenta.
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Materials and Methods

1. Sample collection

Placental villi biopsies were obtained from 4 women affected with late onset of PE and 8
placentas from women with uncomplicated pregnancies (control) between 35 to 40 weeks of
gestation (Table 2.1). All tissue samples used for this study were obtained with written informed
consent from all participants in accordance with the guidelines in The Declaration of Helsinki. These
placentas were obtained from either the Maternité Port Royal- Hospital Cochin, Paris, France or St.
George’s Hospital, London, UK, and snap-frozen in less than 30 minutes after C-section delivery or

vaginal delivery.

age

pcesl Hospital Cochin C-section F
pces2 Hospital Cochin 38 C-section M
pces3 Hospital Cochin 39 C-section F
pces4 Hospital Cochin 39 C-section M
pvbl Hospital Cochin 40 Vaginal delivery F
pvb2 Hospital Cochin 41 Vaginal delivery F
pvb3 Hospital Cochin 40 Vaginal delivery M
pvb4 Hospital Cochin 41 Vaginal delivery M
ppreeclampl St. Georges Hospital 35 C-section M
ppreeclamp2 St. Georges Hospital 36 C-section M
ppreeclamp3 St. Georges Hospital 36 C-section F
ppreeclamp4 St. Georges Hospital 38 C-section M

Table 2.1: Samples used in the experiment

2. Single nuclei isolation and droplet-based scRNAseq

Frozen placental tissue was minced in small pieces with scissors and homogenized using an ice-
cold (Lysis Buffer 10 mM TrisHCI, 10 mM NaCl, 3 mM MgCl, and 0.1% NP40 solution) for 10 min at
4°C. The solution was completed with washing buffer containing 1X PBS, 2% bovine serum albumin
(BSA) and 0.2 U/uL of RNAse inhibitor, and dounced 15 times before to be filtered through 70 um,

40 um and 20 um cell strainers. Nuclei suspensions were centrifuged at 800G for 10 min at 4°C and

91



RUANO SAN MARTIN Camino — These de Doctorat - 2022

the pellet was resuspended in washing buffer. This operation was done twice followed by the nuclei
counting. Nuclei were then incubated with antibodies against the nuclear pore complex (Mab414,
BioLegend) at 2 pg/ul for 15-20 min at 4°C and washed, before to be sorted using an ARIA3 flow
cytometer. For the extraction of nuclei, all the products (except indicated) came from Sigma Aldrich

(St. Louis, MO).

Further encapsulation and snRNA-seq were performed using the 10X Genomics technology
(Figure 2.3). Briefly, 10,000 Mab414-positive nuclei are sorted and individually encapsulated in an oil
drop together with an individual microbead using the 10XGenomics Chromium Controller. The
surface of each bead is covered with tags, which contains three different oligos: a Unique Molecular
Identifier (UMI), a 10X Barcode and a poly(d)-T-tail. Each 10X Barcode sequence is specific for each
bead, thus it will mark an individual nucleus. Each tag has a specific UMI, which will individually
identify each mRNA molecule from the nuclei. A total of 750,000 different barcodes is used as UMI.
The 10x-Genomics v3.1 libraries were prepared as per the manufacturer’s instructions. Libraries

were sequenced, aiming at a minimum coverage of 50,000 raw reads per cell, on an Illlumina HiSeq
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Figure 2.3: Single Nuclei scheme from tissue collection to barcoded cDNA. Placental tissue is dissociated until nuclei isolation. These
nuclei are marked with anti-nuclear pore antibody (anti_mAb414) and sorted by flow cytometry. Each nucleus is inserted in an oil
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4000.

3. Bioinformatic analysis

a. SnRNA-seq alignment and Quality control

Droplet-based sequencing data were aligned and quantified using the Cell Ranger Single-Cell
Software Suite (version 4.0, 10x Genomics) against the GRCh38 human reference genome provided
by Cell Ranger. We counted reads mapping to introns as well as exons, as this results in a greater
number of genes detected per nucleus, more nuclei passing quality control and better cell type
identification (Bakken et al., 2018). Single-cell feature counts for every single library were produced
and used for permissive quality control (QC) step using the Seurat package. Gene expression was
determined by the number of UMI observed per gene. The percentage of mitochondrial and
ribosomal RNA was determined through a percentage of either mitochondrial or ribosomal genes by
the total gene counts of each nucleus. Only high-quality nuclei were retained using the following
criteria: 1) between 250 and 6000 detected genes per nuclei; 2) percentage of mitochondrial RNA
lower than 5%; 3) percentage of ribosomal RNA lower than 7.5%; 4) percentage of haemoglobin RNA
lower than 3%. Doublets and/or multiplets were determined using the ‘scDblFinder’ function. Nuclei
that passed these quality control standards were used for the downstream analysis. Normalization
and regression against mitochondrial mapping percentage, cell cycle and RNA counts were

performed using the function ‘SCTransform’ using the 3000 most variable genes.

a. Clusterization
For each sample, counts were scaled and normalized using ‘ScaleData’ and ‘NormalizeData’,
respectively, with default settings using the 3000 most variable genes as input for all future analyses

obtained through the FindVariableFeatures function from Seurat.

Several cluster resolutions were generated (res0.4, res0.6, res0.8, resl1.0, resl.2) using the
‘FindClusters’ function and Silhouette R package was used to determine which of the resolutions had

the best score resolution. Finally, res0.4 was selected because it had the best Silhouette R score, and
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all 21 obtained clusters have a balanced distribution of nuclei per sample. Visualization of the
different cell clusters was performed using Uniform Manifold Approximation and Projections for
Dimension Reduction (UMAP) algorithm implemented by Seurat runUMAP’ function using the first
20 principal components. Cell type of each cluster was determined by gene enrichment analysis

using as reference placenta gene expression database (https://placentacellenrich.gdcb.iastate.edu/)

generated using ref data from Suryawanshi et al., 2018 and Vento-Tormo et al.,, 2018. SingleR
package was also used to label new cells from a test dataset based on similarity to the reference

(Aran 2019); this allows the inspection of the confidence of the predicted labels across the dataset.

Comparison of cell composition between preeclampsia and control samples was assessed by
T-test. For downstream analyses, trophoblast nuclei were merged to create two “mega-clusters”:
SCT merged SCT_1, SCT_2, SCT_3, SCT_4, SCT_5, SCT_6, SCT_7 and SCT_8 clusters and Trophoblast

merged EVTs_1, EVTs_2, EVTs_3, SCT_EVTs, VCTs_1, VCTs_2 clusters.

b. Identification of top differentially expressed genes

Pseudobulk aggregation method from Muscat R package has been performed to determine
the differentially expressed genes (DEG). Aggregation methods are implemented to control for both
zero-inflation and within-sample correlation, but are conservative in unbalanced situations (Crowell
et al., 2020). This method is based on the aggregation of the RNA-seq data by each specific cluster,
thus, mimicking RNA-bulk by cell type, similar to if the tissue has been separated by cell type
through FACS and then RNA-seq has been performed in each cell type. This aggregation method
accounts for the intrinsic cell composition variation and heterogeneity between the biological
samples, aiming to decrease the false discovery rate on DEGs between conditions. DEGs were
obtained through the ‘pbDS’ function from the Muscat package under the ‘DeSeq2’ method and
under design (gene_expression ~ 0 + group_id) and the contrast matrix comparing the samples of
interest. Several contrasts have been studied to determine DEGs at different levels: a) C-section vs.

vaginal birth in PE-unaffected samples, b) PE-unaffected samples from C-section birth, only vs. PE-
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affected samples, ¢) PE-unaffected samples from C-section and vaginal birth, together vs. PE-
affected samples. Because no DEG was found with the comparison C-section vs. vaginal birth in PE-
unaffected samples (data not shown), we next only considered the comparison: PE-unaffected
samples from C--section and vaginal birth, together vs. PE-affected samples in the differential state

analyses.

c. Gene Enrichment Analysis
Gene enrichment and ontology was performed using several online resources such as

Enricher (https://maayanlab.cloud/Enrichr/enrich), String (https://string-db.org/).

d. Transcriptomic dynamics and RNA velocity

Gene activity is orchestrated by transcriptional regulation. Globally, when the transcription
of a particular gene is induced, newly transcribed precursor mRNA (unspliced mRNA) is rapidly
produced, following by the splicing process and the subsequent production of a mature, spliced,
mRNA. When transcription is stopped due to gene repression, unspliced mRNA is no longer
produced, and the amount of spliced mMRNA decreases (Figure 2.4). Spliced (s) and unspliced (u)
mRNA amounts for a dedicated gene can be retrieved from snRNA-seq data. La Manno et coll.
showed that RNA velocity—the time derivative of the gene expression state—can be directly
estimated by distinguishing between unspliced and spliced mRNAs (La Manno et al., 2018). A simple
model for transcriptional dynamics can be determined by the balance of the transcription (a),
splicing (8), and degradation (y) rates. Unspliced (u) and spliced (s) mRNA abundance with respect of

time (t) can be described by the following equations:

du(t) ds(t)

T = a(®) - pu(®) 7 = Pu@®—ys®

When the transcription rate is constant, the unspliced and spliced forms abundance reach a

plateau or “steady state”. According to the above model, when the transcription rate is constant, the
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spliced and unspliced molecules can be constrained to a fixed-slope relationship, where u=ys.
Considering a line from (0,0) towards the steady-state nuclei where u=ys, a regression line with a
slope k=a/8 denominated “steady state ratio” can be drawn. RNA velocity for a particular gene in a
particular nucleus can then be described as the deviation of the nucleus towards the expected

“steady-state ratio”, which equation is:

Zs(t) « @

u(t) — ; It

The combination of velocities across genes can then be used to estimate and model the
future state and fate of an individual cell. Off note, RNA velocity model assumes constant rates of
splicing and degradation across cells for each gene. When considering nuclear mRNA instead of
whole cell mRNAs, nuclear export replaces degradation. The assumptions such as constant
degradation and nuclear export have not been conclusively verified, so this model may be limited.
However, the existing RNA velocity model show promising results in mouse placenta snRNA-seq

study (Marsh & Blelloch, 2020).
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Figure 2.4: Scheme of RNA-velocity. a) Velocyto parameters. Each gene is transcribed at a specific
transcription rate (a) which depends on the cell state. Transcription generates unmatured unspliced mRNA at a
specific time point (u(t)), which is spliced at a constant rate (8) to produce spliced (s(t)) forms. This spliced
MRNA is degraded at a specific rate (y). b) Abundance trajectory example of spliced and unspliced forms.
Once transcription takes place, unspliced mRNA is created, following spliced mRNA. There is a point when both
spliced and unspliced abundances reach a plateau or the so-called ‘steady-state”. c) The steady-state ratio is
the line from the steady-state to (0,0) and which slope is equal to y/8. d) RNA velocity of each individual nuclei
(grey dots) for a specific gene is the deviation of the nuclei towards the modelled steady-state ratio. Induction
of transcription can be described as the increase of unspliced forms compared to spliced forms while repression
of the transcription can be described as the reduction in the number of unspliced mRNAs compared to spliced
MRNA.
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scVelo

Spliced and unspliced mMRNA counts were obtained using the scVelo Python package
(https://scvelo.org). Data was pre-processed and normalized using the standard
‘pp.filter_and _normalize’ function. To infer the future states of each nucleus, the velocity of each
nucleus was calculated by performing the function ‘tl.velocity’ under the stochastic method in PE-
unaffected samples (from C--section and vaginal birth, together) and PE-affected samples. Top

dynamical genes were selected by ranked spearman correlation.

We next ran a subset analysis on a total of 22,924 trophoblast nuclei from PE and 33,948
from control placentas coming from the clusters EVTs_1, EVTs_2, EVTs_3, SCT_1, SCT_2, SCT_3,
SCT 4, SCT_4, SCT_5, SCT_6, SCT_7, SCT_EVTs, VCTs_1 and VCTs_2). Recalculation of spliced and
unspliced mRNA abundance of 25,039 genes was performed using the ‘tl.velocity’ under the
dynamical mode. Full transcriptional dynamics were then computed using the
‘scvelo.tl.recover_dynamic’ function which infers the transcription, splicing and degradation rate for
a given gene in a given nucleus. Pseudotime, a function that estimates the root cells and the cells

that have reached their final state, was also computed using ‘t/.pseudotime’ function.
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Results

Identification of major cell types in the human placenta

A total of 71,719 nuclei passed the quality control standard, ranging from 4664 to 8429
nuclei across the three placental sample groups (Annex 2.1). We next performed graph-based
clustering of the data (UMAP) and used cluster-specific marker genes to automate cell type
assignment based on the expression of previously reported marker genes of the early maternal-fetal
interface in humans (Vento-Tormo et al., 2018). ). A total of 21 clusters were resolved by UMAP
(Figure 2.5; nucleus abundance per cluster and per sample in Supplemental table 2.2). Automated
annotation assigned these clusters in the following cell subpopulations, ranked from the most to the
less abundant: trophoblasts (SCT, VTB, and EVT), structural cells (decidualized stromal cells, fetal
endothelial cells and fibroblasts) and immune cells (Hofbauer cells and NK cells) (Figure 2.5; list of
the 10 most significant markers per cluster in Supplemental table 2.3). Although most of the clusters
are clearly resolved, this automated assignment failed to identify some clusters (e.g. mixed
population of SCT and EVT) or identified a T Cells subset embedded in the trophoblast
subpopulation. To further resolve these clusters, we constructed a heatmap with the unsupervised
assignment scores across all cell-label combination using Single R (Aran et al., 2019) (Figure 2.6). This
analysis identified that most of the captured nuclei are highly related to first trimester SCTs. Other
cell types presenting high scores are EVT and VCTs, Fetal Endothelial cells (Endo (f)), decidual
Stromal cells (dS), Hofbauer (HB) cells and, with lower scores, decidual macrophages. Off note, very
few NK and T cells were identified with this reference set. Overall, our term placental villi dataset
contains mostly SCT, that cannot be differentiated in subtypes using the first trimester reference
dataset. To further explore the SCT heterogeneity, we compared gene signatures amid our 9 clusters
of SCT. As illustrated in Figure 2.7, the number of overlaps between clusters is low. The most similar
clusters, SCT_4 and SCT_2 only share 33 markers, suggesting a high functional heterogeneity of the

SCT nuclei.
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Figure 2.5: Identification of cell types in term placenta. a) Placental cell clusters from 10x Genomics snRNA-seq analysis
visualized by UMAP with automated annotation. Top left: immune cell subsets composed of Hofbauer cells and other
immune cells such as T Cells and NK cells; top right: trophoblast cell subsets composed of CTB, EVT and 7 distinct
subclusters of SCT, the largest subpopulation captured. On the left bottom: structural cell subsets composed of
decidualized stromal cells, fibroblasts and endothelial fetal cells. b) Heatmap of the top 10 markers per cluster c) Violin
plots illustrating the signature genes of each cluster).
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Figure 2.7: Upset plot of the syncytiotrophoblast clusters markers to determine common markers among clusters. Number
of markers found in each cluster: SCT_1 (29 genes), SCT_2 (95 genes), SCT_3 (110 genes), SCT_4 (45 genes), SCT_5 (140
genes), SCT_6 (534 genes), SCT_7 (55 genes), SCT_EVTs (21 genes). As an example, if we look at SCT_6, the set size indicates
the total of markers found for the cluster, the first dot indicates the markers found only in SCT_6 (482), the first intersection
(the column 11) shows there are 20 markers in common between cluster SCT_6 and SCT_5, the following intersection shows
there are 11 markers in common between SCT_6 and SCT_2.
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Functional characterization of the SCT nuclei
Gene enrichment analysis was performed to determine the main pathways associated with

each cluster’s markers. The top cellular and molecular pathways per cluster are shown in Figure 2.8.
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Figure 2.8: Top cellular functions (in red) enriched per cluster of cells (in black).

The largest SCT cluster, SCT_1, is composed of a total of 15,106 nuclei. A total of 29 markers
were enriched in genes related to Neuroactive ligand-receptor interaction (KEGG 2021, p.val=0.038)
and Growth Hormone Receptor synthesis and secretion (KEGG 2021 Human, p.val=0.0137). Some of
the most known trophoblast lineages are highly expressed in this cluster: PAPPA, CSH1, CSH2. These
genes have been previously observed to be upregulated in the syncytiotrophoblast layer from 12 to
20 weeks of gestation, plateauing at term (Mannik, Vaas, Rull, Teesalu, & Laan, 2012). Moreover,

several pregnancy-specific glycoproteins (PSG6, PSG4, PSG1, PSG9) are observed to be enriched in
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this cluster. These genes are early markers of syncytial differentiation and are implicated in

immunoregulation, angiogenesis and antiplatelet functions (Camolotto et al., 2010).

SCT_2, the second largest syncytiotrophoblast cluster, is composed of 11,740 nuclei with a
gene signature composed of 96 markers. The most enriched pathways are those related to prolactin
induction of apoptosis (BioPlanet 2019, p.val=0.0247) and estrogen hormone biosynthesis
(Reactome 2016, p.val=0.000225). Several studies have stated the importance of prolactin in
trophoblast development. Prolactin is able to suppress cell death mechanisms induced by cytokine
or hormone deprivation (Buckley & Buckley, 2000). In the placenta, prolactin is implicated in acting
as a negative regulator of inflammatory pathways, leading to immunoregulatory activities under

inflammatory scenarios (Olmos-Ortiz et al., 2019).

SCT_3, composed of 5,568 nuclei, has a total of 111 significant makers, but displays no
significant enriched pathway. PDE4D is the main gene characterizing these cells (Figure 2.9). This
gene is a ebay High levels of PDE4D activity may reduce fusion ability in trophoblast cells (Gerbaud,

Taskén, & Pidoux, 2015).

PDE4D
y e AR Oy B
51 " Hofbater Perivastilar_SCT :
; Fevres ENTsSE Cianpe 5l
T Cells NK e n!
oA
N L I 5
AR i 4
% 50 . 4 ki K“‘??I_‘ﬁ 3
2 ’ BTs2 scre f Figure 2.9: Feature plot
51 ’ 0 jllustrating the level of
Decidualized-Stromal X o expression of PDE4D on the
VCTs 2 VCTs 1
Fibroblast s § - UMAP map.
10
15 -10 5 0 5

103



RUANO SAN MARTIN Camino — Theése de Doctorat - 2022

SCT_4, composed of 2,368 nuclei, the 46 markers genes are enriched in Steroid hormone
biosynthesis (KEGG 2021 Human, p.val = 0.02874), specifically estrogen (Reactome 2016,
p.val=0.00005152) and estradiol biosynthesis (HumanCyc201, p.val=0.0000515). These cells are
characterized by expressing PLAC1 (Figure 2.10). PLAC-1 expression is increased in cytotrophoblast
differentiating in syncytiotrophoblast and downregulated expression of this gene in primary

cytotrophoblast attenuates spontaneous syncytialization (Chang et al., 2016).
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Figure 2.10: Violin plot illustrating the relative expression level of PLAC-1 per cluster.

SCT_5, formed by 1,360 nuclei, seems to be composed of damaged cells in which the G2M
checkpoint has been activated (MSigDM Hallmark 2020, p.val=0.00001466). G2M checkpoint is an
essential step in the progression of apoptosis, it blocks the proliferation and invasion of damaged

cells to repair their DNA. These cells appear thus in a proapoptotic stage
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SCT_6, composed of a total of 316 nuclei, has a total of 535 markers. The main enriched
pathway observed in this cluster is endocytosis (KEGG 2021 Human, p.val=4.612e-7). Interestingly,
although syncytin-1 (ERVW-1) is expressed in most of the placental cells, expression syncytin-2
(ERVFRD-1) appears restricted to this specific cluster (Figure 2.11). Syncytin-2 has a stronger role
than syncytin-1 in trophoblast cell fusion, suggesting this cluster is formed by the immediate
precursor cells that form the initiating syncytium (Vargas et al., 2009). These nuclei are still present

in complete full cells and are the only syncytial cells found in single-cell RNAseq analysis (Roberts et
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Figure 2.11: Feature plot illustrating the level of expression of Syncytin 1 (ERVW-1) and Syncytin 2
(ERVFRD-1) on the UMAP map

al., 2021).

SCT_7, composed of 230 nuclei, has 56 significant markers, enriched in genes related to
ribosomal structure (KEGG 2021 Human, p.val=2.623e-27) and leukocyte transendothelial migration
(KEGG 2021 Human, p.val=0.00176). More than 10 of these markers are mitochondrial genes,
implicated in oxidoreductase activity and suggesting these cells are suffering oxidative
phosphorylation.
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SCT_8, composed of 2199 nuclei, displays 23 specific markers. This cluster shows cell
signature of both SCT and Hofbauer cells, suggesting a mix of cells in the cluster. Enriched pathways
are the ones of production of Nicotinamide adenine dinucleotide (NAD) using tryptophan
(WikiPathway 2021 Human, p.val=0.00003221) and tryptophan metabolism (KEGG 2021 Human,
p.val=0.0009683). Kynurenine 3-monooxygenase (KMO), kynureninase (KYNU), two enzymes
necessary in the catabolism pathway of tryptophan, are markers of this subset of cells at a p.value of
5.84E-43 and 3.84E-76 respectively. Tryptophan catabolism is highly important in placenta
development and trophoblast differentiation (Karahoda et al., 2020). Local depletion and the
production of metabolites from tryptophan stimulate the creation of an immunosuppressive

environment IDO (Munn et al., 1998).

SCT_EVTs is composed of 3,201 nuclei and described by a 21-gene signature. These markers
are associated with TNF-alpha Signalling via NF-kB (MSigDB Hallmark 2020, p.value=0.000002181),
suggesting this cluster is in a high inflammatory state. The main gene expressed in this subset is
SERPINE-1 (Figure 2.12). SERPINE-1 or plasminogen activator inhibitor 1 (PAI1) is observed in the
surface of the chorionic villi and the invasive front of the anchoring villi (Floridon et al., 2000).

Therefore, this group of syncytial nuclei may be located at the tip of villi columns.
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Figure 2.12: Localized expression of SERPINE-1 in the SCT_EVTs cluster. a) UMAP with an expression of
SERPINEI. Purple (Gene expression=5), grey (Gene expression=0). b) Violin plot of the relative expression level
of SERPINE1 per cluster

Analyses of the differences between Unaffected and PE-affected placentas

We have selected a UMAP resolution that gives a balanced distribution of nuclei across

clusters. However, as mentioned in the methods section, we can regroup these clusters by specific

populations — syncytiotrophoblasts, trophoblasts, stromal cells, endothelial cells, and macrophages

— and compare their proportion between the healthy and the diseased placentas. As shown in

Figure 2.13, and in Annex 2.1, the main cell type observed in the samples is syncytiotrophoblasts

(60% of the total nuclei), followed by trophoblasts (20%), immune cells (10%), endothelial cells (10-

5%) and stromal cells (2%). These proportions were very alike what we found with methylation

analysis (see Chapter 1). Moreover, there are no significant difference in terms of population

composition between the healthy and diseased placentas.
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Differentially expressed genes between Unaffected and PE-affected placentas
One of the most interesting features of single nuclei/cell analysis is the ability to calculate
differentially expressed genes (DEGs) in a cell-specific manner. When comparing Control vs PE

placentas, we detected differentially expressed genes (DEGs) in all the cell clusters (Figure 2.14).

2,000+

DEG number
Unaffected- vs. PE-affected placentas
(FDR<0.05)

Figure 2.14: Barplot of the number of DEGs found in control vs PE by cell cluster. Trophoblast in blue, immune cells
in yellow, stromal in green and endothelial in purple.

The cluster with the highest number of DEG is the SCTs_2, with 1,880 genes. These genes are
enriched in pathways implicated in oxidative phosphorylation. The most significant DEGs in this
cluster are two non-coding RNAs: AC079921.1 (logFC= -4.1088402 | p.adj.value= 7.1149E-55) and
AC004160.1 (logFC= -2.98897069| p.adj.value= 2.926E-39), followed by an annotated gene
DYNC2H1 (logFC=-3.03019722| p.adj.value= 5.0197E-31) and another IncRNA DIAPH2-AS1 (logFC= -
3.03872301| p.adj.value=9.4108E-30) (Annex 2.3). DYNC2H1, 3-fold times upregulated in PE, is a
central ATPase subunit of IFT dynein-2 complex and it is key in ciliogenesis and in the cytoplasmic

the transport between the endoplasmic reticulum and the Golgi. Previous studies have observed a
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defective cilium in preeclamptic trophoblastic cells, thus, failures in migration, invasion and tube

formation are displayed under this pathology (Ritter et al., 2020).

The second cluster is VCTs_2, comprising 1,832 genes. This cluster is implicated in cell cycle
and DNA replication (KEGG 2021 Human, pval=2.529e-15 and 2.141e-10 respectively), suggesting
these cells are implicated in either proliferation of VCTs or in the differentiation towards SCT. DEGs
ontology analysis shows enrichment in oxidative phosphorylation and Reactive Oxygen Species
pathways (p.val= 0.000004659 and 0.004108 respectively, MSigDM Hallmark 2020). The top most
downregulated genes in PE-affected samples are STXBP6 (logFC= 7.54220211| p.adj.value=
0.0001604), HEG1 (logFC= 6.97550676| p.adj.value= 0.00099647), LAMA3 (logFC= 6.73865456 |
p.adj.value= 0.00071521) while the most upregulated are IncRNAs such as AC012050.1 (logFC=-
8.08813991| p.adj.value= 3.9227E-13), AP000462.1 (logFC= -7.56878842| p.adj.value= 2.0675E-12)

and SLC16A12-AS1 (logFC=-6.95692403 | p.adj.value= 1.6674E-12) (Annex 2.4).

The third cluster is SCT_1, with a total of 1,828 DEGs, enriched in genes implicated in
oxidative phosphorylation pathways (MSigDB Hallmark 2020, p.val=1.591e-16). The most significant
DEG is DIAPH2-AS1 (logFC = -3.37433012 | p.val=3.059E-27), which was also differentially expressed
in SCT_2 with the pathology. This IncRNA has been previously described as a potential PE modulator
in the trophoblast cell line HTR-8/SVneo, as part of a network involving HOXD8 and PAX3 (Feng et
al., 2019). Increased expression of DIAPH2-AS1 affects the methylation state of PAX3, leading to its
repression and the inhibition of the proliferative and invasive capacities of trophoblast cells. We
could detect increased expression levels of DIAPH2-AS1 in PE. However, PAX3 or HOXD8 were not

present in our dataset (Figure 2.15).
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Figure 2.15: FeaturePlot of the expression of DIAPH2-AS1, PAX3 and HOXDS in control and preeclampsia samples.
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We next compared the lists of DEGs in these three clusters (Figure 2.16). DEGs common to

the three clusters are enriched in genes involved in oxidative phosphorylation, Reactive Oxygen

SCT 1 SCT 2

526
(15.5%)

VCTs 2

Figure 2.16: Venn diagram illustrating the common and unique DEGs in SCT_1, SCT_2 and VCT_2.

Species pathway and DNA repair (MSigDB Hallmark 2020, p.val= 2.593e-8, p.val= 0.0008640, p.val=
0.02199 respectively). VCT-specific DEG (829 genes) are enriched in genes involved in Angiopoietin
FOXO signalling (Elsevier Pathway Collection, p.val=3.759e-7) and the MAPK cascade in angiogenesis
(BioPlanet 2019, p.val=0.00005784). DEGs found only in SCT_2 (526 genes) showed no specific
enrichment while DEGs found only in SCT_1 (514 genes) are enriched in oxidative stress (MSigDB
Hallmark 2020, p.val=0.002) and ER associate protein degradation (Elsevier Pathway Collection,

p.val=0.001). Gene enrichment analysis of every cell type is resumed in Table 2.3.
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Table 2.3: Enriched pathways obtained after Muscat pseudobulk analysis on each individual cluster
comparing all the control samples (C-section and Vaginal delivery) against PE.

Cell type

Enrichment Analysis on DEGs

SCT_1

SCT 2

EVTS_1

SCT_3
EVTs_2

VCTs_1

SCT_ETVs
Decidualized_stromal
Endothelial_Fetal

T cells

SCT_ 4

SCT_8

Hofbauer
EVTs 3
SCT_5

Perivascular
VCTs_2
Fibroblast

T cells_NK
SCT_6
SCT_7

MSigDB Hallmark 2020

MSigDB Hallmark 2020

Elsevier Pathway Collection

MSigDB Hallmark 2020
MSigDB Hallmark 2020

MSigDB Hallmark 2020

MSigDB Hallmark 2020

Elsevier Pathway Collection

MSigDB Hallmark 2020

MSigDB Hallmark 2020

KEGG 2021 Human

MSigDB Hallmark 2020

MSigDB Hallmark 2020
MSigDB Hallmark 2020
MSigDB Hallmark 2020

MSigDB Hallmark 2020
MSigDB Hallmark 2020
MSigDB Hallmark 2020
MSigDB Hallmark 2020
MSigDB Hallmark 2020
MSigDB Hallmark 2020
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Oxidative phosphorylation

Oxidative phosphorylation

ER Associated Protein
Degradation in Vesicular
Transport

Unfolded Protein Response

Complement / mTORC1
Signalling

Myc Targets V1

Unfolded Protein Response
Focal Junction Assembly
P53

Mitotic spindle
JAK-STAT signaling pathway

TGF-beta Signaling

Oxidative phosphorylation
MTORC1 Signaling
Oxidative Phosphorylation

Hypoxia

Oxidative Phosphorylation
Protein Secretion
Androgen Response
TGF-beta Signaling
PI3K/AKT/mTOR Signaling

1.591e-16

8.793e-10

0.0004314

0.02692
0.02586

0.0001219

0.003522
0.0009393
0.01262

0.0005816

0.00005396

0.02883

0.00003217
0.008366
0.000001704

0.002727
0.000004659
0.001162
6.456e-7
0.0006544
0.005968
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The only common DEG to all 21 clusters is Tissue Factor Pathway Inhibitor 2 (TFPI-2). The
level of TFPI-2 mRNA is increased 2-4-fold in samples affected by PE compared to unaffected

samples (Figure 2.17). TFPI-2 or Placental Protein 5 (PP5) inhibits the degradation of the extracellular
matrix by inhibiting plasmin, trypsin, chymotrypsin, cathepsin G, and plasma kallikrein. This gene has

been implicated in the attenuation of trophoblast invasion and proliferation in PE-affected placentas

(Karaszi et al., 2019; Zheng et al., 2020)

TFPI2
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Figure 2.17: Expression of TFPI-2 by cell cluster in control (blue) and preeclampsia (grey) by cell cluster.
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As a side note, expression of already known genes implicated in PE can be observed to be
dysregulated in most of the cell types, such as the case of PAPPA2, FLT1 or KISS1. However, other
well-known genes related to the pathology are differentially expressed in specific cellular subtypes,
as observed in PGF expression limited to the SCT subtypes or the case of BMP7, limited to the villous

cytotrophoblast (Figure 2.18).
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Figure 2.18: Common genes associated with PE are differentially expressed within the placental types. Average
expression is calculated by the relative expression of the cells in each cluster against all the other cells. Diameter of the
dot represents the percentage of nuclei within the cluster expressing the gene.
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Transcriptomic Dynamics

We next performed RNA velocity using scVelo to produce vectors representing both the
direction and speed of cellular dynamics (Bergen, Soldatov, Kharchenko, & Theis, 2021). We
focussed our analysis on the trophoblasts, because they are the prevalent cell population and display
the higher number of DEG. We first extracted and analysed separately the reads mapped on exonic
and intronic regions. As expected, most of the captured mRNA in our snRNA-seq dataset are
unspliced (72-74%) (Figure 2.19). Globally, no difference of spliced and unspliced proportions was

observed between PE-affected and unaffected placentas.

N spliced B unspliced

Preeclampsia

2%

Figure 2.19: Proportions of splicing and unspliced mRNA in total (top). Preeclampsia on the left and Control
on the right.

Different transcriptional dynamics in Unaffected vs. PE-affected placentas

In the scVelo visualization, each nucleus is identified by an arrow representing the inferred
direction and rate of cellular change projected in UMAP space. Length of the arrow represents the
difference from an inferred steady-state ratio. Thus, long arrows correspond to high gene expression
changes, meaning they are undergoing rapid differentiation. By contrast, short arrows can be

intuitively associated with homeostasis.
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In unaffected placentas, RNA velocity showed, in one hand, a strong directional flow from
the edge toward the upper right and few moves in the centre, i.e., the largest SCT clusters (Figure
2.20). The SCT_5 and SCT_3 clusters also display strong RNA dynamics. In the other hand, in the
lower right edge depicting VCT, velocity is higher in VCT_2 —i.e., the dividing VCT— and in SCT_6 —
the fusing trophoblasts—, whereas VCT _1s are essentially homeostatic. In PE-affected placentas,
RNA velocity increased in the largest SCT clusters and pointed toward the upper right, while the
edges displayed shorter arrows as compared to unaffected-placenta. Also, velocity increased in

VCTs, with a faster dynamic in the dividing VCTs and in a less extent, in the not dividing ones.
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To determine the root cells (progenitor cells) and the end points (differentiated cells),
pseudo-time analysis was performed (Figure 2.20). Root cells (purple) in both unaffected and PE-
affected placentas are located as expected, in the lower right edge of the map corresponding to
VCTs (VCT_1 and VCT_2) and EVT_2. However, VCT_1 nuclei appear less mature in PE-affected than
in unaffected placentas. Also, SCTs are mapped to earlier pseudotime in PE-affected than in

unaffected placentas.

Control Preeclampsia

Figure 2.21: Latent time, from O to 1, O (purple) represents the root cell and 1 (yellow) represents to differentiated cells.
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Discussion

In summary, preliminary analyses of our late-term placental snRNA-seq dataset revealed 1)
distinct subpopulations of SCTs with specific functional identity, 2) that PE is associated with changes
in transcriptional profiles linked to oxidative phosphorylation, mostly in SCTs and the subpopulation
of dividing VCTs, and 3) that, globally, RNA dynamics are different in unaffected vs. PE-affected

placentas.

To the best of our knowledge, the current study represents the most comprehensive single-
cell analysis of human late-term placenta, to date. Transcriptional profile of 71k individual nuclei
from 12 placentas were captured, while previous studies reported 19K and 20K individual captured
cells from 7 and 6 late-term placentas, respectively (Pique-Regi et al., 2019; Tsang et al., 2017). Sixty
percent of the total captured nuclei were labelled as syncytiotrophoblast, followed by 20% of nuclei
identified as trophoblast, 10% as Macrophages, 10-5% as Endothelial cells and 2% as Stromal cells.
These cell proportions are very similar to those predicted by the analysis of placental DNAm patterns
(see Chapter 1), strongly supporting that SCT is the main cell type in late-term placentas.
Stereological analyses of full-term placenta found that 90% of nuclei are located within the
syncytium (Mayhew & Simpson, 1994; R. A. Simpson et al., 1992). Histological characterization of
term placentas also described increased numbers of SCT and decreased numbers of VCT, while fetal
capillaries increase in size and an increased oxygen diffusion capacity is observed as compared to

earlier term (Turowski & Vogel, 2018).

With the resolution that best represents the overall topology of our dataset, 21 clusters
were identified in the UMAP projection and nine of them were classified as SCTs. However, minimal
gene marker signatures were shared across these 9 clusters, suggesting high diverse functionality
across nuclei sharing the same cell identity. Gene enrichment analysis revealed that each cluster was
committed to a specific function. Indeed, we were able to find SCT subclusters dedicated to

steroidogenesis, prolactin pathways, tryptophan metabolism, invasion, and viral transcription among
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others. These results raise several questions regarding the syncytial architecture and syncytial nuclei
location within this layer. Two main architectures can be speculated: a) nuclear patches or
compartments of nuclei with the same functionality or b) independency of each nucleus,
stochastically embedded in the syncytial layer. Interestingly, a snRNA-seq study on syncytial skeletal
muscle cells described the myonuclei transcriptional heterogeneity and their functional
compartmentalisation along the myofiber, creating a regional transcription architecture (Kim et al.,
2020). This opens the possibility that SCT nuclei exhibit the same behavior. To the best of our
knowledge, no previous study has fully addressed the question of functional heterogeneity in the
placental syncytial nuclei. One study has hypothesized transcriptional activity differences after
observation of morphological nuclear variance between the young and the old damaged nuclei
located in the syncytial knots (Fogarty, Ferguson-Smith, & Burton, 2013). Our results support the
hypothesis that nuclei within placenta syncytium possess distinct transcriptional profiles that

regulate placenta biology.

DEGs between unaffected and PE-affected samples were identified at the cell-type level. We
observed a higher DEG number in SCTs and VCTs clusters than in the other cell types, suggesting
these cell types are the most sensitive to the preeclamptic environment. Oxidative phosphorylation,
inflammation and endoplasmic reticulum pathways are the most enriched pathways, illustrating the
placental oxidative stress in PE-affected samples. The three clusters with the most abundant DEGs,
i.e. SCT_1, SCT_2 and VCTs_2, share a total of 628 DEGs enriched genes involved in oxidative
phosphorylation. These results are in line with previous studies showing that PE is associated with a
dysfunctional placenta, characterized by increased oxidative stress and the trigger of the unfolded
protein response (Burton & Jauniaux, 2004; Yung et al., 2019). Increased stress can, in turn, induce
apoptosis in the syncytia and activate inflammatory pathways (Mukherjee et al., 2021). Off note, we
also found numerous dysregulated non-coding RNAs in PE-affected placentas; this is in line with the
data we reviewed in our publication in Annex 5 on the role of ncRNAs in placental development and
pathology (Apicella, Ruano, Méhats, Miralles, & Vaiman, 2019).
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Interestingly, a single gene — TFPI2 (Tissue Factor Placenta Inhibitor 2)— was identified as a
DEG common to all clusters, with its expression increased 2-4 times in placentas affected by PE
compared to unaffected samples. TFPI-2, a.k.a. Placental Protein (PP5) is a protease inhibitor. Its
expression has been previously reported to be upregulated in serum and placenta of PE patients
(Karaszi et al., 2019). Although the trophoblast is the main source of this protein, expression of TFPI-
2 expression from perivascular and endothelial cells contribute to its expression in the maternal
circulation (Karaszi et al., 2019). TFPI2 downregulation in the trophoblastic HTR8/Svneo cell line
increased the cell invasion and the expression of MMP2 and MMP9, suggesting that TFPI2 might

control trophoblast invasion (Zheng et al., 2020).

We also evaluated RNA velocity in trophoblasts to gain insight into future states of the cell.
We found changes in the dynamics and the direction of gene expression between PE-affected and
unaffected placentas. Here again, the two largest syncytiotrophoblast clusters (SCT_1 and SCT_2)
and the dividing VCT_2 present the most striking differences, with higher dynamics in PE as
compared to healthy placentas. Although the genes behind these differences have not yet been
formally identified, we can speculate that these differences are driven by oxidative stress-related

genes.

Developmental trajectory of each nucleus was also inferred from our snRNA-seq dataset by
pseudotime analysis. According to our dataset, progenitor-like cells are clustered with the VCTs. The
exact nature of these progenitor-like cells remains to be explored. In particular, their relation with
Trophoblast Stem Cells (TSC) is unclear; TSCs have not been yet able to be isolated from third
trimester placenta (Knoéfler et al., 2019). However, PE-affected VCTs appear less mature than healthy
VCTs, with higher abundance of progenitor-like cells. This data can be explained by two main

hypotheses:
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1. Gestational Age differences: PE-affected placentas analysed in our study are about 2 to 4
weeks younger than unaffected samples and the proliferative activity of VCT declines in full-
term placentas.

2. Syncytial dysregulation: Some studies suggest a general immaturity of the
syncytiotrophoblast layer in PE due to its decreased metabolic activity, decreased levels of
hPL and the secretion by the pathological syncytia microvesicles with high content of
glycogen (Redline & Patterson, 1995; Roland et al., 2016). Other studies pinpoint that
placenta syncytiotrophoblast suffers premature ageing, with increased senescence and the
shortening of telomere length (Devisme et al., 2013; Goldman-Wohl & Yagel, 2014; Sankar,
Bhanu, Ramalingam, Kiran, & Ramakrishna, 2013). Also, placental pathologies such as IUGR
are associated with distal villous immaturity (DVI), in which placentas show both mature and
immature villi, collagenous villous stroma and a thickened later of VCTs with very few SCT

membrane (Redline, 2012).

Limitations: RNA velocity Issues
RNA velocity is a computational method still under development and presents several pitfalls in

its current form. Considering the mathematical model (Bergen et al., 2021):

a. The accepted steady-state assumption used to estimate velocity vectors is
deterministic while transcriptomics are dynamic processes acting in a heterogeneous
population of cells. Assumptions accepted in the model cannot describe the
transcriptomic dynamics, especially those genes which are upregulated or
downregulated at the beginning or an end of a process and cannot reach a “steady-
state”.

b. Itis based on accurate quantification abundances, however intronic reads on RNAseq

are noisy approximations of nascent transcription.
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Moreover, RNA velocity analysis was developed for single-cell RNA-seq, there are not yet
studies comparing trajectory inference from nuclear data vs. cytoplasmic data, thus, precautions
about our results regarding this part should be considered. Thus, although we see different
transcriptomic dynamics between unaffected and PE-affected placentas, this should be taken
cautiously and just as a grasp of potential molecular changes in the placenta. Further analysis on
specific genes implicated in the lineage switch might also be performed to determine the topmost

dynamical genes in the differentiation process from VCT towards EVTs and SCTs.

In conclusion, our snRNA-seq analysis revealed the transcriptomic heterogeneity of the
syncytiotrophoblast layer in healthy and pathological placentas. Although these results are
compelling, experimental validation, such as immunohistochemistry or RNA in situ hybridization
(FISH) experiments are needed to better understand the full SCT transcriptomic heterogeneity and
spatiality in the placenta. These experiments will allow the determination of specific nuclei location
within the placenta villi and the organ architecture. Further studies will also help to clarify the
mechanisms that lead to assignment of certain nuclei to specialized compartments within a shared

placenta cytoplasm.
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CHAPTER 3: Alternative Splicing Dysregulation in Placental Pathologies

Alternative splicing is defined as a post-transcriptional process in which unmatured
messenger RNA (pre-mRNA) undergoes the removal of specific alternative exons to produce

different transcripts from one genomic locus (Chen & Manley, 2009).

In the context of placental pathologies, one of the earliest markers of PE is an excessive
increase of the soluble form of the VEGF receptor (sFLT1) in maternal circulation (Maynard et al.,
2003; Nevo et al.,, 2006; Souders et al., 2015). FLT1 is a membrane receptor expressed in the
placenta with implications in angiogenesis, vasodilation, and novo-vascularization. Its soluble form,
sFLT1 acts as a trap, binding to VEFG and Placental Growth Factor (PIGF) decreasing its bioavailability
for the membrane receptor. Reduced circulating levels of VEGF and PIGF induce endothelial
dysfunction and hypertension (Luttun & Carmeliet, 2003). It is classically assumed that sFLT1
production is generated by an alternative exon splicing event, hypothesizing the role of alternative

splicing in the development of placental pathologies (He et al., 1999; Maynard et al., 2003).

Although alternative splicing seems to have a major role in the development of PE, no study,
to the best of our knowledge, has assessed global splicing dysregulations in pathological placentas.
Thus, we aimed to determine the global effect of alternative splicing in pathological placentas in our
work “Alternative splicing in normal and pathological human placentas is correlated to genetic

variants”. The full publication can be found in Annex 3.

To achieve this, two placental sample series were studied, one series collected at the
Hospital Cochin, Paris (PE = 7 and control (low-risk pregnancy) = 9) and the other series collected at
the Hospital of Angers (IUGR = 13 and control = 8). Transcriptomic data from both cohorts was
assessed by Affymetrix Clariom D microarray, in which transcripts are interrogated at the exon level,

making possible the study of alternative splicing events of coding and long non-coding (IncRNA).
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We first studied transcriptomic variations driven by the effect of experimental batches
and/or gestational age. Since placental transcriptome vary as pregnancy progresses and pathological
placentas are often collected at earlier gestational age than control placentas (as discussed in
Chapter 1). We observed only a small percentage (6-12%) of the Differentially Expressed Genes
(DEGs) between diseased and control placentas were associated with gestational age, birth weight,
and sex. Considering this, we assumed that the effects linked to these covariates are meek

compared to the ones associated with the disease per se.

To further elucidate the complexity of the alternative splicing issue in pathological placentas,
we ranked the genes according to their alternative splicing index, a measure provided by the
Affymetrix Transcriptomic Analysis Console to explore coding and non-coding RNA and interpret
complex alternative splicing events. A total of 1071 genes were differentially spliced between Ctrl
and PE, 575 genes between Ctrl and IUGR with a significant threshold of p-value < 0.001. 176 genes
were found to be in common between PE and IUGR. To note, splicing index alterations were not
generally correlated to changes at the gene expression level, increasing the complexity of the
alternative splicing issue in placental pathologies. As an example, BAIAP2, FNDC3B or PSG4 which

are not DEGs show extremely high splicing indexes.

Gene enrichment analysis was performed in these highly spliced genes, showing that
alternative splicing does not occur in random genes along the genome. The 176 genes found to be in
common in both pathologies are highly enriched of genes related to fetal diseases, hypoxia, and
cancer pathways and, in terms of biological function, the most enriched terms were secretion,
vesicle metabolisms and exocytosis. However, specific clustering is observed when studying each
disease separately. Spliced genes in PE are enriched in genes related to extracellular matrix,
circulatory system development, and neuronal physiology while IUGR spliced genes are enriched in

genes involved in steroidogenesis, hormone metabolisms and anion transport.
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We validated some of these results by a targeted approach based upon exon-specific
primers and RT-gPCR. We selected genes based on their implication in PE/IUGR and/or their high
splicing index: FLT1, CLDN1, LEP3, FSTL3, TXK, CAP2, CA10, TNFRSF1B, ACOXL, TIE1, LAGLS14 and
CPXM2. As an example, concerning FLT1, upregulation of the exon 1 (E1) ins observed in pathological
placentas (PE, PE+IUGR and IUGR) compared with control placentas, but E12, E14 and E15-E17 are
not differentially expressed in PE and IUGR as compared to control samples (Figure 3.1). This result
is in line with previous observations on short isoform overexpression observed in preeclampsia

(Rajakumar et al., 2009).
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Figure 3.1: Locus-specific RT-qPCR analysis of FLT1. The top graph represents the splicing profile of the gene, in
the middle, the position of the primer couples selected to assess the specific locus and, on the bottom,
comparisons of the -ACt between the groups among the exons studied.
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We further studied the effect that a single genetic variant may have on the level of splicing in
the placenta by identifying splicing Quantitative Trait Loci (sQTLs). Variations in a single nucleotide or
so-called SNP can be located in splicing relevant sites such as canonical splice site consensus
sequences, in exonic and intronic splice enhancers or silencers, affecting the splice site strength
and/or modifying the splicing behaviour of the gene. The 48 genes with the highest splicing index
were correlated towards a total of 331,204 SNPs using gestational age and sex of the fetus as
covariates. A total of 52 cis-QTLS and 52 trans-QTLs with an FDR<0.05 were identified with this

strategy.

In retrospect, this paper can only be considered as exploratory on the effect of genetic
variation on alterations in splicing given the small sample size, which limits the statistical power of
the results. As mentioned in the paper, we were aware of this limitation, and we were very stringent
on the number of SNPs selected and on the significance threshold. To counter back this flaw, we
performed a Monte-Carlo approach to determine the scope of our results. By these randomization

tests, we observed that, indeed, the organization SNP-gene couple along the genome is not random.

Another point to be made is the role of ethnicity in genetic studies. In our paper, we did not
consider the ethnicity of our samples, which should be added as a covariate to adjust for population
stratification and avoid bias. Different ethnicities show different Linkage Disequilibrium (LD) patterns
due to the evolutionary process. These LD patterns are blocks of alleles that are transmitted to the
next generation due to the low rate of genetic recombination that occurs within these genomic
locations. African populations show much smaller blocks of LD than European populations. For this
reason, African ancestry is characterized by a higher number of haplotypes for any given region of
the genome than other populations. In smaller populations, such as Europeans, this difference can
still be observed in different European subpopulations. These genetic differences can be observed
when performing PCA analysis in the genotyping data of the samples, being able to group the

samples by their ancestry. These PC axes represent features of genomic ancestry that capture
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population stratification. Since the adjustment of each single nucleotide polymorphism (SNP) varies
along each axis of ancestry, PCA corrects not only for false positives but also for false negatives.
Therefore, on wide-genome analysis, the first 10 PCs should be used as a covariate to remove this

population stratification difference.

Overall, our approach led to the confirmation of placental overexpression of well-known
markers of PE, the discovery of new genes involved in PE and IUGR pathologies and raised attention
to the necessity of systematic exploration of genetic approaches to assess global alternative splicing

in both normal and pathological placentas.

130



RUANO SAN MARTIN Camino — These de Doctorat - 2022

Human Genetics (2021) 140:827-848
https://doi.org/10.1007/500439-020-02248-x

ORIGINAL INVESTIGATION »')

Check for
updates.

Alternative splicing in normal and pathological human placentas
is correlated to genetic variants

Camino S. M. Ruano' - Clara Apicella’ - Sébastien Jacques' - Géraldine Gascoin®* - Cassandra Gaspar* -
Francisco Miralles’ - Céline Méhats' - Daniel Vaiman'(

Received: 6 October 2020 / Accepted: 14 December 2020 / Published online: 12 January 2021
©The Author(s) 2021

Abstract

Two major obstetric discases, preeclampsia (PE), a pregnancy-induced endothelial dysfunction leading to hypertension and
proteinuria, and intra-uterine growth-restriction (IUGR), a failure of the fetus to acquire its normal growth, are generally
triggered by placental dysfunction. Many studies have evaluated gene expression deregulations in these diseases, but none
has tackled systematically the role of alternative splicing. In the present study, we show that alternative splicing is an essen-
tial feature of placental diseases, affecting 1060 and 1409 genes in PE vs controls and IUGR vs controls, respectively, many
of those involved in placental function. While in IUGR placentas, alternative splicing affects genes specifically related to
pregnancy, in preeclamptic placentas, it impacts a mix of genes related to pregnancy and brain diseases. Also, alternative
splicing variations can be detected at the individual level as sharp splicing differences between different placentas. We cor-
relate these variations with genetic variants to define splicing Quantitative Trait Loci (SQTL) in the subset of the 48 genes
the most strongly alternatively spliced in placental diseases. We show that alternative splicing is at least partly piloted by
genetic variants located either in cis (52 QTL identified) or in trans (52 QTL identified). In particular, we found four chro-
mosomal regions that impact the splicing of genes in the placenta. The present work provides a new vision of placental gene
expression regulation that warrants further studies.

Introduction

Preeclampsia (PE) is a major disease of pregnancy, marked
by hypertension, proteinuria, and a generalized endothelial
maternal disorder (Sibai et al. 2005; Rana et al. 2019). PE
induces 70,000 maternal deaths and ~ 1,000,000 fetal deaths
worldwide (1.5-10% of pregnancies according to the coun-
try, with a high prevalence in sub-Saharan Africa). [IUGR,
a failure of the fetus to reach its normal growth potential,
affects up to 10% of the fetuses, and is a major cause of
the birth of small babies, that are at risk for acute diseases
of the retina (Gupta et al. 2008), the lung (Arroyas et al.
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2020; Fandino et al. 2019; Zana-Taieb et al. 2015), the heart
(Crispi et al. 2008) (in the most severe cases) and long term
increased risk of cardiovascular diseases (less severe cases)
(Jansson and Powell 2007; Savage et al. 2020). These two
gestational pathologies are strongly connected since one
third of the preeclampsia cases results in IUGR. PE and
TUGR are accompanied by epigenetic alterations at the pla-
cental level and have been strongly associated with an imbal-
ance of the oxidative and nitrosative stresses (Myatt 2010;
Aouache and Biquard 2018; Doridot et al. 2014). One of the
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carliest markers of preeclampsia is an excessive increase
of the soluble form of the VEGF receptor, sFLT1, in the
maternal plasma (Souders et al. 2015). This form is gener-
ated by an alternative exon splicing event that will generate
a protein encoded by the first 13—15 exons of the FLT1 gene
(Szalai et al. 2015).

This soluble receptor is classically thought to perform as
a trap for the VEGF and PGF angiogenesis factors (Phipps
et al. 2019). Thus, it is classically assumed that an exon-
splicing event of FLT1 is a major causative factor in the
onset of PE. The idea that alternative splicing mechanisms
are more general in the pathophysiology of pregnancy,
including ITUGR, has not been systematically analyzed so far.

Exon splicing events on a global scale are currently theo-
retically measurable by two technical approaches: exon-spe-
cific microarrays and RNA sequencing. Nevertheless, splic-
ing events are rarely mentioned in the RNA-seq experiments
carried out in normal and pathological placental samples,
with a recent exception (Majewska et al. 2019). To address
alternative splicing, RNA-seq need very high depth of reads
(60-100X), and paired-end reads. These requirements are
seldom achieved and studies using RNA-seq approaches on
preeclamptic placental or decidual samples do not dive into
details on splicing profile (Tong et al. 2018; Sober et al.
2015). This is also true for other defective pregnancy out-
comes, such as recurrent miscarriage (Sober et al. 2016).
Notwithstanding, genes involved in splicing and mRNA pro-
cessing are highly expressed both in normal and pathological
placentas (Aouache and Biquard 2018).

In the present study, we decided to thoroughly analyze
alternative splicing events in the placenta in the context of
pathological pregnancies. We profiled placental RNA levels
from controls, preeclamptic patients and IUGR patients at
the exon level using exon-microarrays. In parallel, the same
patients and controls were genotyped using SNP-microarray
technology. This design allowed us to discover extensive
alterations of splicing throughout the placental genome in
pathological situations. In addition, we identified genetic
variants that are associated to splicing modifications, located
in cis and trans, with or without connection with the dis-
ease status. These splicing Quantitative Trait Loci (sQTLs)
may thus reflect individual-specific regulations of placental
functions.

@ Springer

Results

A genomic search for alternative splicing
in the human placenta

Placental alternative splicing is a prominent feature
of gestational diseases

To determine whether there are differences in mature tran-
scripts for a given gene between healthy and diseased pla-
centas, gene expression at the exon level was measured in
placentas from two distinct cohorts of patients: a cohort
of PE-affected women and matched controls (Institut
Cochin-PE cohort, n=7 and 9, respectively) and another
of IUGR-affected women and matched controls (Angers
Hospital-TUGR cohort, n=13 and 8, respectively). Patient
characteristics are presented in Supplementary Table S1. As
expected, both gestational age and birth weight are signifi-
cantly different between disease and control groups. This dif-
ference is a recurrent and expected feature of transcriptome
analysis comparing normal and pathological placentas. In
this case, since most of the samples (including the patho-
logical ones) are from third-trimester placentas, the effects
linked to placental age are probably meek compared to the
ones associated with the disease per se. To more thoroughly
ascertain this, we proceeded to identify and estimate surro-
gate variables for known and unknown sources of variation
in our dataset using the SVA package (Leek et al. 2012).
In the IUGR vs CTRL comparison, 6.5% of the probes dif-
ferentially expressed according to disease, were also asso-
ciated to gestational age, 12.5% to birth weight, and 10.9%
to sex. In the PE vs CTRL comparison, 7.5% of the genes
significantly changed due to PE effects were significantly
associated to gestational age, 6.8% to birthweight and 10%
to the sex of the baby. Considering these data, we assumed
that the gene expression and splicing alterations detected
are strongly influenced by the disease status. These data are
summarized as Supplemental Table S2a, S2b and S2c for the
comparison between CTLs on the one hand, vs IUGRs, all
PEs, and isolated PEs, respectively.

The comparison of gene expression at the exon level
was carried out using Affymetrix ClariomD microarray, an
attractive solution for tackling the complex question of alter-
native splicing regulation, compared to other more computa-
tion-intensive approaches depending upon RNA-seq. Analy-
ses through the Affymetrix Transcriptome Analysis Console
software lead to the definition of a splicing index associated
with a relative p value for each gene and each comparison
(Gardina et al. 2006), allowing to rank the genes from the
most differentially spliced, to the least. The complete data-
set is available with the accession number E-MTAB-9416
(EMBL-EBI ArrayExpress).

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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‘When using a p value threshold of 0.001, 1060 and 1409
genes had a significant splicing index value in PE vs controls
and TUGR vs controls, respectively. Splicing index altera-
tions were not correlated with gene expression deregulation
between preeclamptic and control samples (Fig. 1a).

For instance, CYP19A1 or BAIAP2 were not strongly
modified at the expression levels in PE placental samples
and IUGR samples, respectively, while the splicing index
alteration in these genes was amongst the highest (Table 1).

Splicing Index vs Relative Gene Expression
PE vs CTRL

=] )

. %@.@
1w

Exon Suicng Index

<

st

G

PE SI>3

Alternative splicing concerns specific gene categories in PE
and IUGR

Since p value allows to pinpoint significant but also small
variations in splicing (that may not be relevant), we decided
to focus on transcripts with SI>[3, a list marginally different
from the one given with the p <0.001 threshold. We identi-
fied a list of 1456 transcripts in PE vs control placentas, and
725 transcripts in [IUGR vs control placentas at the same
threshold. Among those, 1071 and 575 have an official gene
symbol (Supplementary Tables S3 and S4) and 176 were
found alternatively spliced in both diseases (Fig. 1b). These

Splicing Index vs Relative Gene Expression

Gene Symbol level

IUGR SI>3

Fig.1 a Splicing index represented in function of the fold change
of gene expression in PE vs CTRL (left) or IUGR vs CTRL, right.
A zoom of the cloud in the blue square is presented. For preeclamp-
sia, gene labels are shown for genes with SI>16l and for IUGR >110l.

Overall, there was no marked correlation between splicing and gene
expression level (see text). b A part of the genes only is found both in
preeclampsia and [UGR
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latter 176 genes encoded proteins that constituted a network
of Protein—Protein Interactions (p =0.00097, Supplemental
figure S1, String database, https://string-db.org/cgi (Szklarc-
zyk et al. 2019)), showing that the splicing alteration does
not occur randomly in the placental genome in pathological
situations. We then performed an over-representation analy-
sis using WebGestalt (Wang et al. 2017; Liao et al. 2019)
on the 176 genes found alternatively spliced in both disease
conditions. We compared our gene list with the GLAD4U
database (Jourquin et al. 2012), that collects gene sets asso-
ciated with diseases. We found a significant enrichment for
Pregnancy complications, fetal diseases, gestational hyper-
tension, hypoxia and several cancer pathways (Fig. 2a).
The exhaustive values and genes involved are presented as
Fig. 2b for ‘Gestational Hypertension’, ‘Pregnancy compli-
cations’, ‘Anoxia’, and ‘Pregnancy’.

Functional clustering of alternatively spliced genes partly
differs between PE and IUGR

Then we proceed to separately analyze the genes spliced in
either IUGR or PE. We found that while the two pathologies
shared biological processes related to secretion, exocytosis
and vesicle metabolism, substantial clustering differences
were observed.

In IUGR (Table 2), KEGG and Reactome pathways
related to hypoxia, steroidogenesis, hormone metabolism
and anion transport were enriched. Against disease database
(GLAD4U and OMIM), the alternatively spliced genes in
IUGR were widely associated to "pregnancy complications’,
’Nitric Oxide metabolism” (known as intimately linked to
placental pathology) (Aouache and Biquard 2018; Motta-
Megjia et al. 2017; Dymara-Konopka and Laskowska 2019),
"preeclampsia’ and "eclampsia’, but also to autoimmune dis-
eases, especially 'lupus erythematosus’ (SLE), which is con-
sistent with the increased risk of IUGR and other defective
pregnancy outcomes documented in autoimmune patients,
especially those affected by SLE (Do and Druzin 2019).

The same type of analysis applied to the PE-alternatively
spliced genes yielded quite different results (Table 3). In
terms of Biological processes, extracellular matrix, cir-
culatory system and several neuron/axon ontology terms
were found enriched specifically in PE. KEGG and Reac-
tome pathways consistently pointed out to extracellular
matrix organization pathways. In terms of diseases data-
bases (GLAD4U and OMIM), ‘pregnancy’ and ‘pregnancy
complications’ appeared enriched, but also, interestingly,
numerous pathological pathways implicated in neurodevel-
opmental diseases emerged with GLAD4U (’Brain diseases’,
"CNS diseases’, "Dementia’, *Cri-du-Chat syndrome’), while
OMIM pointed out to SLE (Qing et al. 2011) and Malaria
susceptibility, consistently with the [UGR OMIM terms. In
this case, nevertheless, an enrichment in genes involved in

@ Springer

Alzheimer’s disease was also found, consistently with the
GLAD4U keywords.

In summary, this comprehensive description of abnormal
splicing in IUGR and PE reveals quite different enrichment
of alternatively spliced genes between two important pla-
cental diseases and normal placentas. Notably, a connection
with neurological disease genes was exclusive to PE. Com-
paring our sQTLs results, with placental eQTLs identified in
previous studies (Peng et al. 2017), we found four genes in
common amongst the cis-eQTLs (ACER3, CLDNI, PSG4,
LGALSS). A contingency chi2 revealed a marginally sig-
nificant enrichment (12.8% expected versus 33% observed,
p=0.034).

Individual validation of alternative splicing
on an enlarged collection of placental samples

We next validated some of these alterations through a
targeted approach, based upon exon-specific primers
and RT-qPCR. For this validation, we selected 12 genes
based upon their known involvement in preeclampsia
and/or their very high splicing index differences between
healthy and preeclamptic placentas: FLT1, CLDNI, LEP,
FSTL3, TXK, CAP2, CA10, TNFRSF1B, ACOXL, TIEI,
LAGLS14, CPXM2. Maximal splicing indexes (p values)
were respectively: FLT1 11.27 (p=0.0016), CLDN1 15.51
(p=0.0063), LEP 2 (0.2957), FSTL3 —21.76 (p =0.005),
TXK 10.9 (p=8.55E™%), CAP2 —8.58 (p=0.0331), CA10
10.84 (p=0.0557), TNFRSF1B 7.03 (p=0.0035), ACOXL
4.46 (0.0241), TIEI 4.01 (p=0.0034), LGALS14 —2.22
(p=0.5275), CPXM2 10.64 (p=0.0301). Additional new
samples were included along with the samples used in the
microarray analysis, for a final total of 13 controls, 15 iso-
lated PE, 5 PE +IUGR and 10 isolated IUGR samples. Over-
all, we confirmed splicing alterations in diseased placentas
for 10 out of 12 genes (except LGALS 14 and CPXM2). An
example of analysis is given for five genes (FLT1, CLDN1,
LEP, FSTL3 and TXK) in Fig. 3, and the remaining genes
are presented as Supplementary figures S2.

Genetic regulation of alternative splicing
in the human placenta—determination of sQTLs

We next analyzed the genetic basis of splicing alterations in
the different individual placentas, focusing upon a sample of
48 genes with the most differential splicing index between
normal and preeclamptic placentas (Table 1). Several of
these genes are well known from the literature to be modi-
fied at the expression level between PE and normal placen-
tas such as FLT1, LEP, PAPPA2, HTRA4 (Vaiman et al.
2013). Nineteen out of the 48 genes were also significantly
modified at the expression level between controls and IUGR,
as assessed by the analysis of the Angers Hospital-IUGR
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cohort. By PCA analysis, we could show that there was no
major effect of the batch (Supplementary Figure S3).

Splicing is influenced by variants located in the vicinity
of genes (cis-sQTL) and at far locations (trans-sQTL)

Each placental DNA was genotyped using a SNP genotyping
array that encompasses ~ 710,000 SNPs and MatrixeQTL R
package was used to investigate the impact of SNP variants
on individual splicing indexes (Shabalin 2012). Placental
Individual Splicing Indexes (ISIs) were computed along
with the genotype data. A QQ-plot (Fig. 4) was obtained
and allowed the identification of 180 cis-sQTLs (1 Mb
around the gene under scrutiny) with p<0.01 and 52 with
FDR <0.05 and 199,884 trans-sQTLs (> 1 Mb) with p<0.01
and 52 with FDR < 0.05. The detailed list of cis-sQTLs iden-
tified is given as Supplementary Table S5. To add stringency
to the approach, we re-ran the program focusing only on the
control samples (Tong et al. 2018). Despite the loss of power
due to this reduced size, we werestill able to detect 5 cis-sqtl
with a FDR <0.0.5 that are all common to the complete list
and presented in bold in Table S5.

Cis-sQTLs have additive effects on splicing

A selection of highly significant cis-sQTLs are presented in
Fig. 5. It is interesting to note that in these cases, the splic-
ing effect is overall linear in function of the occurrence of
one of the alleles (additive effect). For instance, in the first
example (CYP19A1-rs12907866), the splicing index is the
lowest in AA genotypes, intermediate in AB and higher in
BB. The same type of profile is visible in the other examples
presented. These influences on SI do not appear to be strictly
connected to the disease status. Cis-sQTLs may induce alter-
native splicing by influencing the binding of splicing factors,
by modifying the secondary structure of mRNAs, or any
other local influence. However, they are not giving an image
of the alternative splicing regulation at the genome level.
Thus, to identify variants that influence splicing distantly
from their location, we studied in more detail trans-sQTLs.

Trans s-QTL analysis reveals major loci associated
to splicing in the placenta

The conventional significance threshold for a genome-wide
analysis (p < 107) identified 52 significant SNP-gene cou-
ples for trans-sQTL (Supplementary Table S6). At p <0.001,
24,867 QTLs were found, while 3,639 QTLs passed the
p<0.0001 threshold. As reported in many studies, keeping
an FDR<0.05 orap< 107 8 will miss QTL with biological
relevance (Morrow et al. 2018). Therefore, we developed
a novel approach not to lose this relevant biological infor-
mation; in particular, we were interested in identifying

bandmaster loci that would control the splicing of a large
part of the 48 genes that we identified as the most strongly
spliced.

To perform this, we organized the dataset by sorting the
SNPs along the chromosomes to find isolated SNPs (or win-
dows of SNPs separated by less than 2000 bp—a distance in
the range of minimal chromosomal block sizes of markers
in linkage disequilibrium (Pritchard and Przeworski 2001))
that were significantly associated to alternative splicing of
more than one gene.

A Monte-Carlo statistical analysis was performed to eval-
uate the longest possible windows of consecutive SNP-gene
couples obtained from a random organization of the SNPs
(simulated windows). At a threshold of 0.001, the maximal
window length was of 19 consecutive gene-SNP couples,
while random cases lead to a maximal size of 10 gene-SNP
couples. Performing the same operation at the 0.0001 thresh-
old we identified a maximum window size of 6 in the ran-
domized dataset (one occurrence), while nine windows of
more than 6 consecutive SNP-gene couples (Fig. 6a) were
identified from the real dataset. The nine windows identi-
fied are located on chromosomes 2, 5, 7, 8, 10, 13, 14 (at
two locations) and 21. To note, four of these windows were
also detected at the threshold of 0.001: on chromosomes 5,
7, 8, and the second region on chromosome 14. Also, two
of these windows (on chromosome 2 and 14) encompassed
gene-SNPs couples that were significant at a genome-wide
threshold (p < 1078, rs13006826-SLC6A 10P and rs9323491-
CYPI9A1). We decided to focus on these four regions, pre-
sented in Fig. 6b as the blue, green, orange and purple foun-
tains of a circus Plot (Gu et al. 2014).

The Chromosome 5 region contains two SNPs separated
by 702 bp, rs13185255 and rs12520828. These SNPs are
located inside the ARHGAP26 gene, or its antisense and
are associated with increased splicing alterations for FLT4,
CLDNI, PLA2G2F, SH3BPS5, P4HA1 and SLC6A10P.

The Chromosome 7 region spans 314 base pairs and
encompasses 2 SNPs (rs6964915 and rs6965391). These
SNPs are located inside the LOC105375161 non-coding
RNA, which harbors the highest level of expression in the
placenta ((https://www.ncbi.nlm.nih.gov/gene/105375161)
and (Fagerberg et al. 2014)). RT-qPCR results interrogating
two distinct regions of LOC105375161 showed no differ-
ence in expression between the sample groups (Supplemen-
tary Fig. S5). The splicing alterations of 3 genes were found
associated with variants in this Chr7 region (FLT1, TXK
and NTRK2).

The Chromosome 8 region encompasses a unique
SNP (rs1431647) located inside the non-coding RNA
LOC105375897, which is expressed at a low level in the
placenta. Eight genes were potentially affected by this vari-
ant at the splicing level (FSTL3, FLT1, PAHA1, NTRK2,
FLT4, BAIAP2, CLDNI, ST18). By RT-qPCR, we could
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«Fig.2 WebGestalt analysis of the genes that are alternatively spliced
in common in the two diseases under scrutiny, in comparison with
the disease database GLAD_4U. The database recognized 116 genes
among the 176 submitted. a The enrichment in genes in the group
is represented on the X-axis, while the FDR is represented on the
Y-axis. The most significant pathways (with FDR <0.05) are identi-
fied. b Highly relevant gene sets are represented. As an example of
how to read the figure, the first on the upper left means that 178 genes
are in the geneset ‘Gestational Hypertension’, 7 of which are in com-
mon with the 116 that constitute the input (the 116 that were identi-
fied out of the initial input of 176). This enrichment is highly signifi-
cant (7.1 more genes that expected, FDR =0.0214)

show that LOC105375897 is expressed at similar levels
between control and preeclamptic placentas, while is over-
expressed significantly in IUGR ~ 30 fold (p value <0.01)
(Supplementary Fig. S5).

The Chromosome 14 region spans 828 bp and encom-
passes two SNPs, rs7145295 and rs7151086 that are located
inside the GPHN gene (harboring the non-coding RNA
LOC105370538, which was not detectable in our samples
by RT-qPCR). Six genes were potentially affected at the
splicing level: CYP19A1, FLT1, P4HA1, FLT4, SH3BPS,
and NTRK2).

The association between these SNPs and splicing levels
is represented in Fig. 7. The two SNPs identified for chro-
mosome 5 as well as for chromosome 7 had the same pro-
file, and thus only one SNP of each region was represented.
For rs13185255 it was the heterozygous genotype that was
different from the homozygous genotypes (Fig. 7a). There
were no obvious association between the levels of splicing,
the genotypes of the QTL and the status of the patient. For
1s6965391 the AA genotype was characterized by a higher
splicing index for the three target genes (Fig. 7b), with a
possible association with preeclampsia but that should be
confirmed on a larger sample since the AA genotype was
the rarest. For rs1431647, it was also the heterozygous gen-
otype that was different from the others, without obvious
connections with the disease status (Fig. 7¢). In Fig. 7d are
represented the two SNPs characterizing the fourth region
studied. One of the SNPs (rs7145295) presents an additive
behavior in terms of splicing levels for CYP19A1 (r=0.85,
p<107"). AA was marginally associated with preeclampsia
(Chi-Square, p=0.022, Log-Likelihood, p =0.029), and the
data are consistent with the second SNP nearby rs7151086.
In both cases, a higher splicing index characterizes the BB
genotype.

Methods
Ethical statements and sample collection

The placenta collections have already been described else-
where (Gascoin-Lachambre et al. 2010; Ducat et al. 2019).

Cochin Hospital cohort: placentas were collected from
two maternity wards (Hopital Cochin and Institut de Pué-
riculture, Paris, France). This study was approved by the
Ethics Committee and CCPPRB (Comité Consultatif de
Protection des Personnes dans la Recherche Biomédicale)
of Paris Cochin. Placentas were obtained from cesarean
sections before the onset of labor. Exclusion criteria were
diabetes, chromosomal and fetal malformations, maternal
infections, and addictions. The inclusion criteria used for
pre-eclampsia were systolic pressure above 140 mmHg,
diastolic pressure above 90 mmHg and proteinuria above
0.3 g per day. Women who underwent a cesarean section
without disease during pregnancy formed the control group.
All patients gave their written consent for the use of their
placenta and blood samples.

Angers University Hospital cohort: collection and use
for research purpose (including genetic analyses) of pla-
centas from pregnancies complicated with IUGR or healthy
pregnancy have been approved by the Ethics Committee of
Angers. The inclusion criteria used for IUGR was weight
at birth < 10th percentile. Vascular IUGR was defined by
a reduction of fetal growth during gestation, with a notch
observed by Echo-Doppler in at least one uterine artery and
with Doppler abnormalities on ombilical Doppler and/or cer-
ebral Doppler and/or ductus venosus, and with a birth weight
below the 10th percentile according to Audipog growth
curves. As for the Cochin cohort, women who exhibited any
of the following criteria were excluded from the study: dia-
betes, pre-eclampsia, chromosomal and fetal malformations,
maternal infections, aspirin treatment, and addictions (such
as tobacco or drug usage). This collection is registered to the
French Ministry of Research under number DC-2011-1467.
The processing of personal data implemented as part of the
project has been authorized by the French Data Protection
Authority (CNIL, no. pWP03752UL). All participants pro-
vided written informed consent prior to inclusion. The study
was conducted in accordance with the declaration of Hel-
sinki (Chabrun et al. 2019).

The placental sampling was systematically done in pla-
cental regions that appeared visually normal.

RNA and DNA extraction from human placentas

RNA isolation followed classical protocols. The placentas
were processed in the 30 min post cesarean section. The fetal
membranes were discarded, and then, from two cotyledons
to three cotyledons, villous trees were washed thoroughly
in PBS and placed in TriZol™. Then the tissue was ground
with a metal bead in a tissue grinder in 1.5 ml tubes. Then,
200 pl of chloroform were added, the tubes were centrifuged
at 10,000g RT, and the supernatant collected, reprecipitated
in isopropanol by centrifugation. The pellet was then washed
in 70% ethanol, dried under a fume hood, and resuspended
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Table 2 Enrichment analysis of genes differentially spliced in [IUGR

Gene sct Description Expect Ratio p value FDR
Gene ontology biological processes
GO: 0,046,903 Sccretion 33.803 1.8638 8.58E-07 0.006826
GO: 0.009,628 Response to abiotic stimulus 23.651 2.0295 2.16E-06 0.006826
GO: 0,032,940 Secretion by cell 31.002 1.8709 2.25E-06 0.006826
GO: 0,045,055 Regulated exocytosis 16.491 2.1831 9.5E-06 0.017593
GO: 0,071,363 Cellular response to growth factor stimulus 13.9 2.3021 1.07E-05 0.017593
GO: 0,009,719 Response to endogenous stimulus 33.592 1.7564 1.28E-05 0.017593
GO: 0,009,725 Response to hormone 20.261 2.0236 1.37E-05 0.017593
GO: 0,002,576 Platelet degranulation 2.6747 4.4864 1.55E-05 0.017593
GO: 0,006,820 Anion transport 12.321 2.3538 1.86E-05 0.018812
GO: 0,070,848 Response to growth factor 14.532 2.202 2.57E-05 0.023392
KEGG pathways
hsa04913 Ovarian steroidogenesis 1.1546 6.9286 1.6E-05 0.003405
hsa04066 HIF-1 signaling pathway 2.3564 4.6681 2.09E-05 0.003405
hsa04923 Regulation of lipolysis in adipocytes 1.2725 5.5012 0.000249 0.027062
hsa04014 Ras signaling pathway 5.4669 2.7438 0.000359 0.029234
Reactome pathways
R-HSA-114608 Platelet degranulation 3.1046 3.8652 6.28E-05 0.048135
R-HSA-76005 Response to elevated platelet cytosolic Ca2+ 3.2249 3.721 9.1E-05 0.048135
R-HSA-202733 Cell surface interactions at the vascular wall 3.2971 3.6395 0.000113 0.048135
R-HSA-879518 Transport of organic anions 0.2888 13.85 0.000139 0.048135
R-HSA-209822 Glycoprotein hormones 0.2888 13.85 0.000139 0.048135
Disease_GLAD4U
PA445403 Pregnancy complications 5.0666 5.5264 2.53E-13 3.80E-10
PA166048714 Pregnancy 6.7088 4.7698 2.79E-13 3.80E-10
PA165108364 Gestational hypertension 2.9875 6.3598 1.73E-10 1.57E-07
PA445398 Pre-Eclampsia 2.8128 5.6882 2.44E-08 1.45E-05
PA443984 Eclampsia 2.8303 5.6531 2.67E-08 1.45E-05
PA445058 Neoplasm metastasis 11.409 2.8049 1.67E-07 7.58E-05
PA166048749 Pregnancy third trimester 1.1531 8.6724 2.07E-07 8.02E-05
PA165108943 Retained placenta NOS 0.47171 14.839 3.08E-07 0.000105
PA446021 Vascular diseases 8.5782 3.0309 5.96E-07 0.00018
PA 166048848 Menopause 2.7429 5.104 7.00E-07 0.00019
Disease_ OMIM
611,162 Malaria, susceptibility to malaria, resistance to, included 0.076176 52.51 6.48E-07 4.28E-05
152,700 Systemic lupus erythematosus 0.035848 55.792 0.000523 0.017249
609,423 Human immunodeficiency virus type 1, susceptibility to 0.067214 29.756 0.001924 0.028948
601,665 Obesity, leanness included 0.067214 29.756 0.001924 0.028948
415,000 Spermatogenic failure, y-linked, 2 0.071695 27.896 0.002193 0.028948

in RNAse-free water. The quality of the RNA was evalu-
ated by 2100 bioanalyzer (Agilent). Samples with RIN>7
were used for microarray analysis and RT-qPCR. DNA was
prepared from the same sample by standard lysing protocols
(Proteinase K treatment overnight at 55 °C), spooling of the
DNA, washing with ethanol 70%, resuspension I TE (1-0.1)
at~200 ng/pl.

@ Springer

Transcriptomics and genotype datasets

One hundred ng of RNA from each placental sample were
analyzed by ClariomD (Affymetrix) microarray assay. This
tool interrogates 134,748 probes, including coding genes
(18,858), non-coding genes (66,845) and genes deduced
by bioinformatics analysis (10,001), in addition to pseudo-
genes, small RNA and ribosomal RNAs. Overall, more than
540,000 transcripts are analyzed with this tool. With the
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Table 3 Enrichment analysis of genes differentially spliced in PE
Gene Set Description Expect Ratio p value FDR
Gene ontology biological processes
GO: 0,016,192 Vesicle-mediated transport 70.148 1.6394 4.34E-08 0.000199
GO: 0.030,198 Extracellular matrix organization 12,534 27924  4.37E-08 0.000199
GO: 0,043,062 Extracellular structure organization 14.449 24916 4.80E-07 0.001455
GO: 0,006,887 Exocytosis 32.293 1.889 1.25E-06 0.002845
GO: 0,072,359 Circulatory system development 37.061 1.8078 1.7E-06 0.003095
GO: 0,031,102 Neuron projection regeneration 1.8783 5.3239 1.41E-05 0.021369
GO: 0,031,103 Axon regeneration 1.5532 5.7944 1.85E-05 0.024045
GO: 0,048,678 Response to axon injury 2.4201 45452 2.55E-05 0.028951
G0:0,035,295 Tube development 35.832 1.7024  3.19E-05 0.030548
GO: 0,045,055 Regulated exocytosis 28.283 1.8032  3.38E-05 0.030548
KEGG pathways
hsa04510 Focal adhesion 7.8332 2.6809  3.33E-05 0.010845
hsa04512 ECM-receptor interaction 3.2277 3.408 0.000337 0.05495
hsa04960 Aldosterone-regulated sodium reabsorption 1.4564 4.8063 0.000507 0.055129
Reactome pathways
R-HSA-1474244 Extracellular matrix organization 11.893 2.8589  2.91E-08 5.03E-05
R-HSA-216083 Integrin cell surface interactions 3.3584 4.7641 1.70°-07 0.000147
R-HSA-114608 Platelet degranulation 5.0969 29429  0.000168 0.078328
Discase_ GLAD4U
PA443275 Adhesion 2233 24183 2.04E-09 5.55E-06
PA443553 Brain diseases 16.179 2.2251 7.22E-06 0.008322
PA166048714 Pregnancy 11.194 25013 9.18E-06 0.008322
PA443657 Central nervous system diseases 16.674 2.159 1.39E-05 0.009476
PA444447 Carcinoma, hepatocellular 11.077 24374 2.1E-05 0.011403
PA443853 Dementia 8.1915 2.6857  2.83E-05 0.012844
PA445403 Pregnancy complications 8.4538 2.6024  4.57E-05 0.016622
PA166123006 interstitial fibrosis 2.128 4.6992  4.89E-05 0.016622
PA443812 Cri-du-chat syndrome 0.46642 10.72 6.92E-05 0.020562
PA445080 Neovascularization, pathologic 6.3841 2.8195 8E-05 0.020562
Disease_ OMIM
146,110 Hypogonadotropic hypogonadism 7 with or without anosmia 0.11153 35.866 3.14E-06 0.000207
611,162 Malaria, susceptibility to malaria, resistance to, included 0.13542 29.537 7.35E-06 0.000242
152,700 Systemic lupus erythematosus 0.063729 31.383 0.001671 0.036762
104,300 Alzheimer disease 0.087628 22.824 0.003234 0.053355

TAC tool, a splicing index can be calculated and a statistical
value associated to it. The splicing index was calculated by
the Transcriptome Analysis Console (TAC) from Affym-
etrix, using the following formula:

probesetl intensity
Genel intensity

Log2 1)

probeset! control intensity
Genel control intensity

The probeset is defined by the fluorescence of a given
probe (either a junction probe, or an exon-specific probe),

present in the array. More details can be obtained in (Jimeno-
Gonzalez et al. 2015).

To be able to evaluate the splicing variation on an indi-
vidual basis, we first defined an individual splicing index
for each sample (Individual splicing index—ISI). Inside a
given gene and for a given placental sample, we obtained the
different fluorescent measures for each of the probes span-
ning the gene. We then selected the probe with the highest
splicing index and divided its fluorescent signal level by the
geometric mean of the complete group of probes. For a given
placental sample, the relative splicing index for Gene A is
therefore given by
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«Fig.3 Locus-specific RT-qPCR analysis of genes that were found
modified in pathological placentas. Each panel represents the splic-
ing profile of a gene. For instance, for FSTL3 there is an increased
splicing index in the 5" and 3’ regions of the gene, in precclampsia
versus controls and TUGR vs controls (two upper graphs), drawn with
the positions of the primer couples that were used for the RT-qPCR.
Significant alterations are in this case essentially detected in the E2
tested region, while the others are not significant, consistently with
the microarray graph

MAX(FprobeGAi)

</ FprobeGAi @

where ‘FprobeGAi’ refers to the log2(fluorescence level)
of a given i probe in gene A. An example of the calculation
is given as Supplementary Fig. S4. In this example, for the
long non-coding RNA RP11-113122.1, the strongest splicing
index is given for the probe PSR0500147825.hg.1. It appears
that the abnormal splicing compared to the rest of the probes
occurs clearly for some placentas but not for all.

Library preparation, hybridization and data acquisi-
tion were performed by GENOM'IC platform according
to manufacturer's instructions. ClariomD microarray data
were extracted using the Transcriptomic Analysis Console
provided by Affymetrix. The data from the control subjects
of the two cohorts were merged to generate the control group
data. When compared against the PE or the IUGR data, a
batch correction was applied using the built-in Barch param-
eter in TAC.

Genomic DNA samples were genotyped using the Infin-
ium OmniExpress-24 kit (Illumina) array, in collaboration
with Plateforme P3S, Sorbonne Université — site Piti¢ Sal-
pétriere, Paris, France. Data were extracted using Genom-
eStudio 2.0.

Real time-qPCR

Four pg of RNAs from each placental sample were pre-
treated with DNAse-I to remove genomic DNA contamina-
tion with RQ1 RNase Free DNase (Promega) according to
manufacturer’s instructions. The DNAse-I treated RNA sam-
ples were then retrotranscribed to cDNA, using the M-MLV
kit (Invitrogen) according to manufacturer’s instructions.
Placental cDNAs were analyzed by RT-qPCR with Sensi-
FAST SYBR No-ROX One-Step Kit (Bioline). To calculate
probe expression levels, -ACt was calculated by normalizing
individual Ct values for each probe of interest, to house-
keeping gene (SDHA) Ct. Primers are listed Supplemental
Table S7.

Statistical analyses and computational details

Institut Cochin Cohort full cohort and Angers Control Sam-
ples were used for sQTL interrogation. SNPs whose three
genotypes (AA, AB, BB) were not represented in at least
two samples were discarded (corresponding to Minor Allele
Frequency >20%). A total of 331,204 SNPs was assessed
against 48 individual splicing indexes using MatrixeQTL
(R package) under the ANOVA model and accounting for
gestational age and sample sex as covariates. This means
that a full genotypic model was used, surmising independ-
ent effects of the three possible genotypes, and not always
additive effects of one given allele.

MatrixeQTL generates a matrix correlating gene expres-
sion and SNP variants using an accelerated bioinformatics
procedure basically dividing the initial matrix in smaller
blocks. For cis-sQTL, the distance parameter was fixed to
1 Mb while for trans-sQTL all the genome was interrogated.
Only cis-sQTLs and trans-sQTLs with an FDR < 0.05 were
used for downstream analyses.

For the surrogate variable analyses (SVA), we used
the SVA package available in R (Leek et al. 2012) on R
version 3.6.3 (2020-02-29), to estimate latent sources of
variations (surrogate variables) in our datasets. We consid-
ered three different subsets of samples: (1) CTRL + PEall
(PE only + PE_IUGR), (2) CTRL + PEonly, and (3)
CTRL + IUGR. The analysis was performed stratified by
cases and controls thanks to the inclusion of the disease
status variable, which described whether the sample had dis-
case (=1) or if it was a control sample (=0). The mod and
mod0 parameters in the SVA package allow to build a linear
model that describes the gene expression dataset according
to the included variables with the function model matrix.
The two models were built as follow, in this case disease
status is the Variable of Interest:

mod = model.matrix (Disease.status + Gestational.age +Birth.weight +Sex)
mod0 = model.matrix (Gestational.age +Birth.weight +Sex)

Then the num.sv function was used to see whether differ-
ences between the two linear models can be explained only
by the presence of the variable of interest (disease status) or
if any other surrogate variables can be identified, followed
by the sva function to test whether these surrogate variables
are significant:

n.sv = num.sv(edata,mod,method="leek")
svobj = sva(edata,mod,mod0, n.sv=n.sv)

No additional surrogate variables were found to play
a role on gene expression differences in any of the three
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Fig.4 QQ-plot measuring the discrepancy between real data and expected data from random (grey line)

datasets analyzed. At this stage we wanted to identify genes
that could be significantly associated with either of the vari-
ables: disease status, gestational age, birth weight, Sex. In
order to do so the, Variable Of Interest was assigned in turn
to each of the variables i.e. disease status, gestational age,
birth weight, sex, followed by p value function that performs
a F-statistic test to assign p-value to each gene in relation to
the influence of the Variable of Interest under scrutiny (sig-
nificance threshold at p val <0.05). For example, to identify
genes potentially influenced by “gestational age” the follow-
ing code was used:

@ Springer

#Creating the full model
mod= model.matrix (~as.factor(Disease.status)
+Gestational.age+Birth.weight
+Sex, data=pheno)

#Creating the null model (mod)
- only adjustment variables
modO= model.matrix (~as.factor(Disease.status)
+Birth.weight+Sex, data=pheno)

#identifing latent factors — no factors identified
n.sv = num.sv(edata,mod,method="leek")
svobj = sva(edata,mod,mod0, n.sv=n.sv)

#Testing for significant association between
Variable of Interest and genes
pValues = f.pvalue(edata,mod,mod0)
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Fig.5 Analysis of genotype versus splicing at the individual level for cis sQTLs in the placenta
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«Fig.6 Presentation of trans-sQTL. a Monte-Carlo analysis of win-
dows of consecutive trans sSQTL in the placentas. Trans sQTL were
defined at a threshold of p<0.0001 (see text). In the windows com-
puted from the actual dataset (blue line) the longest found was of 11
consecutive SNP-genes. In the simulated windows, the longest found
was composed of 6 consecutive SNP-genes (4 such in the actual data-
set). Overall, while one> 5 window was found in the simulated data,
9 were found in the actual dataset. b circus-plot presenting the four
trans-sQTI regions analyzed further in the study. Tracks arc num-
bered from the outer to the inner part of the plot. Ist track: repre-
sentation of each chromosome. 2nd track: location of the 467 genes
used in the 3rd track. 3rd track: heatmap of the splicing indexes in
PE and Ctrl samples for the 467 genes presenting a standard devia-
tion equal or higher than 0.5: (Red=19.42, Green=3.82). 4th track:
ratio of downregulation/upregulation of the 467 genes between PE
and Cul (Red:>3 (increased in PE), Blue <—3 (increased in con-
trols). Sth track: Splicing index of the 286 most differentially spliced
genes observed in TAC comparing Ctrl vs PE (red dots = gene with SI
between 10 and 3.99, green dots = genes with SI between —3.99 and
— 10, black dots=genes with SI higher than 10 or lower than — 10).
6th track: constant trans-eQTLs. Blue (1) SNPs located in ARH-
GAP26/AS; Green (2) SNPs located in LOC105375161; Orange (3)
SNPs located in LOC105375897: Purple (4) SNPs located in GPHN/
LOC105370538. The other side of the line marks the location of the
gene in which the relative splicing index is affected by the corre-
sponding SNP

In the boxplots, correlation of Individual Splicing Index
(IST) of the gene with the locus genotype was assessed by
one-way ANOVA. Group—group comparison of means was
executed by T test (*p=0.05, **p=0.01, ***p=0.001,
##k%p =(.0001). Linear regression was performed to
determine the effect of genotype on ISI in each cis-QTL
represented.

Gene enrichment analysis was performed using the Gene
Set Enrichment Analysis module available in WebGestalt.
The principle of enrichment relative to any database used
as reference is the following. The list of ranked genes of
the study is compared to a given set of genes specific of a
biological function, a gene ontology term, or a given dis-
ease, for instance. The rank of occurrence of each gene is
recorded and compared to the average expected density (for
instance 100 genes out of 10,000 are expected to occur at
a frequency of one every 100 genes. When the density is
higher than expected, the enrichment score increases. It will
reach a maximum or a minimum that will be compared with
1000 random rankings, and the actual value obtained will
be compared with the random values yielding a p-value and
an enrichment score. The reference databases analyzed are
KEGG (https://www.genome.jp/kegg/), Reactome (https://
reactome.org/), OMIM (omim.org), GO (http://geneontolo
gy.org/).

For RT-qPCR analyses, statistical significance of dif-
ferences in expression levels of each tested region was
assessed by analyzing the -ACt distributions between
groups (Ctrl (n=13), PE (n=15), PE+IUGR (n=5) and
IUGR (n=10)) by 1-way ANOVA followed by Dunnett’s

multiple comparison test between diseased groups and con-
trol (*p < 0.05; **p <0.01; ***p <0.001).

The Monte-Carlo analysis was carried out using a home-
made program in VisualBasic accompanying an Excel sheet
entitled trans_sQTL_Relative splicing ANOVA, provided as
a supplementary material.

The circus plot graph was generated according to the
following documentation: https://jokergoo.github.io/circl
ize_book/book/.

Discussion

In this study, we present for the first time, to the best of
our knowledge, a systematic analysis of alternative splic-
ing alterations in the pathological human placenta. After
describing splicing in IUGR and PE compared to control
placentas, we validated the finding at the exon level through
targeted quantitative RT-qPCR. The splicing index altera-
tions that we observed may be a consequence of the disease,
or maybe driving the disease (although in some cases, they
can be indirectly triggered by birth weight or shorter gesta-
tional age). In fact, the two mechanisms can be operative dif-
ferently for some specific genes. The large published GWAS
analysis of preeclampsia (McGinnis et al. 2017), revealed
a SNP in the vicinity of the gene FLT1 (rs4769613), not in
the coding region, possibly influencing splicing, that we did
not find significant in our study probably due to the limited
size of our sample. Indeed, our current sample size qualify
our study as exploratory; with a larger sample size, other
sQTL with milder effects could be found. In the specific
case of sFLT1, one can imagine that a variant may influence
splicing and result in being disease-prone. Currently, the
cause or consequence question cannot be resolved directly
in our study, but is an interesting open question that could
be addressed in cell and animal models.

Another interesting question is the relation between pla-
centa eQTL (Peng et al. 2017; Kikas et al. 2019) and the
splicing QTL that we identified here. Peng and coworkers
surmised that the genes affected in the placenta may mark
future risks for the patients (cardiovascular, neurologic).
We compared our list of 48 top cisQTL corresponding to
12 different genes with the cis eQTL (3218 cis eQTL were
found as associated to SNP variant at the expression level).
Four genes were in common between the two lists (33%). A
contingency Chi-square calculated between the two data-
sets revealed a marginally significant enrichment (p =0.034),
while none was detected for the trans eQTL. This suggests
that there may be a link between expression and splicing
regulation in the placenta.

Amongst the genes that we found alternatively spliced
in disease, FLT1 was identified amongst the genes that are
up-regulated as well as highly differentially spliced in both
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Fig.7 Presentation of trans-sQTLs data for three SNPs found in the regions presented in Fig. 6. a rs13185255 from the chromosome 5 trans-
sQTLs, b rs6965391 from the chromosome 7 trans-sQTLs, ¢ rs1431647 from chromosome 8. d rs7145295 and rs7151086 from chromosome 14
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pathological states, which is a good confirmation of the
approach, given the abundant literature positing FLT1 alter-
native splicing as a hallmark of preeclampsia. The quantita-
tive analysis at the exon level revealed large heterogeneities
along the mRNA molecules. We chose primer pairs located
in the Ist exon, the 12th exon, the 14th exon, the 28th and
between the 15th and the 17th exon. There were significant
differences in expression in the first exon that is common to
the different isoforms, confirming the well-known induction
of this gene in the disease state. The significance weakened
for exon 12 and 14, indicating that this increase in expres-
sion was untrue for this part of the gene, suggesting a rela-
tive decrease of long isoforms encompassing exons 12 and
14 in pathological placentas. When the farthest exon was
analyzed (E28), the difference is also significant but to a
lesser extent than for Exon 1.The induction ratio in disease
compared to control was~ 1 1-fold in exon I, and ~fivefold in
exon 28. This indicates that short isoforms are increased in
the pathological state. The data are consistent with an overall
induction of the gene in disease, with a more pronounced
overexpression of the shorter isoforms.

CLDNI1 profile was opposite to FLT1, with a trend
towards decrease in pathological state in the 3’ region of the
gene. The differential expression does not concern the region
located in the 5’ region of the first exon (Elc). However, at
the 3’ region of the same exon (E1d), a decreased expression
in PE, but not in IUGR is observed. The same trend applies
to the two more 3’ regions of exon 2, 3 and 4. The amount
of the protein coded by CLDNI is significantly reduced in
PE placentas (Lievano et al. 2006). Here, we show that the
two CLDNI shortest transcripts are differentially expressed
in PE, but not the longest one.

Another example of a gene where differentially expressed
transcripts can be identified in disease is the one coding for
leptin (LEP). As expected, LEP was highly upregulated at
the gene level in disease compared to control, confirming
numerous previous observations, including from our group
(Madeleneau et al. 2015; Biesiada et al. 2019). The alter-
native splicing profile of LEP showed that the first part of
the gene (exons 1-2a) has a higher expression in diseased
placentas as compared to controls. We designed prim-
ers to interrogate the expression of exon 2a, found only in
three out of the four isoforms putatively expressed in the
tissue (LEP-201, LEP—Affx TR0700064863.hg, LEP—
AffxTR0700064865.hg), exon 2b common to all isoforms,
and finally of the boundaries between Exons 3b and 3c
(encompassed in LEP-201 and LEP- Affx TR0700064863.
hg). The RT-qPCR results showed a significant upregulation
of all three tested regions in PE compared to control, whilst
only the 2a-2b region showed a higher expression in [IUGR
samples. Our results clearly indicate that IUGR and PE have
different repertoires of LEP isoforms.

FSTL3 is also known as increased in preeclamp-
sia (Founds et al. 2009; Gormley 2017). In this case, the
increase of the gene was observable all along the molecule,
but only significantly in 5’ exons. In summary, the mid-
dle region of the gene is not deregulated while there is an
increase in isoforms were this section could be spliced out.
We also present the profile of TXK kinase. While the 5’
part of the gene was not different according to the micro-
array data, the 3’ appeared selectively deregulated in PE
with or without TUGR. This deregulation was confirmed by
RT-qPCR as shown by analysis of exons 13 and 14-15 that
behave very similarly. This tyrosine kinase has not previ-
ously been associated with preeclampsia in the literature,
but the mRNA is highly expressed in the placenta (tropho-
blast and endothelial cells), and the protein participates in
immune regulation.

Pathology-driven alterations of alternative splicing
require specific mechanisms and a specific molecular
machinery, incorporating in particular small nuclear ribo-
nucleoproteins, such as U1, U2, U4, US and U6, and spliceo-
some proteins, as nicely reviewed in (Scotti and Swanson
2016). To date, alternative splicing in complex diseases has
essentially been considered in neurological and neuromus-
cular disorders, such as the abnormal splicing of Tau pro-
teins encoding genes responsible for tauopathies (Bartsch
et al. 2016). A paradigmatic example of alternative splic-
ing in disease is the LaminA gene (LMNA), whose different
dominant mutations induce respectively, and independently,
muscular dystrophy, progeria, or dilated cardiomyopathy. In
these cases, a monogenic variant induces a complex disease.
However, understanding altered splicing in the context of
polygenic and highly multifactorial diseases and processes
is trickier, but starts to be addressed. For instance, in the
aging brain, alternative splicing was recently studied in 44
mouse brain areas (Li et al. 2019). Interestingly, premature
aging of the placenta is thought as a putative general feature
of preeclampsia (Manna et al. 2019).

Any evaluation of the splicing species for complex dis-
eases or conditions requires an accurate description of the
spliced species found in the relevant organ. In obstetric dis-
eases, this pivotal organ is the placenta. Therefore, a first
effort should be carried out to evaluate the diseased placenta,
which is the exact purpose of the present article. Here, we
demonstrate that genes that harbor differential splicing are
indeed a component in the pathogenesis of PE and IUGR.
These associations with splicing are not systematically asso-
ciated with a difference in the overall level change of a given
mRNA, and are partly piloted by genomic variants.

Our sample size is relatively small, and our results have
to be considered as a proof-of-concept warranting other tar-
geted studies. Nevertheless, the simulation data presented
in (Huang et al. 2018), indicate that a QTL with an effect
of > 1 Standard Deviation is detected with sample of the size
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of ours, if the Minor Allele Frequency is above 0.2 (which
is the case here, since we selected SNPs for which each
genotype was carried by at least two individual samples}.
Also for individual probes, we have a QTL effect>1 SD
in many cases, due to our stringent selection of the largest
splicing indexes. Independently of variations in the expres-
sion level, we found that the subset of genes that are alter-
natively spliced have a disease-specific profile, with marked
differences between preeclampsia and IUGR, showing in
particular that the first condition but not the second, corre-
lates with brain diseases. This fascinating observation is in
accordance with many recent studies showing strong links
between preeclampsia and brain vascular diseases (Andolf
et al. 2020; Patel et al. 2020; Miller 2019; Basit et al. 2018;
Cheng and Sharma 2016). For example, deregulation of
alternative splicing of the gene STOXI, involved in preec-
lampsia and Alzheimer’s disease (Dijk et al. 2005,2010)
induces a disequilibrium of its two isoforms and increases
the risk of disease (Vaiman and Miralles 2016; Ducat 2020).

Focusing our work on 48 genes that were found strongly
alternatively spliced between healthy samples and disease,
we showed that genetic variants (SNP) impact these splicing
differences. On the one hand, the cis-sQTLs had an additive
effect, which is consistent with an impact of the genetic vari-
ant either on the mRNA tridimensional structure, or on the
binding of splicing factors, that would affect the splicing of
the RNA molecule carrying the variant. On the other hand,
trans-sQTLs could give insights on how specific loci act
on splicing at various genome locations. After a stringent
screen, we show an allele-specific impact of four trans sQTL
loci on splicing.

The influence of the cis and trans-sQTL on splicing was
generally disconnected from the disease state. This issue is
not surprising since, albeit we initially restrict our genes of
interest to genes that are alternatively spliced in disease, this
screen was preferably used to detect genes that are highly
splicing-prone. The genetic determination of the splicing
is driven by specific sQTLs that may not be a strong deter-
minant of the disease status, compared to other regulators
modulating, for instance, gene expression levels. One excep-
tion could be rs1431647. This SNP located in the long non-
coding RNA LOC105375897 is systematically associated
with the disease when the SNP is heterozygous, associated
systematically in this case to divergent splicing for FLTI,
FSTL3, PAHA1, NTRK2, FLT4, BAIAP2, CLDNI and
ST18. The ways these variants play their function remains
an open mechanistic question.

Splicing in the placenta was observed previously for
collagen 1 (Type XIII collagen) in the early human pla-
centa (Juvonen et al. 1993). A more systematic approach
was used by Kim and coworkers (Miyagawa et al. 2012),
revealing that compared to other tissues, the splicing in the
placenta presents specific aspects; interestingly, they found

@ Springer

that enrichment of genes involved in placental anomalies
and pre-term birth are selectively enriched in the set of pla-
cental alternatively spliced genes. One of the most studied
gene in terms of pathological alternative splicing is FLTI,
recently shown to be alternatively spliced through the action
of U2AF65 and IMJD6 (Eddy et al. 2020).

In summary, these analyses de novo re-identified a known
factor of preeclampsia and IUGR, alternative splicing of
FLT1, which validates the approach, and found hundreds of
other disease-associated genes that are affected by splicing.
We also show that these alterations are potentially geneti-
cally based. This present study paves the way towards a sys-
tematic exploration of the mechanisms and consequences
of alternative splicing in normal and pathological placental
function.
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CHAPTER 4: The Role of Non-coding RNAs in Trophoblast Fusion and
Placental Pathologies

Non-coding RNAs (ncRNAs) are RNA molecules that do not translate into proteins. This RNA
category includes transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), small RNAs (sRNA, miRNAs,
siRNAs, piRNAs, snoRNAs, and scaRNAs), and long ncRNAs). Despite not encoding proteins, these
molecules can regulate a wide variety of important cellular processes, such as gene transcription,

chromosome remodelling, mMRNA maturation and protein post-transcriptional modifications.

In our review on epigenetic mechanisms involved in placenta development (see Annex 3),
we reported studies supporting the role of ncRNAs in the placental physiology and
pathophysiologies. For example, a cluster on chromosome 19 includes 46 intronic miRNAs genes and
58 miRNA species, which have been found to be expressed in the placenta in early pregnancy. Their
expression increases as pregnancy progresses. These miRNAs are implicated in cell proliferation and
differentiation and can be also found in exosomes, transducing placental signals to the maternal and
fetal tissues (Donker et al., 2012; Sadovsky, Mouillet, Ouyang, Bayer, & Coyne, 2015; Xie et al.,

2014).

We also identified two ncRNAs implicated in trophoblast fusion and whose expression is
deregulated in pathological placentas. The full manuscript: “Urothelial Cancer-Associated 1 (UCA1)

and miR-193 Are Two Non-coding RNAs Involved in Trophoblast Fusion and Placental Diseases”

To sum up, we used the BeWo trophoblast cell line to study trophoblast fusion. This
carcinogenic trophoblast-like cell model can be used as a proxy of human CTBs, as they can fuse and
create a syncytium upon forskolin (FSK) treatment. We stimulated BeWo cells with FSK for 72h,
extracted the RNAs and hybridized them on Affymetrix ClariomD microarrays. Differentially
expression analysis identified a total of 800 upregulated genes and 1,281 downregulated genes after

the FSK treatment. Gene enrichment analysis of the DEGs showed upregulation of genes involved in

155



RUANO SAN MARTIN Camino — Theése de Doctorat - 2022

inflammation and hypoxia, while downregulated genes were enriched in genes involved in cell cycle

and nutrient-sensing pathways linked to mTORC1.

Among the 2,081 DEGs, 307 belong to the ncRNAs class, including IncRNAs, RNA antisense,
miRNAs, circRNAs, etc. Different databases were interrogated to determine the targets of these
dysregulated ncRNAs. Ontology analysis of the targets revealed enrichment in genes involved in cell
cycle progression, TNF-signalling, and hypoxia. The list of 307 ncRNAs was compared to published
lists of deregulated ncRNAs in PE and IUGR. Eight miRNAs (miR-193b, miR-365a, miR-936; miR-6886;

miR-7110; miR-518A1; miR-4454, and miR-1283-2) and one IncRNA (UCA1) were found in common.

We focused our attention on the IncRNA UCA1 because a) it is upregulated in SCTs in PE and
IUGR-affected placentas as compared to unaffected placentas; b) it shows a specific
compartmentalized expression in the SCT vs. the CTB and c) it is upregulated in primary cultures of
human SCTs exposed for 24 h to 1% oxygen as compared to the same cells exposed to 20% oxygen.
To further investigate the role of UCA1 in fusion, we knocked-down (KD) UCA1 expression using
small interfering RNA (siRNA) and tested by RT-gPCR the expression of genes involved in cell
proliferation, oxidative stress, trophoblast fusion, endocrine differentiation of trophoblast, SCT
stabilization, cell migration, oxygen sensing, and apoptosis. Globally, the KD of UCA1 reduced the
differences between FSK-treated cells and control group. This suggests that UCA1 KD impaired

syncytialization.

Previous work in our group showed that STOX1A overexpression in a murine model induces
the development of a PE-like phenotype (Doridot et al., 2013) and that is a major actor in the
syncytialization process in the BeWo model (Ducat et al., 2020). STOX1 has two isoforms, STOX1A
and STOX1B. In Bewo cells, overexpression of STOX1B (BeWo-B cells), the shorter form, blocks cell
fusion in BeWo while overexpression of the long form STOX1A (BeWo-A cells) stimulates
syncytialization. When STOX1B is abundant, the effects of UCA1 down-regulation on FSK response

are alleviated.
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A bioinformatics screen for non-coding genes was performed from microarrays
analyzing on the one hand trophoblast fusion in the BeWo cell model, and on the
other hand, placental diseases (preeclampsia and Intra-Uterine Growth Restriction).
Intersecting the deregulated genes allowed to identify two mIiRNA (mir193b and
miR365a) and one long non-coding RNA (UCA1) that are pivotal for trophoblast fusion,
and deregulated in placental diseases. We show that miR-193b is a hub for the down-
regulation of 135 cell targets mainly involved in cell cycle progression and energy
usage/nutrient transport. UCA1 was explored by siRNA knock-down in the BeWo
cell model. We show that its down-regulation is associated with the deregulation
of important trophoblast physiology genes, involved in differentiation, proliferation,
oxidative stress, vacuolization, membrane repair and endocrine production. Overall,
UCA1 knockdown leads to an incomplete gene expression profile modification of
trophoblast cells when they are induced to fuse into syncytiotrophoblast. Then we
performed the same type of analysis in cells overexpressing one of the two major
isoforms of the STOX1 transcription factor, STOX1A and STOX1B (associated previously
to impaired trophoblast fusion). We could show that when STOX1B is abundant, the
effects of UCA1 down-regulation on forskolin response are alleviated.

K. hobl I

pr i intra uterine growth restriction, syncytialisation,

Y
non-coding RNAs

INTRODUCTION

In humans, abnormal placental development is associated with two major pregnancy diseases:
preeclampsia (PE) and intrauterine growth restriction (IUGR).

PE occurs in a range of 2-5% pregnancies, and it is characterized by hypertension and
proteinuria, surging from the mid-gestation at the earliest (Steegers et al., 2010). Despite a certain
degree of heterogeneity in its pathogenesis, a consensus exists that abnormal placentation or
placenta development could be at the origin of the disease. Notably, placental ischemia would

May 2021 | Volume 9 | Article 633937
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cause intermittent hypoxia, oxidative stress, cell death, and the
release to the maternal circulation of anti-angiogenic factors and
debris that promote inflammation and a systemic endothelial
dysfunction (Rana et al., 2019). In some cases, the disease poses
a real threat to the survival of the mother requiring the delivery
of the feto-placental unit. Thus, PE is one of the major causes
of premature births (before 37 completed weeks of pregnancy),
with their cortege of neonate complications (Goldenberg et al.,
2008). The symptoms of the disease disappear after delivery.
However, epidemiological studies have shown that the women
who have suffered a preeclamptic pregnancy have an increased
risk of developing a cardiovascular disease (CVD) later in life
(Newstead et al., 2007; Brouwers et al., 2018), as well as other
diseases affecting strongly vascularized tissues, such as the brain
(Basit et al., 2018).

TUGR refers to a somehow loosely defined condition in which
the unborn baby is smaller than expected for his or her gestational
age (Nardozza et al,, 2017). IUGR babies typically have an
estimated weight that falls below that of 90% of unborn babies of
the same gestational age. In addition, IUGR babies are sometimes
born prematurely. Babies with TUGR are at increased risk of
health problems before, and after birth. These problems include
low oxygen levels while in the womb and high levels of distress
during labor and delivery. In the long term, IUGR increases the
risk of developing a metabolic disease such as type 2 diabetes and
CVD (Darendeliler, 2019).

In about one third of the cases, PE is complicated with IUGR,
suggesting that there could be an overlap in the etiology of both
diseases. The considerable similarity in histopathology and gene
expression in the placentas has been recently reported between
both diseases (Awamleh et al., 2019; Gibbs et al., 2019; Medina-
Bastidas et al., 2020).

In the human placenta, the maternal blood is in direct contact
with a continuous multinucleated layer, the syncytiotrophoblast
(STB). This polarized interface releases hormones and mediates
the exchange of nutrients, gases and waste between mother
and the developing fetus (Turco and Moffett, 2019). The
STB is mitotically inactive, formation and constant renewal
of the syncytium depends on the underlying mononuclear
cytotrophoblasts (CTB). Throughout gestation, CTBs proliferate,
differentiate and eventually fuse with the STB via cell-syncytial
fusion. This process is balanced by a concomitant release of
apoptotic material as syncytial knots from the STB to the
maternal circulation. Hence, the process of syncytialization is
critical to the integrity of the STB and in maintaining the
essential functions of the placenta. Several in vitro and in vivo
studies have demonstrated a close, if not a causal, relationship
between structural/functional deficiency of the syncytium and the
development of PE and IUGR (Guller et al., 2008; Roland et al.,
2016; Costa, 2016).

Genome-wide transcriptomic and epigenomic studies have
greatly contributed to the understanding of the molecular
mechanisms involved in either normal or pathological placenta
development. Thus, numerous studies have revealed altered
placental expression of various genes in PE and IUGR (Cox et al.,
2015; Deyssenroth et al., 2017; Chabrun et al., 2019; Majewska
et al,, 2019; Benny et al., 2020). A particular category concerns

ncRNA, Trophoblast Fusion and Placental Diseases

those genes encoding for non-protein coding RNAs (ncRNAs).
Classes of ncRNAs include transfer RNAs (tRNAs), ribosomal
RNAs (rRNAs), small RNAs, such as microRNAs (miRNAs),
siRNAs, piRNAs, snoRNAs, snRNAs, exRNAs, scaRNAs and
the long ncRNAs (Hombach and Kretz, 2016). The ncRNAs
display a great variety of mechanisms of action including: post-
transcriptional gene regulation through controlling processes like
protein synthesis, RNA maturation, transport and decay, but
also, transcriptional gene regulation through the modification
of chromatin structure (Fernandes et al., 2019). They are an
important basis of epigenetic regulation in the human placenta,
in normal and pathological situations (Hayder et al., 2018;
Apicella et al, 2019). Structurally different ncRNAs engage
diverse mechanisms that lead to different regulatory outcomes.
The discovery of the diversity of functions played by the ncRNAs
in the cell physiology has boosted the exploration of their role in
placental development, physiology and pathology.

The central role of the STB in the physiology of the placenta,
suggests that deregulation of ncRNAs specifically required
for its formation and/or maintenance could be potentially
involved in placental diseases. Here we combined two microarray
analyses, one carried out on the classical fusogenic trophoblast
model BeWo (under the accession number GSE148088) (Kudo
et al., 2004; Ramos et al., 2008; Orendi et al., 2010; Shankar
et al, 2015; Zheng et al, 2016), and one carried out on
total human placentas with normal controls, PE and IUGR
placentas (under the accession number E-MTAB-9416). A cross-
analysis was carried out with a drastic filtering in order to
identify ncRNA that are associated to disease (in the placentas)
and to fusion (induced by forskolin treatment in the BeWo
cells), in parallel.

This cross-analysis allowed the identification of a small subset
of ncRNAs which are consistently modified both during fusion
of trophoblast cells, and in the pathological placentas. We then
carried on our analysis focusing upon the miRNA miR-193b (by a
bioinformatic approach) and the IncRNA UCA1 (through knock-
down (KD) experiments). In addition, we analyzed the effects of
this KD in BeWo cells, overexpressing specifically one of the two
major isoforms of the STOX1 transcription factor (STOXIA and
STOX1B), previously identified as a key player in preeclampsia
(George and Bidwell, 2013), and recently shown to modulate
fusion through a specific equilibrium between its two isoforms
(Vaiman and Miralles, 2016; Ducat et al., 2020). The chart of the
present study is shown as Figure 1.

RESULTS

Transcriptional Modifications in BeWo
Cells Following Forskolin Treatment

BeWo cells were cultured in the presence of 20 uM forskolin
to induce cell fusion (BeWo-FSK). Control cells were grown
with the vehicle, DMSO (BeWo-CO). After 72 h, the total
RNA was extracted, and global gene-expression profiles were
analyzed with microarrays. Comparison of BeWo-FSK relative
to BeWo-CO detected 2109 genes differentially expressed
(DEGs) with a fold change (FC) either <-2 or >2, and
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FSK effects in BeWo
trophoblast cell lines
Microarray ClariomD

Modified
genes

IUGR/PE effects
in the human
placenta

Modified
genes

miRNAs IncRNAs
miR193b, UCA1
miR-365a,
miR-936

UCA1 inhibition Evaluation of the
modulates marker genes interaction UCA1 -
of syncytium formation STOX1A/STOX1B in
towards a non-fusogenic trophoblast fusion-
state _associated gene expression

placental pathologies (Preeclampsia and Intra-Uterine Growth Restriction).

FIGURE 1| Chart of the study, explaining the pivotal aim: connecting non-protein coding genes involved in trophoblast fusion with placental genes altered in human

P-value < 0.05 (Figure 2A and Supplementary Table 1). Of
these, 828 genes were up-regulated and 1,281 down-regulated
(Supplementary Table 1). Gene set enrichment analysis (GSEA),
and over representation analysis (ORA) confirmed that our
results were accurately consistent with previous reports having
analyzed transcriptomic changes in BeWo cells after forskolin
treatment (Supplementary Figure 1). In the BeWo-FSK we
detected substantially increased expression of key markers of
syncytialization such as CGA (FC = 10.1; P = 2.1 x 107'),
CGBI (FC = 20.5; P = 2.81 x 107'>) or ERVFRD-1 (aka
Syncytin2, FC = 10.6; P = 6.23 x 107!2). Up-regulated DEGs
were associated with biological processes such as cell migration,
vascular development, response to TGF-Beta and response to
hypoxia. Down-regulated DEGs are mainly involved in cell cycle
progression, amino-acid metabolism, and mitochondrial gene
expression (Figure 2B). In terms of hallmarks present in the
GSEA Broad database, inflammation and hypoxia pathways were
particularly enriched in up-regulated genes, while cell cycle,
nutrient sensing via mTORCI pathway, were strongly enriched

Frontiers in Cell and Developmental Biology | www.frontiersin.org

in down-regulated genes, suggesting a whole silencing of basic
pathways of cell physiology and energy expenditure slow down,
accompanying the differentiation of the trophoblast cells into a
syncytial structure.

Differentially Expressed Non-coding

RNAs in Forskolin-Treated BeWo Cells

Three hundred and seven (307) of the DEGs detected in
the BeWo-FSK relative to BeWo-CO, encode annotated
ncRNAs. They belong to different categories including:
sense-intronic RNA, antisense RNA, long non-coding RNA
(IncRNA), circular (circRNA), microRNA (miRNA) and
housekeeping ncRNAs (Y-RNAs, ribosomal RNAs, Small
nucleolar RNAs and transfer RNAs) (Figure 3). The category
of housekeeping ncRNAs was the most represented (111
genes). Nonetheless, we focused our study on the categories
corresponding to regulatory ncRNAs. A selection of the
most  significantly modified regulatory ncRNAs detected
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FIGURE 2 | Transcriptomic analysis of BeWo cells after 72 h treatment with forskolin. (A) Summary of transcriptomic analysis. Genes with a fold change (FC) either
=-2 or =2, and P = 0.05 were considered differentially expressed in the BeWo cells treated with forskolin (BeWo-FSK) relative to the untreated cells (BeWo-CO).

(B) Over Representation Analyis (ORA) showing principal Biological processes and Hallmarks enriched by the up-regulated (left) and down-regulated (right) DEGs in
the BeWo-FSK compared to the BeWo-CO.
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FIGURE 3 | Distribution of the different categories of non-coding RNAs (ncRNAs) differentially expressed in the BeWo-FSK.

TABLE 1 | Top 25 differentially expressed regulatory ncRNAs in the BeWo cells
after 72 h of forskolin treatment.

Gene symbol ncRNAclass Fold change  P-value  FDR P-value
hsa-miR-147b miRNA 28.94 8.33E-11 3.53E-07
LINCO1511 IncRNA 14.88 8.43E-13 1.63E-08
hsa-miR-4632 miRNA 8.93 6.38E-09 7.80E-06
RP11-420L9.5 antisenseRNA 7.6 1.61E-08 1.48E-05
LINCO1237 IncRNA 4.45 2.70E-07 1.00E-04
MYCNUT IncRNA 4.31 3.72E-09 5.15E-06
LINCO1164 IncRNA 3.98 1.87E-07 8.14E-05
UCA1 IncRNA 3.76 2.19E-06 7.00E-04
CTB-60B18.12 antisenseRNA 3.46 2.06E-06 7.00E-04
hsa-miR-6810 miRNA 3.36 3.13E-06 9.00E-04
hsa-miR-936 miRNA 3.35 5.99E-06 1.50E-03
SLC2A1-AS1 antisenseRNA 3.23 6.17E-06 1.50E-03
IL10RB-AS1 antisenseRNA 3.14 5.32E-06 1.30E-03
hsa-miR-193b miRNA 2.91 8.00E-04 4.54E-02
hsa-miR-365a miRNA 2.73 3.90E-06 1.10E-03
hsa-miR-6888 miRNA 2.54 8.24E-05 9.80E-03
hsa-miR-3941 miRNA 2.16 3.18E-05 5.10E-03
Hsa-miR-636 miRNA -2.16 4.69E-05 6.70E-03
hsa-miR-301a miRNA -2.27 2.92E-05 4.90E-03
RP11-884K10.7  antisenseRNA -2.84 4.00E-04 2.68E-02
COX10-AS1 antisenseRNA -3.12 5.63E-05 7.60E-03
OLMALINC IncRNA -3.33 9.98E-05 1.12E-02
hsa-miR-1908 miRNA —3.45 6.12E-07 3.00E-04
DLEU2 IncRNA -3.76 8.74E-05 1.03E-02
hsa-miR-6758 miRNA -4.31 8.16E-07 3.00E-04

following forskolin treatment in the BeWo cells is shown
in Table 1. These include the IncRNAs, antisenseRNAs and
miRNAs. The list of the totality of ncRNAs (classified by
category) detected as differentially expressed is provided as
Supplementary Table 2.

Identification of Regulatory ncRNAs
Targets Reveals Their Potential Roles in
Syncytialization

To investigate the role of these ncRNAs in the process of BeWo
fusion we identified their putative targets (when known) using
appropriate databases (miRBase, starBase v2.0. and DianaTools
LncBase v.2). Since miRbase tends to provide a more limited list
of putative target genes (~10% of the others) for a given miRNA,
and since these were generally largely covered in the other
databases, this constituted the major basis for the establishment
of our lists of targets. Next, we selected among these targets those
which are indeed detected as DEGs in the BeWo-FSK relative to
the BeWo-CO cells. These resulted in a list of 278 up-regulated
and 572 down-regulated DEGs. Out of the deregulated DEG
list (Supplementary Table 1), this represents 33.6% for the up-
regulated and 44.6% for the down-regulated DEGs. Assuming
a total of 50,000 genes including the non-protein coding ones,
the expected proportions are 1.6 and 1.1%, respectively, thus we
observed a significant enrichment of putative targets in both cases
(2 contingency test, p < 10720),

Hallmark enrichment analysis using the ncRNAs targeted-
DEGs revealed that the most significantly impacted functions
are related to the cell cycle progression for the down-regulated
DEGs, while TNF-signaling and hypoxia response are the most
enriched processes for the up-regulated DEGs. Strikingly, these
enriched pathways are quite similar to those obtained with the
total DEG gene set, suggesting that many DEGs contributing to
the definition of the hallmarks are targeted by the ncRNAs.

Network Analysis of ncRNAs and Their
Targets Identifies miR-193b as a Hub

To further analyze the role of the differentially expressed ncRNAs
in the process of BeWo fusion we used the Cytoscape tool
to construct a regulatory network integrating these ncRNAs
and their targets. This resulted in a network composed of
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FIGURE 4 | Network analysis identifies miR193b as a hub regulator (A) Most significantly down-regulated genes in BeWo-FSK targeted by miR193b. (B) Hallmarks
enrichment analysis of the targets of miR193b deregulated in the BeWo-FSK relative to the BeWo-CO.
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985 nodes (representing ncRNAs and targets) and 1,775 edges
(representing interactions). Next, we submitted our network to
topological analysis. MiR-193b was identified as the principal hub
of our network, with 135 predicted targets (Figure 4A). Other
lesser hubs corresponding to miR-16, miR-455, and miR-365 are
presented as Supplementary Figure 2. Most of the targets of
miR-193b were down-regulated (108 out of 135) in the BeWo-
FSK relative to BeWo-CO, while miR-193b was significantly
up-regulated (FC = 2.91; P = 0.0008). Hallmarks enrichment
analysis shows that the down-regulated genes targeted by mir-
193b are mainly involved in the control of cell cycle progression
and energy usage/nutrient metabolism (Figure 4B).

A Small Subset of ncRNAs Involved in
Syncytialization Is Also Associated With
Preeclampsia and Intrauterine Growth
Restriction

To identify ncRNAs associated with syncytialization in BeWo
which could be also involved in PE and/or IUGR we compared
the list of ncRNAs identified in BeWo with those identified
in a list from our study on total human placentas with
normal controls, PE and TUGR placentas (E-MTAB-9416) and
other published datasets (GSE114349, GSE114691, GSE75010,
GSE93839, and GSE66273). Comparison of all differentially
expressed ncRNAs, revealed that two miRNAs (miR-193b
and miR-365a) and one IncRNA (UCA1) were found most
consistently up-regulated in both PE and IUGR. Therefore,
miR-193b is associated to trophoblast fusion, together with
pathological placentation, suggesting its overall implication in

Frontiers in Cell and Developmental Biology | www.frontiersin.org

normal placental function. A few additional miRNAs where also
found simultaneously differentially expressed in preeclamptic
placentas and in the BeWo-FSK (miR-936; miR-6886; miR-7110;
miR-518A1; miR-4454, and miR-1283-2), but those were not
studied further in the present paper.

We next focused our attention on the IncRNA UCAL
This was justified by the following: (i) UCA1 is up-regulated
in PE and IUGR but also in primary cultures of human
syncytiotrophoblasts exposed for 24 h to 1% oxygen as compared
to the same cells exposed to 20% oxygen (Table 2), (ii)
also, a study coupling laser microdissection to isolate specific
trophoblast subpopulations and microarray analysis, identified
UCAL1 as the most differentially expressed ncRNA in STBs
isolated from the placentas of pregnancies with severe PE relative
to controls (Gormley et al., 2017), (iii) in situ hybridization
confirmed up-regulation of UCAL in the STBs compartment of
the placenta. Alternative splicing isoforms have been described
for UCA1 (Xue et al., 2016). We found that UCA1 was increased

TABLE 2 | Genome-wide transcriptomic studies showing up-regulation of UCA1
either in preeclampsia or intrauterine growth retardation.

Data set Study Fold change P-value

E-MTAB-9416 IUGR vs. CO 8.91 320 x 10°%
GSE75010 PE vs. CO 2.04 2.81 x 1010
GSE93839 PE STB vs. CO STB 5.93 1.55 x 10-03
GSE66273 PE vs. CO 6.19 3133 x 10704
GSE147776 IUGR vs. CO 2.01 3.58 x 1072
GSE41331 CTB 1%02 vs. 20%02 1.86 1.61 x 10792
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are more strongly expressed in the BeWo-FSK comparatively to the BeWo-CO.

FIGURE 5 | Exon level analysis of UCA1. The microarray ClariomD provides information on the local fluorescence level of a series of probe and allows to calculate a
local splicing index, comparing BeWo cells treated with FSK vs. BeWo cells treated by the DMSO as a vehicle. Isoforms lacking the first portion of the full transcript

in expression by 3.76-fold following FSK treatment. Exon level
analysis of UCAI (accessible through the ClariomD array used in
this study) shows that probes located in the terminal part of the
gene have a higher level of fluorescence in the forskolin-treated
compared to the control cells (Figure 5). Thus, it shows that in
the BeWo-FSK there is a specific increase in the production of the
shorter isoforms (ENST00000600160.2, ENST00000589333.2) of
UCAL, while the level of expression of the most complete isoform
(ENST00000397381.4) is apparently unaffected.

UCA1 siRNA Knockdown Lead to Altered
Regulation of Genes Involved in Fusion

Mechanisms in BeWo Cells

The effect of the si-RNAs was evaluated by qRT-PCR. UCA1
levels were drastically affected (reduction ranging from 90 to
98% compared to the si-SCR, according to the experiment,
Figure 6A). In a first characterization, we analyzed in BeWoC
cells the expression of genes involved in cell proliferation (ki67,
ITIH5), oxidative stress (NOS3, GCLM and CAVI-also involved
in exosome physiology), membrane repair (ANXAI, ANXA2,
CAV1), trophoblast fusion (Syncytinl, Syncytin2), endocrine
differentiation of trophoblast (CGA/CGB), syncytiotrophoblast
stabilization (TGM2) cell migration (MMP9), oxygen sensing
(INHA), and apoptosis (BAX, BCL2, DAPKI and BAD). The
KD of UCAL led to significant alterations of almost all the
genes involved in these pathways (Figure 6). A principal
component analysis was carried out on the qPCR data and
showed a clear separation of the cell replicates (Figure 7).
The first axis (79% of the variation) is driven by the FSK
treatment, while the second axis (10%) contrasts markers
of differentiation vs. markers of proliferation. The analysis
reveals that in terms of gene expression, the KD of UCAl
reduced the differences between FSK treated cells and control
group in the center of the graph. This means that when
levels of UCA1 are strongly reduced, the expression profile
remains closer to that of untreated control cells. These

observations suggest that UCA1 is important for a successful
syncytialisation process.

A statistical test by two-ways ANOVA revealed significant
modifications for most genes except GCLM and DAPK1 (Table 3
and Figure 6). The knockdown of UCA1 by itself affected
all the genes, but MMP9. The FSK effect was significant
in all the genes except UCAIl, CGB, KI67 (in addition to
GCLM and DAPK1). Finally, there was a significant interaction
effect between the FSK treatment and the UCA1 KD in the
case of UCAl, CGB, SYNCYTIN2, TGM2, ANXA2, ITIHS5,
and BAD. These interaction effects indicate a differential
effect of the UCAl KD according to the FSK treatment
leading to cell fusion.

Interference Between UCA1 and the
Trophoblast Differentiation Factor STOX1
in BeWo Cells

Previously, we have identified STOX1 as a major actor of
the syncytialisation process in BeWo cells. More specifically,
we showed that the short isoform of STOX1, STOXIB,
antagonizes cell fusion when overexpressed and that disturbing
the STOX1A/B balance mimics specific gene perturbations seen
in PE CTBs in three well-characterized cell lines BeWoA, BeWoB
and BeWoC, the first two overexpressing STOX1A and STOX1B,
20-30- and 6-fold, respectively (Ducat et al., 2020). In the present
paper, analyzing exon-level microarrays, we show now for the
first time that STOXI1 isoforms are differentially spliced when
the BeWo cells fuse under forskolin (Supplementary Figure 3),
strengthening the idea that the two isoforms are associated with
different pivotal stages of trophoblast differentiation.

To explore the putative role of UCA1 in the syncytialization
in normal and pathological conditions, we silenced this IncRNA
using a specific small interfering RNA (si-RNA) in BeWo cells
lines permanently transfected either with an empty plasmid
(encoding G418 resistance), or with the same plasmid encoding
for the expression of either STOX1A or STOX1B (These cells are
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horizontal axis is correlated with the cell differentiation induced by FSK. The second axis is rather correlated with cell proliferation. Circles are drawn to easily identify
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called BeWoC, BeWoA or BeWoB, respectively). The cells were
transfected with the si-UCA1 or a scrambled siRNA, si-SCR, used
as control. We analyzed by qPCR a panel of 8 genes (including
UCAL), The choice of these 8 genes was motivated by the fact
that strong correlations exist between the 19 genes analyzed
in the first experiment. The chosen genes are representative of
the different pathways analyzed (proliferation-KI67, oxidative

stress-INHA, trophoblast differentiation-SYN1, apoptosis-BCL2,
BAX, invasion-MMP9, endocrine differentiation-CGA). The
results are presented as a histogram (Figure 8A), with statistical
values presented in Supplementary Table 3 (ANOVA), and as
a PCA analysis, where the two first axes account for 40 and
19.5% of the variance (Figure 8B). BeWoC cells (represented
by squares) harbor the same profile with the 8 genes from the
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TABLE 3 | Statistical analyses of individual gene effects following UCA1 knock-down + FSK treatment (significant values are in red fonts).

Overall tests of univariate models Tests of univariate effects
Y variable F Prob. Source F Prob.

UCA1 22.504 0.00029659 Si treatment 56.948 6.6307 x 10~%%

Fusion 4.288 0.07213567

Si treatment*Fusion 6.275 0.03665572

CGB 8.208 0.00797657 Si treatment 10.373 0.01222583

Fusion 0.283 0.60936093

Si treatment*Fusion 13.967 0.00572781

CGA 127.930 4.243 x 10-97 Si treatment 43.849 0.00016558
Fusion 336.346 8.0411 x 10708

Si treatment*Fusion 3.596 0.09452054

GCLM 2.521 0.13152052 Si treatment 4.143 0.07620217

Fusion 0.975 0.3524659

Si treatment*Fusion 2.445 0.15650114

NOS3 14.589 0.00131394 Si treatment 15.149 0.0045949

Fusion 28.613 0.0006866

Si treatment*Fusion 0.004 0.95003544

CAV1 5.155 0.02833346 Si treatment 7.939 0.02257829

Fusion 7147 0.02821257

Si treatment*Fusion 0.379 0.55505375

Kie7 13.163 0.00184323 Si treatment 34.327 0.00037894

Fusion 0.891 0.37283458

Si treatment*Fusion 4.272 0.07257943

SYN2 23.107 0.00027009 Si treatment 39.848 0.00022968

Fusion 18.244 0.00271954

Si treatment*Fusion 11.229 0.01006638
TGM2 51.718 1.3944 x 10~® Si treatment 63.473 4.4987 x 1079
Fusion 84.869 1.5606 x 10-%8

Si treatment*Fusion 6.811 0.0311362

ANXA2 39.218 3.939 x 10-% Si treatment 23.397 0.00129298

Fusion 43.573 0.00016922

Si treatment*Fusion 50.685 0.00010006

ITIHS 56.208 1.0168 x 10-% Si treatment 37.157 0.00029085
Fusion 125.667 3,5958 x 10 9

Si treatment*Fusion 5.801 0.04260521

SYN1 10.209 0.00413556 Si treatment 15.939 0.00399228

Fusion 14.682 0.00500579

Si treatment*Fusion 0.005 0.94569912

ANXA1 96.898 1.2527 x 10°%8 Si treatment 45.870 0.00014171
Fusion 243.711 2.8262 x 10797

Si treatment*Fusion 1.114 0.32213654

MMP9 5171 0.02810927 Si treatment 1.134 0.31791426

Fusion 13.560 0.00619729

Si treatment*Fusion 0.819 0.39182403

INHA 137.727 31788 x 1077 Si treatment 40.502 0.00021729
Fusion 372.037 5.4151 x 10~%

Si treatment*Fusion 0.641 0.44650823

BAX 21.540 0.00034606 Si treatment 36.796 0.00030055

Fusion 25.245 0.00102124

Si treatment‘Fusion 2.580 0.14686479

BCL2 8.774 0.00654947 Si treatment 13.427 0.00636233

Fusion 12.786 0.00723255

Si treatment*Fusion 0.110 0.74867557
(Continued)
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Overall tests of univariate models

Y variable F Prob.
DAPK1 2.339 0.14975061
BAD 32.681 7.7268 x 10-%°

Tests of univariate effects

Source F Prob.
Si treatment 2.106 0.18480454
Fusion 2.027 0.1923598
Si treatment”Fusion 2.884 0.12788132
Si treatment 55.723 7.1629 x 1079
Fusion 36.270 0.0003154
Si treatment’Fusion 6.050 0.03934242

previous analysis: in the condition where the KD of UCALI is
combined with FSK treatment, the expression profile is close
to the one of BeWoC cells without FSK and not treated with
the siUCAI. Overall, the FSK effects were all oriented in the
same direction of the first axis (clear to dark colors), which
can thus be interpreted as a mark of FSK-induced trophoblast
differentiation. A strong difference Between BeWoA, BeWoB
and the control BeWoC comes from the variation along the
second axis, showing that in this case, STOX1-overexpressing
cells in the presence of forskolin are positioned with increasing
abcissae, suggesting that this axis correlate with STOX1-driven
differentiation in the presence of forskolin. When UCAL is KD,
the effect of STOX1 are less pronounced on the second axis (red
squares, lozenges-BeWoA and circles-BeWoB). In the absence of
FSK the STOX effects are less obvious and the dots are all in the
middle of the graph.

Interestingly, the gene expression profiles are very peculiar in
BeWoB cells under FSK treatment when analyzing UCA1 effects.
On the first axis, UCA1 KD is not able to modify strongly the
x-axis in these cells (from ~2.3 to 1.5, A = 0.8), while in control
BeWoC, the modification on the x-axis ranges from ~1.9 to —0.5,
A =24, and in BeWoA from ~2.2 to 0.5, A = 1.7. The effect
on gene differentiation was thus less reduced in BeWoB cells,
comforting the idea that BeWoB overexpression and UCA1 KD
act similarly but not synergistically against trophoblast fusion.
This may be associated to the fact that STOX1B overexpression
is associated with deficits of syncytialization (Ducat et al., 2020).

DISCUSSION

In the placenta, the STB acts as a barrier between the mother
and fetus, and functions in gas exchange, nutrient, waste
transport and hormone production. The STB is mitotically
inactive and is formed by the constant cell-cell fusion of the
underlying mononuclear CTBs. STB fragments are continuously
shed into the maternal circulation. Thus, maintenance of the
STB requires a finely regulated turnover. Excessive or restricted
CTB-STB fusion may lead to PE, IUGR, and implantation failure
(Gauster et al., 2009).

Although derived from human choriocarcinoma, the BeWo
cells, display structural and physiological features of human
primary trophoblast (Burres and Cass, 1986; Ramos et al., 2008;
Orendi et al., 2010) and have been largely used as a model to
study the process of trophoblasts fusion induced by forskolin

treatment (Chen et al., 2008; Zhou et al., 2013; Wang et al., 2014).
Several transcriptomic studies have helped to identify important
genes involved in trophoblast fusion (Kudo et al., 2004; Depoix
et al,, 2011; Shankar et al., 2015; Zheng et al., 2016). However,
the majority of these studies have focused on the role of protein-
coding genes. The role that ncRNAs could have in the trophoblast
fusion remains to be explored.

Here, we have conducted a microarray transcriptomic analysis
of BeWo cells under forskolin treatment (BeWo-FSK) and
focused our analysis on the differentially expressed ncRNAs
relative to controls (BeWo-CO). We identified a number of
ncRNAs (antisense-RNAs, IncRNAs, miRNAs) which might
be involved in the process of syncytialization in vivo. We
have generated a network displaying the putative regulatory
interactions among the differentially expressed ncRNAs and
differentially expressed genes (DEGs) in the BeWo-FSK relative
to the BeWo-CO. The analysis of this network shows that the
majority of ncRNAs targets are involved in cell proliferation
and metabolism. Topological analysis of the network identified
miR193b as a principal hub of the network. Hallmarks
enrichment analysis shows that most targets of miR193b are
down-regulated genes involved in cell cycle progression such as
CCNDI1, CCNA2, or BUBIB. Previous studies have shown that
miR193b acts as tumor suppressor by repressing cell proliferation
(Mazzu et al., 2017; Zhang et al., 2017; Bhayadia et al., 2018). In
the context of placental development, it has been reported that
mirl93b-3p overexpression significantly decreases the migration
and invasion of the trophoblast cells (HTR-8/SVneo) by targeting
the 3’UTR of TGF-beta2 (Zhou et al., 2016). The miR193b has
been found consistently up-regulated in PE and IUGR placentas
in our study and others (Ishibashi et al., 2012; Xu et al.,, 2014;
Zhou et al., 2016; Awamleh et al., 2019). This miRNA is thought
to contribute to these pathologies because of its inhibitory effect
on the migration and invasion of trophoblasts. Here we show
that miR193b is also involved in the process of syncytialization.
A prior, and key step in syncytialisation, is the acquisition of
fusion competence, which requires the CTB to exit the cell
cycle (Lu et al,, 2017). Therefore, by targeting genes involved
in the control of cell cycle progression, miR193b could play a
pivotal role in this crucial step of the process of syncytialisation.
Overexpression of miR193b in PE could negatively impact
placental development by accelerating CTB-STB fusion, thus
leading to a premature depletion of the pool of CTBs necessary to
ensure the constant renewal of the STB. Alternatively, increased
miR193b expression in PE could reflect a mechanism seeking to
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compensate an excessive apoptotic shedding of the syncytium by  involved in the CTBs fusion that were deregulated in placentas
facilitating the entering of CTB into the fusion process. from PE or IUGR. An exhaustive literature search, as well and

Since a dysfunctional syncytium could be at the origin the reanalysis of datasets available in the GEO Database resulted
of placental diseases, we systematically searched for IncRNAs in the identification of three IncRNAs consistently up-regulated
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in PE and IUGR and involved in syncytialization: miR193b,
miR365a and UCAI.

UCA1 (Urothelial Cancer Associated 1), is a IncRNA initially
identified in a bladder cancer cell line (Wang et al., 2006). The
involvement of IncRNAs in placental diseases has been previously
described for the HELLP syndrome, a serious complication of
preeclampsia (van Dijk et al., 2012). In the case of UCAIl
high expression has previously been reported in different
types of cancer. UCAl promotes cell proliferation, tumor
progression, migration and drug resistance. UCA1 mediates the
transcriptional regulation at an epigenetic level by interaction
with chromatin modifiers (EZH2, CTCE YAP...), by direct
regulation via chromatin looping and/or by sponging miRNAs
(Neve et al., 2018). The oncogenic functions of UCA1 have
been extensively studied, but its role in development and
differentiation remains unknown. A recent study, using the HTR-
8/SVneo and JAR trophoblast cells suggests that UCA1 could
inhibit trophoblast cell invasion and proliferation by down-
regulating JAK2 (Liu et al, 2020). Knockdown of UCAL in
these cells suppressed the apoptotic rate and accelerated cell
proliferation. Increased expression of UCA1 in PE had been
reported previously and confirmed by our study (Liu et al., 2020).
In addition, increased expression of UCAL, specifically in the
STB of preeclamptic placentas, has been reported (Gormley et al.,
2017). Thus, these data suggest that similar to miR193b, UCA1
might contribute in driving CTBs toward syncytialisation by
inhibiting the genes involved in cell proliferation. The increased
expression of UCAL in the preeclamptic syncytium could reflect
an increase in the turnover of the syncytium, to compensate for
an increased apoptotic rate (Sharp et al,, 2010; Fogarty et al.,
2013). However, suppression of UCA1 in the HTR-8/SVneo and
JAR cells decreased their apoptotic rates, indicating that UCA1
could also be involved in the induction of apoptosis (Liu et al.,
2020). To explore more deeply the role that UCA1 might play
in the process of syncytialization, we silenced its expression in
the BeWo cells (BeWo-CO and BeWo-FSK) using a specific
small interfering RNA (siRNA). Our results show that silencing
UCAL results in the downregulation of proliferation, attenuation
of the expression of several markers of syncytialization, and
most significantly downregulation of the expression of the
antiapoptotic marker BCL2. As mentioned above in the HTR-
8/SVneo and JAR cells, the Knockdown of UCAI, suppressed
the apoptotic rate and accelerated cell proliferation (Liu et al.,
2020). Thus, suppression of UCA1 in BeWo cells seems to have a
different impact concerning the proliferation and apoptosis rates.
These differences could be attributed to the fact that these cell
lines are akin to different types of CTBs or either to particularities
linked to the tumoral transformation process undergone by these
cells. Nevertheless, our results on the BeWo cells are consistent
with other studies indicating that in many cell types, UCAL
stimulates proliferation and inhibits apoptosis (Jun et al., 2018;
Liu et al,, 2018; Chen et al., 2019; Li et al,, 2019; Wang et al,,
2019). One limit of our study is that we did not carry out
cell visualization experiments of the fusion; we can nevertheless
assume that the alterations of syncytialisation marks that we
observe here will likely be associated to phenotypic effects, that
will have to be further assessed in future works.

ncRNA, Trophoblast Fusion and Placental Diseases

Having in hand a model of altered fusion by STOXIA
(BeWoA) or STOXI1B (BeWoB) overexpression we attempted
to evaluate the effect of UCAI KD in these specific models.
The overexpression of STOXIB (inhibiting fusion) led
to more limited gene alterations than the other cells
when forskolin was added in the Knock down of UCAI,
suggesting that the alterations of gene expression induced by
STOXI1B overexpression render the UCA1 down-regulation
alterations less visible.

Interestingly, hypoxia which plays a central role in the
development of PE is known to induce UCAIl expression
through HIF1A in both cancer cell lines and primary cultures
of STB (Yuen et al, 2013; Xue et al, 2014; Zhu et al,
2019; Wang et al, 2020). In addition, it has been shown
that UCAL inhibits ischemia/reperfusion-induced apoptosis in
cardiomyocytes (Chen et al., 2019; Wang et al., 2020). Given
that ischemia/reperfusion is a known hallmark of severe PE
and knowing that UCA1 has been detected as overexpressed
specifically in the STB of severe preeclamptic patients (Gormley
etal., 2017), it is tempting to speculate that UCA1 overexpression
could reflect a protective mechanism aimed to attenuate
apoptosis. However, in other cell types UCAL has proved to
exert pleiotropic effects, thus it might be involved in many
other aspects of the trophoblast physiology. Although the BeWo
cells are a good model to study the cell fusion process they
are transformed carcinoma-like cells missing many trophoblast
functions. Therefore, a more in-depth analysis of the functions
of UCAL in the placenta requires more physiological models
such as primary trophoblast cultures, or placental organocultures.
Another direction for future work is the assessment of the
specific effects of the short isoforms of UCAI that appear to
be specifically modified when fusion occur. To note, we have
recently demonstrated that alternative splicing is a general feature
of placental disease, affecting hundreds of genes (Ruano et al.,
2021). This could be achieved by lentiviral transformation of
the cell lines, or even primary cultures with this short isoform.
Finally, to understand better how UCA1 is actually functioning is
an interesting challenge for further studies.

METHODS
Cell Culture

BeWo cell lines were cultivated in F12 medium (Life
Technologies) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin in 6-cm diameter plates,
up to 60% confluence and with 50 jg/ml of geneticin G-418.
The generation of the BeWoA (overexpressing constitutively
STOX1A), BeWoB (overexpressing constitutively STOXIB)
and BeWoC cell lines is described in detail in Ducat et al.
(2020). The concentration of forskolin chosen for this study
was based on preliminary studies (Ducat et al., 2020). At the
end of the treatment, total RNA was extracted as previously
described (Ducat et al., 2016). The siRNA against UCA1 was
Ambion silencer select provided by ThermoFisher scientific.
After plating in 12-well plates (1 ml) at 70% confluency, the cells
were transfected the nest morning using RNAiMAXx transfection
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reagent (Invitrogen). Each well was transfected with 200 pl of
OptimemTM with 1 pl of RNAiMax and 0.5 pl of siRNA or si
scrambled at 5 pmol/jl, following the manufacturer’s protocol.
To induce syncytialization the cells were treated 1 day later with
20 uM forskolin or vehicle (DMSO) for 72 h.

Microarray Assay

One hundred ng of RNA per sample were analyzed using the
ClariomD (Affymetrix) microarray assay. Library preparation,
hybridization and data acquisition were performed by
GENOM'IC platform according to manufacturer’s instructions.
Gene and exon level expressions were processed and extracted
from the ClariomD microarray using the Transcriptomic
Analysis Console (TAC) provided by Affymetrix.

Quantitative Reverse Transcribed-PCR

Five hundred nanograms of total RNA were reverse transcribed
with MMLYV using the Invitrogen kit and random primers. qPCR
was carried out under standard conditions in a LightCycler480
(Roche) in 96 well plates as previously described (Ducat et al.,
2020), with a Sybrgreen kit from BioLine (Meridian Bioscience).
In the case of UCALI, the analysis was carried out using a TagMan
probe and the Roche LightCycler® TagMan® Master. The PPIA
gene (cyclophilin) was used as reporter in all experiment,
since we have shown previously an excellent stability of this
gene in trophoblast cells. All the cell gPCR experiments were
carried out three to four independent times, and every time
in triplicates. Primers for the different genes are listed as
Supplementary Table 4.

Functional Annotation of the
Differentially Expressed Genes (DEGs)

For the functional annotation of the DEGs we performed
Over-representation analysis (ORA) using the WebGestalt!
bioinformatics resource (Liao et al., 2019). Databases
interrogated include: Gene Ontology (GO), Kyoto Encyclopedia
of Genes and Genomes (KEGG), and Hallmarks. The significance
of the detected enrichments was calculated using the Benjamini
and Hochberg multiple test adjustment.

Gene Set Enrichment Analysis (GSEA)

GSEA was conducted using GSEA software from the Broad
Institute’. The BeWo fusion gene set was generated using the
top up-regulated and down-regulated genes after 72 h forskolin
treatment reported by Shankar et al. (2015). We used as input the
gene expression matrix generated by the Transcriptomic Analysis
Console (Affymetrix) including all samples and replicates. The
permutation value was set as 1,000. P-values were corrected
for multiple testing and the cutoff for significant enrichment
corresponds to an FDR < 0.25.

Prediction of ncRNAs Targets
To identify targets for the differentially expressed ncRNAs in the
BeWo-FSK relative to BeWo-Co cells we used ad hoc databases.

'http://bioinfo.vanderbilt.edu/webgestalt
Zhttps://www.gsea-msigdb.org/gsea/index.jsp
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These include miRBase®, starBase v2.0.' and the DianaTools
LncBase v.2°.

ncRNAs Regulatory Network

The ncRNAs and corresponding differentially expressed targets
were used to generate a regulatory network. The network was
constructed, visualized and analyzed using the Cytoscape 3.2.1
software® and its complementary applications (Shannon et al.,
2003). The centrality parameters of the network were analyzed
using the Cytoscape application NetworkAnalyzer (Shannon
et al,, 2003). Two topological parameters Betweenness Centrality
(BC) and node degree were used to identify hub genes. The
network is available as a Supplementary XML File.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ebi.ac.uk/
metagenomics/, E-MTAB-9416 and https://www.ncbi.nlm.nih.
gov/genbank/, GSE148088.

ETHICS STATEMENT

This study was approved by the Ethics Committee and
CCPPRB (Comité Consultatif de Protection des Personnes
dans la Recherche Biomédicale) of Paris Cochin. All patients
gave their written consent for the use of their placenta
and blood samples. For Angers, the collection and use for
research purpose (including genetic analyses) of placentas from
pregnancies complicated with TUGR or healthy pregnancy
have been approved by the Ethics Committee of Angers. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

DV, FM, and CM conceived the work and drafted it. DV
performed qRT-PCR experiments. S] performed the microarray
work. GG drafted the manuscript and contributed human
samples. CR and CA performed RNA and qPCR experiments and
drafted the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

The Ph.D. projects of CR and CA were funded by the
European Unions Horizon 2020 Research and Innovation

*http://www.mirbase.org/

“http://starbase.sysu.edu.cn
®http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=IncBase/index
Chttps://cytoscape.org/

May 2021 | Volume 9 | Article 633937

170



RUANO SAN MARTIN Camino — These de Doctorat - 2022

Apicella et al.

Program under Marie Sklodowska-Curie Actions Innovative
Training Network (H2020-MSCA-ITN 2017, Grant No. 765274,
acronym iPLACENTA).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
633937/full#supplementary- material

REFERENCES

Apicella, C., Ruano, C. S. M., Mehats, C., Miralles, F., and Vaiman, D. (2019). The
role of epigenetics in pl 1 and the etiology of preeclampsia.
Int. J. Mol. Sci. 20:2837. doi: 10.3390/ijms20112837

Awamleh, Z., Gloor, G. B, and Han, V. K. M. (2019). Placental microRNAs in
pregnancies with early onset intrauterine growth restriction and preeclampsia:
potential impact on gene expression and pathophysiology. BMC Med. Genomics
12:91. doi: 10.1186/512920-019-0548-x

Basit, S., Wohlfahrt, ]., and Boyd, H. A. (2018). Pre-eclampsia and risk of dementia
later in life: nationwide cohort study. BMJ 363:k4109. doi: 10.1136/bmj.k4109

Benny, P. A, Alakwaa, F. M., Schlueter, R. J., Lassiter, C. B., and Garmire, L. X.
(2020). A review of omics approaches to study preeclampsia. Placenta 92, 17-27.
doi: 10.1016/j.placenta.2020.01.008

Bhayadia, R., Krowiorz, K., Haetscher, N., Jammal, R., Emmrich, S., Obulkasim,
A, et al. (2018). Endogenous tumor suppressor microRNA-193b: therapeutic
and prognostic value in acute myeloid leukemia. /. Clin. Oncol. 36, 1007-1016.
doi: 10.1200/JC0O.2017.75.2204

Brouwers, L., van der Meiden-van Roest, A. J., Savelkoul, C., Vogelvang, T. E., Lely,
A.T., Franx, A, etal. (2018). Recurrence of pre-eclampsia and the risk of future

lysis.

1

)
dev

hypertension and cardiovascular disease: a sy ic review and met
BJOG 125, 1642-1654. doi: 10.1111/1471-0528.15394

Burres, N. S., and Cass, C. E. (1986). Density-dependent inhibition of expression
of syncytiotrophoblastic markers by cultured human choriocarcinoma (BeWo)
cells. J. Cell. Physivl. 128, 375-382. doi: 10.1002/jcp.1041280305

Chabrun, F., Huetz, N., Dieu, X., Rousseau, G., Bouzille, G., Chao de la Barca,
J. M., et al. (2019). Data-mining approach on transcriptomics and methylomics
placental analysis highlights genes in fetal growth restriction. Front. Genet.
10:1292. doi: 10.3389/fgene.2019.01292

Chen, J,, Hu, Q., Zhang, B. F, Liu, X. P, Yang, S., and Jiang, H. (2019).
Long noncoding RNA UCAL1 inhibits ischaemia/reperfusion injury induced
cardiomyocytes apoptosis via suppression of endoplasmic reticulum stress.
Genes Genomics 41, 803-810. doi: 10.1007/513258-019-00806-w

Chen, Y., Qian, H.,, Zhang, Y., Ma, Y., Lin, C,, and Xiang, Y. (2008). Effect of Ad-
TIMP3 on biologic behavior of choriocarcinoma cells in vitro. J. Reprod. Med.
53, 608-614.

Costa, M. A. (2016). Scrutinising the regulators of syncytialization and their
expression in pregnancy-related conditions. Mol. Cell. Endocrinol. 420, 180
193. doi: 10.1016/j.mce.2015.11.010

Cox, B., Leavey, K., Nosi, U,, Wong, F., and Kingdom, J. (2015). Placental
transcriptome in development and pathology: expression, function, and
methods of analysis. Am. J. Obstet. Gynecol. 213, S138-S151. doi: 10.1016/j.
2jog.2015.07.046

Darendeliler, F. (2019). TUGR: genetic influences, metabolic problems,
environmental associations/triggers, current and future management. Best
Pract. Res. Clin. Endocrinol. Metab. 33:101260. doi: 10.1016/j.beem.2019.01.001

Depoix, C., Tee, M. K., and Taylor, R. N. (2011). Molecular regulation of human
placental growth factor (PIGF) gene expression in placental villi and trophoblast
cells is mediated via the protein kinase a pathway. Reprod. Sci. 18, 219-228.
doi: 10.1177/1933719110389337

Deyssenroth, M. A, Peng, $., Hao, K., Lambertini, L., Marsit, C. J., and Chen,
J. (2017). Whole-transcriptome analysis delineates the human placenta gene
network and its associations with fetal growth. BMC Genomics 18:520. doi:
10.1186/512864-017-3878-0

ncRNA, Trophoblast Fusion and Placental Diseases

Supplementary Figure 1 | GSEA analysis of the data from the present paper in
comparison with published data, demonstrating an extreme similarity of our data
compared to published datasets (Shankar et al., 2015).

Supplementary Figure 2 | Presentation of the network of deregulated genes in
the predicted targets of miR-16, miR-455, and miR-365.

Supplementary Figure 3 | STOX1 expression levels at the probe level along the
gene. Junction probes analysis revealed that a large part of the 3’ exon is less
present in FSK-streated cells. This decrease in a series of probes reveal that
STOX1A is twice as abundant as STOX1B when the cells are not fused, while in
the context of fusion the ratio STOX1A/STOX1B drastically changes.

Ducat, A., Couderc, B., Bouter, A., Biquard, L., Aouache, R., Passet, B., et al. (2020).
Molecular mechanisms of trophoblast dysfunction mediated by imbalance
between STOX1 isoforms. iScience 23:101086. doi: 10.1016/j.i5¢i.2020.101086

Ducat, A., Doridot, L., Calicchio, R., Mehats, C., Vilotte, J. L., Castille, J., et al.
(2016). Endothelial cell dysfunction and cardiac hypertrophy in the STOX1
model of preeclampsia. Sci. Rep. 6:19196. doi: 10.1038/srep19196

Fernandes, J. C. R., Acuna, S. M., Aoki, J. L, Floeter-Winter, L. M., and Muxel, S. M.
(2019). Long non-coding RNAs in the regulation of gene expression: physiology
and disease. Noncoding RNA 5:17. doi: 10.3390/ncrna5010017

Fogarty, N. M., Ferguson-Smith, A. C., and Burton, G. J. (2013). Syncytial
knots (Tenney-Parker changes) in the human placenta: evidence of loss of
transcriptional activity and oxidative damage. Am. J. Pathol. 183, 144-152.
doi: 10.1016/j.ajpath.2013.03.016

Gauster, M., Moser, G., Orendi, K., and Huppertz, B. (2009). Factors involved
in regulating trophoblast fusion: potential role in the development of
preeclampsia. Placenta 30 Suppl. A, S49-S54. doi: 10.1016/j.placenta.2008.
10.011

George, E. M., and Bidwell, G. L. (2013). STOX1: a new player in preeclampsia?
Hypertension 61, 561-563. doi: 10.1161/HYPERTENSIONAHA.111.00721

Gibbs, L., Leavey, K., Benton, S. J., Grynspan, D., Bainbridge, S. A., and Cox, B. J.
(2019). Placental transcriptional and histologic subtypes of normotensive fetal
growth restriction are comparable to preeclampsia. Am. J. Obstet. Gynecol. 220,
el-e110. doi: 10.1016/j.aj0g.2018.10.003

Goldenberg, R. L., Culhane, J. F., Tams, J. D., and Romero, R. (2008). Epidemiology
and causes of preterm birth. Lancet 371, 75-84. doi: 10.1016/S0140-6736(08)
60074-4

Gormley, M., Ona, K., Kapidzic, M., Garrido-Gomez, T., Zdravkovic, T., and
Fisher, S. J. (2017). Preeclampsia: novel insights from global RNA profiling of
trophoblast subpopulations. Am. J. Obstet. Gynecol. 217, e1-€200. doi: 10.1016/
j-2jog.2017.03.017

Guller, S., Ma, Y. Y., Fu, H. H., Krikun, G., Abrahams, V. M., and Mor, G.
(2008). The placental syncytium and the pathophysiology of preeclampsia
and intrauterine growth restriction: a novel assay to assess syncytial protein
expression. Ann. N. Y. Acad. Sci. 1127, 129-133. doi: 10.1196/annals.143
4.015

Hayder, H., O’Brien, J., Nadeem, U., and Peng, C. (2018). MicroRNAs: crucial
regulators of placental development. Reproduction 155, R259-R271. doi: 10.
1530/REP-17-0603

Hombach, S., and Kretz, M. (2016). Non-coding RNAs: classification, biology
and functioning. Adv. Exp. Med. Biol. 937, 3-17. doi: 10.1007/978-3-319-420
59-2_1

Ishibashi, O., Ohkuchi, A., Ali, M. M., Kurashina, R,, Luo, S. S., Ishikawa, T.,
et al. (2012). Hydroxysteroid (17-beta) dehydrogenase 1 is dysregulated by
miR-210 and miR-518¢ that are aberrantly expressed in preeclamptic placentas:
a novel marker for predicting preeclampsia. Hypertension 59, 265-273. doi:
10.1161/HYPERTENSIONAHA.111.180232

Jun, T., Zheng, F. S,, Ren, K. M., Zhang, H. Y., Zhao, ]. G., and Zhao, J. Z. (2018).
Suppression of long non-coding RNA UCA1 inhibits proliferation and invasion
and induces apoptosis in human lung cancer cells. Eur. Rev. Med. Pharmacol.
Sci. 22, 7274-7281.

Kudo, Y., Boyd, C. A., Sargent, 1. L., Redman, C. W, Lee, J. M., and Freeman, T. C.
(2004). An analysis using DNA microarray of the time course of gene expression
during syncytialization of a human placental cell line (BeWo). Placenta 25,
479-488. doi: 10.1016/j.placenta.2003.12.001

Frontiers in Cell and Developmental Biology | www.frontiersin.org

May 2021 | Volume 9 | Article 633937

171



RUANO SAN MARTIN Camino — These de Doctorat - 2022

Apicella et al.

Li, J. L, Liu, X. L, Guo, S. F, Yang, Y, Zhu, Y. L, and Li, J. Z. (2019).
Long noncoding RNA UCA1 regulates proliferation and apoptosis in multiple
myeloma by targeting miR-331-3p/IL6R axis for the activation of JAK2/STAT3
pathway. Eur. Rev. Med. Pharmacol. Sci. 23, 9238-9250.

Liao, Y., Wang, ], Jachnig, E. ], Shi, Z., and Zhang, B. (2019). WebGestalt 2019:
gene set analysis toolkit with revamped Uls and APIs. Nucleic Acids Res. 47,
W199-W205. doi: 10.1093/nar/gkz401

Liu, J., Luo, C., Zhang, C., Cai, Q., Lin, J., Zhu, T., etal. (2020). Upregulated IncRNA
UCAL inhibits trophoblast cell invasion and proliferation by downregulating
JAK2. J. Cell. Physiol. 235, 7410-7419. doi: 10.1002/jcp.29643

Liu, Q. Li, Y., Lv, W, Zhang, G., Tian, X,, Li, X, et al. (2018). UCA1 promotes
cell proliferation and invasion and inhibits apoptosis through regulation of
the miR129-SOX4 pathway in renal cell carcinoma. Onco. Targets Ther. 11,
2475-2487. doi: 10.2147/0TT.S160192

Lu, X., Wang, R., Zhu, C., Wang, H,, Lin, H. Y,, Gu, Y., et al. (2017). Fine-tuned
and cell-cycle-restricted expression of fusogenic protein Syncytin-2 maintains
functional placental syncytia. Cell Rep. 21, 1150-1159. doi: 10.1016/j.celrep.
2017.10.019

Majewska, M., Lipka, A., Paukszto, L., Jastrzebski, J. P., Szeszko, K., Gowkielewicz,
M., et al. (2019). Placenta transcriptome profiling in intrauterine growth
restriction (IUGR). Int. J. Mol. Sci. 20:1510. doi: 10.3390/ijms20061510

Mazzu, Y. Z., Hu, Y., Soni, R. K., Mojica, K. M., Qin, L. X,, Agius, P., et al.
(2017). miR-193b-regulated signaling networks serve as tumor suppressors in
liposarcoma and promote adipogenesis in adipose-derived stem cells. Cancer
Res. 77, 5728-5740. doi: 10.1158/0008-5472.CAN-16-2253

Medina-Bastidas, D., Guzman-Huerta, M., Borboa-Olivares, H., Ruiz-Cruz, C.,
Parra-Hernandez, S., Flores-Pliego, A., et al. (2020). Placental microarray
profiling reveals common mRNA and IncRNA expression patterns in
preeclampsia and intrauterine growth restriction. Int. J. Mol. Sci. 21:3597. doi:
10.3390/ijms21103597

Nardozza, L. M. M., Zamarian, A. C. P,, and Araujo Junior, E. (2017). New
definition of fetal growth restriction: consensus regarding a major obstetric
complication. Rev. Bras. Ginecol. Obstet. 39, 315-316. doi: 10.1055/s-0037-
1603741

Neve, B., Jonckheere, N., Vincent, A., and Van Seuningen, 1. (2018). Epigenetic
regulation by IncRNAs: an overview focused on UCA1 in colorectal cancer.
Cancers (Basel) 10:440. doi: 10.3390/cancers10110440

Newstead, J., von Dadelszen, P., and Magee, L. A. (2007). Preeclampsia and future
cardiovascular risk. Expert Rev. Cardiovasc. Ther. 5, 283-294. doi: 10.1586/
14779072.5.2.283

Orendi, K., Gauster, M., Moser, G., Meiri, H., and Huppertz, B. (2010). The
choriocarcinoma cell line BeWo: syncytial fusion and expression of syncytium-
specific proteins. Reproduction 140, 759-766. doi: 10.1530/REP-10-0221

Ramos, A. ]., Cantero, M. R., Zhang, P., Raychowdhury, M. K., Green, A., MacPhee,
D, et al. (2008). Morphological and electrical properties of human trophoblast
choriocarcinoma. BeWo cells. Placenta 29, 492-502. doi: 10.1016/j.placenta.
2008.02.013

Rana, S., Lemoine, E., Granger, . P., and Karumanchi, S. A. (2019). Preeclampsia:
pathophysiology, chal]enges, and perspectives. Circ. Res. 124, 1094-1112. doi:
10.1161/CIRCRESAHA.118.313276

Roland, C. S., Hu, J., Ren, C. E,, Chen, H,, Li, ]., Varvoutis, M. S., et al. (2016).
Morphological changes of placental syncytium and their implications for the
pathogenesis of preeclampsia. Cell. Mol. Life Sci. 73, 365-376. doi: 10.1007/
s00018-015-2069-x

Ruano, C. S. M., Apicella, C., Jacques, S., Gascoin, G., Gaspar, C., Miralles, F.,
ctal. (2021). Alternative splicing in normal and pathological human placentas is
correlated to genetic variants. Hum. Genet. 140, 827-848. doi: 10.1007/s00439-
020-02248-x

Shankar, K., Kang, P., Zhong, Y., Borengasser, S. J., Wingfield, C., Saben, J., et al.
(2015). Transcriptomic and epigenomic landscapes during cell fusion in BeWo
trophoblast cells. Placenta 36, 1342-1351. doi: 10.1016/j.placenta.2015.10.010

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D.,
et al. (2003). Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res. 13, 2498-2504. doi: 10.1101/
gr.1239303

Sharp, A. N., Heazell, A. E., Crocker, I. P., and Mor, G. (2010). Placental apoptosis
in health and disease. Am. J. Reprod. Immunol. 64, 159-169. doi: 10.1111/j.
1600-0897.2010.00837.x

ncRNA, Trophoblast Fusion and Placental Diseases

Steegers, E. A., von Dadelszen, P., Duvekot, J. J., and Pijnenborg, R. (2010).
Pre-eclampsia. Lancet 376, 631-644. doi: 10.1016/S0140-6736(10)60279-6
Turco, M. Y., and Moffett, A. (2019). Development of the human placenta.
Development 146, doi: 10.1242/dev.163428

Vaiman, D., and Miralles, F. (2016). Targeting STOXI in the therapy of
preeclampsia. Expert Opin. Ther. Targets 20, 1433-1443. doi: 10.1080/
14728222.2016.1253682

van Dijk, M., Thulluru, H. K., Mulders, J., Michel, O. J., Poutsma, A., Windhorst,
S., etal. (2012). HELLP babies link a novel lincRNA to the trophoblast cell cycle.
J. Clin. Invest. 122, 4003-4011. doi: 10.1172/]JCI165171

Wang, C. J., Zhu, C. C, Xu, ], Wang, M., Zhao, W. Y, Liu, Q., et al. (2019).
The IncRNA UCA1 promotes proliferation, migration, immune escape and
inhibits apoptosis in gastric cancer by sponging anti-tumor miRNAs. Mol.
Cancer 18:115. doi: 10.1186/512943-019-1059-2

Wang, Q. S, Zhou, ], and Li, X. (2020). LncRNA UCA1 protects cardiomyocytes
against hypoxia/reoxygenation induced apoptosis through inhibiting miR-
143/MDM2/p53 axis. Genomics 112, 574-580. doi: 10.1016/j.ygen0.2019.
04.009

Wang, R, Dang, Y. L, Zheng, R, Li, Y., Li, W,, Lu, X,, et al. (2014). Live cell
imaging of in vitro human trophoblast syncytialization. Biol. Reprod. 90:117.
doi: 10.1095/biolreprod.113.114892

Wang, X. S., Zhang, Z,, Wang, H. C, Cai, J. L, Xu, Q. W,, Li, M. Q,, et al.
(2006). Rapid identification of UCAL1 as a very sensitive and specific unique
marker for human bladder carcinoma. Clin. Cancer Res. 12, 4851-4858. doi:
10.1158/1078-0432.CCR-06-0134

Xu, P., Zhao, Y., Liu, M., Wang, Y., Wang, H., Li, Y. X,, et al. (2014). Variations
of microRNAs in human placentas and plasma from preeclamptic pregnancy.
Hypertension 63, 1276-1284. doi: 10.1161/HYPERTENSIONAHA.113.02647

Xue, M., Chen, W., and Li, X. (2016). Urothelial cancer associated 1: a long
noncoding RNA with a crucial role in cancer. J. Cancer Res. Clin. Oncol. 142,
1407-1419. doi: 10.1007/500432-015-2042-y

Xue, M., Li, X, Li, Z., and Chen, W. (2014). Urothelial carcinoma associated 1 is
a hypoxia-inducible factor-lalpha-targeted long noncoding RNA that enhances
hypoxic bladder cancer cell proliferation, migration, and invasion. Tumour Biol.
35,6901-6912. doi: 10.1007/513277-014-1925-x

Yuen, R. K., Chen, B., Blair, ]. D., Robinson, W. P., and Nelson, D. M. (2013).
Hypoxia alters the epigenetic profile in cultured human placental trophoblasts.
Epigenetics 8,192-202. doi: 10.4161/epi.23400

Zhang, ], Qin, ], and Su, Y. (2017). miR-193b-3p possesses anti-tumor
activity in ovarian carcinoma cells by targeting p2l-activated kinase
3. Biomed. Pharmacother. 96, 1275-1282.  doi: 10.1016/j.biopha.2017.
11.086

Zheng, R, Li, Y., Sun, H,, Ly, X,, Sun, B. F,, Wang, R, et al. (2016). Deep RNA
sequencing analysis of syncytialization-related genes during BeWo cell fusion.
Reproduction doi: 10.1530/REP-16-0343

Zhou, X., Li, Q, Xu, J., Zhang, X., Zhang, H., Xiang, Y., et al. (2016).
The aberrantly expressed miR-193b-3p contributes to preeclampsia through
regulating transforming growth factor-beta signaling. Sci. Rep. 6:19910. doi:
10.1038/s1ep19910

Zhou, Z., Zhang, Q., Lu, X., Wang, R., Wang, H., Wang, Y. L., et al. (2013). The
proprotein convertase furin is required for trophoblast syncytialization. Cell
Death Dis. 4:¢593. doi: 10.1038/cddis.2013.106

Zhu, T. T, Sun, R. L, Yin, Y. L, Quan, J. P, Song, P., Xu, J., et al. (2019).
Long noncoding RNA UCA1 promotes the proliferation of hypoxic human
pulmonary artery smooth muscle cells. Pflugers Arch. 471, 347-355. doi: 10.
1007/500424-018-2219-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Apicella, Ruano, Jacques, Gascoin, Méhats, Vaiman and Miralles.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

May 2021 | Volume 9 | Article 633937

172



RUANO SAN MARTIN Camino — Theése de Doctorat - 2022

Discussion and Future Perspectives

The scope of this PhD thesis was to improve knowledge and understanding of the placenta, a
relatively neglected human organ, and of placental pathologies such as PE and IUGR. Four main axes
have been developed through a multi-omics approach: epigenetics, single nuclei transcriptomics,

genome-wide alternative splicing, and long non-coding RNAs analyses.

Firstly, this journey started with the analysis of DNA methylation of healthy and pathological
placentas. At the beginning, only 16 samples were available for analysis in Paris. But our preliminary
data caught the attention of several groups from the iPlacenta Consortium and opened the
possibility to increase our number of samples. Six valuable preeclamptic placental samples were
then kindly shared by Pr. Basky Thilaganathan and Dr. Veronica Giorgione, from St. Georges
University. With these additional pathological samples and the collection of additional healthy
samples at the Maternity Port Royal-Cochin in Paris, we increased our initial dataset to a total of 32
samples. This doubling of samples gave us a boost of happiness and confidence and the DNAm
analyzes were continued. Later, repeated analytical problems with batch experimental effects and
other confounding factors, in particular related to the difference in mean GA between the groups,
call into question the choice of the appropriate methods to discriminate the CpGs linked specifically
to the pathology. The addition of earlier term placental samples in our dataset appeared to be the
best way to deal with the GA issue. We identified in the public databank GEO a DNAm dataset that
includes 42 placental samples of early gestational term from unaffected and chorioamnionitis-
affected placental villi. Thus, we decided to add this dataset to reach a total of 73 samples in our

analyses.

Since  DNAm pattern can be influenced by many variables, such as age, mother
characteristics, cell type, etc, we sought to collect as much information as possible to be included in
our regression model. We were especially interested in cell composition since DNAm is specifically

linked to the cell type (Baron et al., 2006). Most of the published placental DNAm studies so far have

173



RUANO SAN MARTIN Camino — Theése de Doctorat - 2022

not considered the influence of subtype proportion in their analysis. Whether or not cell variability is
considered can have a significant impact on the results of the mDNA profile, in particular when the
pathology can affect cell composition. Cell deconvolution helped us to identify proportions of
syncytiotrophoblast, trophoblast, stromal, endothelial cell, etc in our dataset using the work of Yuan
et coll. (Yuan et al.,, 2021) as a reference. This reference, built on a DNAm study performed after
physical separation of cell types in the placenta, provides a set of CpG signatures for each of the cell
types mentioned. Although there are some pitfalls in producing this dataset due to the complexity of

syncytiotrophoblasts, this was the most accurate list of cells type-specific DNAm marks at that time.

A multivariate linear regression was next performed using 16 covariates from clinical,
technical, and inferred variables, leading us to a signature subset of 142 CpGs for PE-affected
placentas. Several different studies have analysed DNAm in preeclampsia in a genome-wide manner,
however, very low or none overlap is observed between these studies, with a reproducibility rate of
around 30% (Wilson et al.,, 2017). Most of these studies do not take in account confounding
variables. Another consideration is the high DNAm profile variability between individuals and even
within the same placental sample (Avila et al., 2010). Indeed, site-to-site expression differences
within the same placenta have been observed (Pidoux et al., 2004). This site-to-site variability may
reflect a relative placenta plasticity which favours fast adaptation to the environment without
impairing the fetal development (Rondinone et al., 2021). This environmental sensing may be a main
source of variation under the model of “polycreodism”, which states that the environmental status
influences the cell lineage commitment during embryo development, thus influencing the cell
repertoire present in the placenta (Lappalainen & Greally, 2017) and DNAm may be part of this
process. Also, adding the complexity of PE and/or IUGR pathophysiology to the difficulty of
accurately profiling DNAm in healthy placenta is challenging. Thus, a consensus on the description of
the disease, the use of well-characterized covariates in methylation studies and validation with gene
expression can help in the further characterization of the disease at the methylation level with
better reproducibility.

174



RUANO SAN MARTIN Camino — Theése de Doctorat - 2022

As mentioned before, 6 valuable frozen biopsies from PE-affected placentas were shared by
Pr. Basky Thilaganathan and Dr. Veronica Giorgione from St. Georges University, London. This gave
us the opportunity to perform in the last 6-months of this thesis, a single-nucleus transcriptomic
analysis including these 4 PE-affected samples along with 8 biopsies of unaffected placentas of third
trimester pregnancy. After quality checks and filtering, 71,719 unique transcriptomes were obtained
and used in the downstream analyses. Given the short period of time between the data collection
and the end of my thesis, we focused some of our downstream analyses on the SCT nuclei. While the
two most populated SCT clusters presented a global gene-signature related to growth and prolactin
response, we were able to identify SCT subsets with specific functional signatures, such as
tryptophan metabolism, endocytosis, steroid hormone production, and inflammatory pathways
among others, suggesting high transcriptional compartmentalization —spatial and/or temporal— in

the placental syncytium.

A total of 21 different cell clusters were found in our data set, suggesting a high
heterogeneity within the placenta. Comparing with previous work in single-cell data in first trimester

placenta, we observed an increased functional heterogeneity not observed before.

When comparing gene expression in unaffected and PE-affected at the cell-type level, we
detected DEGs within all the cell subpopulations. However, the two most populated SCT clusters and
a specific cluster of VCTs displayed the highest number of DEGs (~1,800 genes). A total of 637 DEGs
were common to these three clusters, involved in oxidative phosphorylation pathways. Oxidative
stress caused by periods of hypoxia and reoxygenation have been described in PE, due to improper
vascular remodelling (Hung, Skepper, Charnock-Jones, & Burton, 2002; van Patot, Ebensperger,
Gassmann, & Llanos, 2012). In PE, an oxidative environment is thought to provoke morphological

and functional dysregulations of the syncytial layer, such as increased levels of apoptosis, high levels
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of shedding into the maternal circulation and increased concentrations of unfolded proteins

(Mukherjee et al., 2021; Redman, Staff, & Roberts, 2020).

Furthermore, preliminary inference of cell states in the trophoblast showed RNA velocity
differences in these clusters between the two sample groups. The computational methods on this
topic are still in their infancy, but the fascinating idea of being able to determine the future of cells
was too exciting to not to put it in my thesis. At a first glance, the observed differences are in line
with previous observations showing increased VCTs proliferation and decrease of the SCT
differentiation state (Redline & Patterson, 1995). To conclude, this snRNA-seq analysis of third
trimester placenta points to a defect in the syncytiotrophoblast layer in PE. SCT nuclei, embedded in
the syncytial frontier in contact with the maternal blood, display a variety of transcriptomic profiles
and functions, ranging from invasion, fusion, immunosuppression, hormone regulation and
apoptosis. We also observed specific dysregulations in these SCT nuclei in PE-affected placentas,

suggesting that stressed SCT is a key element in the development of the disease.

While performing these two main projects, other two side projects were developed in order
to gain further knowledge in placental regarding alternative splicing and the role of ncRNAs in

syncytialization.

Placental soluble fms-like tyrosine kinase 1 (sFltl), an antagonist of VEGF and placental
growth factor (PIGF), is upregulated in PE (Maynard et al., 2003) and measuring maternal serum
concentrations of sFlt-1 and PIGF can differentiate healthy women from women with PE (Levine et
al., 2004). sFLT1 is thought to be generated through alternative splicing. We hypothesized that
global deregulation in alternative splicing may be a common feature in diseased placenta. We
analysed bulk transcriptomes of 17 unaffected placentas, 7 PE-, and 13 IUGR-affected placentas at
the exon-level and observed differentially splicing in 1,060 genes in PE and 1,409 genes in IUGR
compared to control samples (Ruano et al., 2021). Spliced genes in PE are enriched in genes related

to extracellular matrix, circulatory system development, and neuronal physiology while IUGR spliced
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genes are enriched in genes involved in steroidogenesis, hormone metabolisms and anion transport.
We also found 52 cis sQTLs and 52 trans sQTLs, suggesting some of the splicing differences are
genetically based. However, experimental validation by gene editing, for example, is needed to

confirm the genetic influence in the production of these alternative splicing forms.

Finally, we performed a genome-wide analysis of the ncRNAs in pathological placentas and
identified a new actor, UCA-1, in the syncytialization process (Apicella et al., 2021). This study
suggested that ncRNAs may also be key in placental biology and disease development. Off note,
differentially expressed IncRNAs were detected as the topmost dysregulated genes in our snRNA-seq

data.

These omics approaches provide a holistic perspective of cell, tissue, and organ function. The
future integration of the omics placental datasets we generated will help to underpin the biological

processes in healthy and diseased placentas in a multi-layered view.
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Conclusion

Under the supervision and expertise of Dr Céline Mehats and Dr Daniel Vaiman, we aimed to
understand the placenta from different and novel perspectives. | was able to learn and develop new
skills and gained knowledge in the new computational ways of understanding the biology and the
placenta. The rapid development of new technologies and are opening a wide variety of future
perspectives in larger omics scales in which integration of genomics, transcriptomics, epigenomics
and other “omics” such as metabolomics or immunomics could be of high interest. Moreover, new
techniques, such as single-molecule protein profiles could have an outstanding breakthrough in the

assessment and understanding of molecular biology and the placenta.

It has been such an inspiring journey, a great challenge, and great satisfaction to contribute

to this field and to understand, slightly bit better, this amazing organ.
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ANNEX.1

Annex 1.1: Information about the samples used to assess DNAm profile

GSM3179712 32 Male PT 3 chorioamnionitis GSEO (3)
GSM3179713 30 Female PT 3 CTRL GSEO (3)
GSM3179714 32 Female PT 3 CTRL GSEO (3)
GSM3179715 32 Female PT 3 CTRL GSEO (3)
GSM3179717 32 Male PT 3 chorioamniotitis GSEO (3)
GSM3179718 37 Male PT 3 CTRL GSEO (3)
GSM3179719 28 Female PT 3 chorioamnionitis GSEO (3)
GSM3179720 37 Male T 3 CTRL GSEO (3)
GSM3179721 28 Male PT 3 chorioamnionitis GSEO (3)
GSM3179722 33 Female PT 3 chorioamnionitis GSEO (3)
GSM3179723 33 Male PT 3 CTRL GSEO (3)
GSM3179724 29 Female PT 3 CTRL GSEO (3)
GSM3179726 32 Female PT 3 chorioamnionitis GSEO (3)
GSM3179727 32 Male PT 3 CTRL GSEO (3)
GSM3179728 37 Female T 3 CTRL GSEO (3)
GSM3179729 29 Male PT 3 chorioamnionitis GSEO (3)
GSM3179731 32 Female PT 3 chorioamnionitis GSEO (3)
GSM3179732 33 Female PT 3 chorioamnionitis GSEO (3)
GSM3179733 33 Female PT 3 CTRL GSEO (3)
GSM3179734 32 Female PT 3 chorioamnionitis GSEO (3)
GSM3179735 29 Male PT 3 chorioamnionitis GSEO (3)
GSM3179736 33 Male PT 3 CTRL GSEO (3)
GSM3179737 28 Female PT 3 chorioamnionitis GSEO (3)
GSM3179738 30 Female PT 3 chorioamnionitis GSEO (3)
GSM3179739 28 Male PT 3 CTRL GSEO (3)
GSM3179740 29 Female PT 3 chorioamnionitis GSEO (3)
GSM3179741 33 Male PT 3 CTRL GSEO (3)
GSM3179742 29 Male PT 3 chorioamnionitis GSEO (3)
GSM3179743 36 Male PT 3 CTRL GSEO (3)
GSM3179744 30 Female PT 3 CTRL GSEO (3)
GSM3179745 30 Female PT 3 chorioamnionitis GSEO (3)
GSM3179746 32 Male PT 3 chorioamnionitis GSEO (3)
GSM3179747 30 Female PT 3 chorioamnionitis GSEO (3)
GSM3179748 28 Male PT 3 CTRL GSEO (3)
GSM3179749 28 Male PT 3 chorioamnionitis GSEO (3)
GSM3179750 32 Male PT 3 CTRL GSEO (3)
GSM3179751 32 Male PT 3 chorioamnionitis GSEO (3)
GSM3179752 32 Female PT 3 CTRL GSEO (3)
GSM3179753 31 Male PT 3 CTRL GSEO (3)
GSM3179757 36 Male PT 3 chorioamnionitis GSEO (3)
GSM3179758 33 Male PT 3 CTRL GSEO (3)
GSM3179759 30 Male PT 3 chorioamnionitis GSEO (3)
PT99 38.5 Male T 2 IUGR Cochin (1)
PT91 38.5 Female T 2 CTRL Cochin (1)
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PT122 38.5 Male T 2 CTRL Cochin (1)
PT05071 38.5 Male T 2 CTRL Cochin (1)
PT97 38.5 Male T 2 IUGR Cochin (1)
PT07012 38.5 Male T 2 CTRL Cochin (1)
PT09003 37 Female T 2 CTRL Cochin (1)
PT08003 38.5 Male T 2 CTRL Cochin (1)
PT124 38.5 Female T 2 CTRL Cochin (1)
PT05062 38.5 Female T 2 CTRL Cochin (1)
PT2929211 38 Male T 2 PE St.Georges (2)
PT2305656 36 Male PT 2 PE St.Georges (2)
PT2751222 36 Male PT 2 PE St.Georges (2)
PT2242133 35 Male PT 2 PE St.Georges (2)
PT2924935 36 Female PT 2 PE St.Georges (2)
PT2695585 32 Male PT 2 PE St.Georges (2)
PT85 39 Male T 1 CTRL Cochin (1)
PT117 39 Female T 1 CTRL Cochin (1)
PT125 39 Female T 1 CTRL Cochin (1)
PT09010 38 Female T 1 CTRL Cochin (1)
PT05048 38 Male T 1 CTRL Cochin (1)
PT05054 38 Female T 1 CTRL Cochin (1)
PT90 38 Female T 1 PE Cochin (1)
PT07008 39 Female T 1 PE Cochin (1)
PT88 33 Male PT 1 PE Cochin (1)
PT184 33 Female PT 1 PE Cochin (1)
PT07007 33 Female PT 1 PE Cochin (1)
PT07009 30 Female PT 1 PE Cochin (1)
PT70 30 Male PT 1 PE_IUGR Cochin (1)
PT96 30 Female PT 1 PE_IUGR Cochin (1)
PT11016 33 Male PT 1 PE_IUGR Cochin (1)
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ANNEX.?2

Annex 2.1: Number of nuclei per cluster per individual sample and total number of nuclei

SCT_1 1169 1269 1411 1734 1979 1692 1180 1521 1320

1 SCT_2 614 906 796 1205 1323 557 1345 1396 462 1051 1138 947
10 EVTS_1 38 190 209 218 330 188 247 319 9 191 225 204
11 SCT_3 114 212 189 192 343 143 282 154 22 164 143 241
12 EVTs_2 749 25 62 22 80 441 85 170 224 85 35 110
13 VCTs_1 19 152 161 226 140 84 323 255 13 164 176 174
14 SCT_ETVs 12 86 85 217 30 50 174 94 30 222 258 102
15 Decidualized_stromal 26 152 65 137 134 64 106 150 10 125 97 255
16 Endothelial_Fetal 46 4 53 40 200 84 26 64 64 30 50 39
17 T_cells 160 28 24 23 64 45 17 59 51 24 26 29
18 SCT_4 83 5 20 5 30 70 17 11 36 28 8 40
19 Decidua_Hofabuer_SCT 8 13 45 35 52 26 7 29 5 18 51 27
2 Hofbauer 852 495 390 551 834 255 649 578 482 632 546 455
20 EVTs_3 6 3 21 5 82 29 37 11 2 12 5 17
3 SCT_5 66 409 309 603 904 342 938 477 91 470 515 444
4 Perivascular 968 20 96 64 324 364 125 651 1173 106 88 162
5 VCTs_2 244 136 440 325 638 305 143 300 169 210 356 270
6 Fibroblast 372 187 239 178 691 165 275 265 237 288 116 188
7 T_cells_NK 1018 31 152 42 85 346 34 403 795 62 44 130
8 SCT_6 312 285 272 145 117 289 119 147 127 345 279 189
9 SCT_7 209 156 129 299 294 170 319 275 126 162 243 186
Total 6487 4664 5026 5943 8429 4811 7247 7500 4594 5569 5920 5529
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Annex 2.2: Top cluster markers. Cell type has been characterized by cell enrichment of the markers used.
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3.71065016
3.24216819

0.632
0.541
0.898
0.896
0.903
0.922
0.938
0.785
0.628
0.735
0.519
0.664

0.566
0.669
0.815
0.646
0.997

0.651

0.903

0.615

0.791
0.809
0.776
0.693
0.759
0.486
0.364
0.364
0.415
0.299
0.992
0.669
0.695
0.716
0.6

0.851
0.836
0.876
0.818
0.711
0.762
0.773
0.759
0.674
0.748

0.117
0.029
0.054
0.062
0.081
0.102
0.151
0.098
0.046
0.216
0.034
0.314
0.292
0.314
0.422
0.57

0.406
0.146

0.372

0.649

0.397

0.055
0.112
0.088
0.015
0.104
0.096
0.046
0.06

0.119
0.044
0.104
0.375
0.409
0.432
0.317
0.059
0.048
0.105
0.054
0.019
0.013
0.037
0.059
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0.098
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Annex 2.4: Featureplot by pathology of the DEGs observed most downregulated (STXBP6, HEG1, LAMA3) and most
upregulated (AC012050.1, AP000462.1, SLC16A12-AS1) in the VCTs_2 preeclampsia cluster.
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Abstract: In this review, we comprehensively present the function of epigenetic regulations in normal
placental development as well as in a prominent disease of placental origin, preeclampsia (PE).
We describe current progress concerning the impact of DNA methylation, non-coding RNA (with a
special emphasis on long non-coding RNA (IncRNA) and microRNA (miRNA)) and more marginally
histone post-translational modifications, in the processes leading to normal and abnormal placental
function. We also explore the potential use of epigenetic marks circulating in the maternal blood flow
as putative biomarkers able to prognosticate the onset of PE, as well as classifying it according to its
severity. The correlation between epigenetic marks and impacts on gene expression is systematically
evaluated for the different epigenetic marks analyzed.

Keywords: preeclampsia; epigenetics; DNA methylation; non coding RNAs; miRNAs; histone post
translational modifications; HOX genes; H19; miR-210

1. Introduction

PE affects ~2-5% of the pregnancies. This disease, characterized in the classical definition by
hypertension and proteinuria, surging from the mid-gestation at the earliest, is often seen as a two-stage
disease, where a placental dysfunction occurs, first without observable symptoms and is followed
later by a symptomatic phase from the 20th week of gestation at the earliest. The placenta is central to
the disease development [1]. During pregnancy, the cytotrophoblasts (CTs) invade and remodel the
structure of the spiral arteries of the myometrium [2]. These changes cause a significant increase in
blood flow to the placenta. In a classical vision of the disease etiology, it is said that deep invasion
is deficient in preeclampsia [3]. It is generally acknowledged that in preeclamptic pregnancies,
placentation is disrupted because the CTs fail to properly invade the myometrium and transform the
spiral arteries [4]. This decreases the blood flow and alters the oxygenation of the placenta (causing
hypoxia and hyperoxia events), triggering oxidative stress, necrosis and inflammation [5]. In a very
stimulating paper, B. Huppertz challenges this classical understanding of PE etiology, by dissociating
the defect of deep trophoblast invasion from preeclampsia but rather associating this defect with the
Fetal Growth Restriction (FGR) phenotype [6]. In this vision, preeclampsia would rather be caused by
a combination of villous trophoblast defects (which are not involved in invasion, contrary to extravillous
trophoblast) and maternal susceptibility. He based his reasoning on the fact that invasion defects are
actually not histologically visible in many cases of preeclampsia. This may be connected to mouse
models of preeclampsia where no obvious fetal growth restriction occurs, consistently with the fact
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that invasion is not important in rodent [7]. More accepted than this vision, the same paper strengthens
the idea that hyperoxia rather than hypoxia is a major actor of the disease [6,8].

The preeclamptic placenta releases vasoactive molecules, pro-inflammatory cytokines, microparticles
and syncytial fragments into the maternal circulation which ultimately cause a systemic endothelial
dysfunction [9]. Epigenetics plays an important role in the regulation of the development and physiology
of the placenta [10]. Besides, substantial epigenetic alterations, in the preeclamptic placenta and other
affected tissues have been described and are likely playing a substantial role in the evolution of the
disease [11-14].

2. Epigenetics and Normal Placental Development

2.1. Description of the Placenta and Placental Cells

The placenta is a temporary organ connecting the developing fetus to the uterine wall through the
umbilical cord, to allow for nutrient absorption, thermal regulation, waste disposal and gas exchange
via the mother’s blood supply. In addition, the placenta produces hormones that support pregnancy
and it acts as a barrier to fight against internal infection [15].

The human placenta at term has a discoid shape, an average diameter of 15-20 cm, a thickness of
2.5 cm in the center and a weight of about 500 g. Its surfaces are the chorionic plate on the fetus side and
to which the umbilical cord is attached and the basal plate facing the maternal endometrium. Between
the endometrium and the basal plate there is a cavity filled with maternal blood, the intervillous space,
into which branched chorionic villi project. The chorionic villi are the structural and functional unit of
the placenta. Their core is made of fibroblasts, mesenchymal cells, endothelial cells, immune cells such
as Hofbauer cells (supposed to be macrophage-like) and fetal-placental vessels. The villi are covered by
two layers of trophoblasts. The inner layer is composed of villous cytotrophoblasts (vCTs), which are
highly proliferative and can differentiate into either outer layer villous syncytiotrophoblasts (SCT),
which are in direct contact with the maternal blood or extravillous trophoblasts (EVTs), as shown in
Figure 1.

2.2. Human Placental Development

The development of the human placenta has been described in detail elsewhere [16-18]. Briefly,
the blastocyst implants into the uterine endometrium (decidua) via the trophectoderm cells adjacent
to the inner cell mass (ICM). From the trophectoderm, the syncytium (SCT) emerges and spreads.
Subsequently, CTs proliferate rapidly to form large finger-like projections (villi) that penetrate the
entire depth of the SCT. Ultimately, the villi become filled with mesenchyme originated from the
extraembryonic mesoderm. This mesenchyme will form fetal blood vessels which connect to the fetal
circulation via the umbilical cord. The intervillous space subsequently becomes filled with maternal
blood. The vCTs situated at the tips of the anchoring villi proliferate and stratify, forming highly
compact cell columns breached only by channels carrying maternal blood toward and away from the
placenta (Figure 1). The trophoblast cells within this structure are referred to as EVTs, according to their
external location relative to the chorionic villi. EVTs situated close to the decidua, stop proliferating
and develop invasive properties. These invasive EVTs migrate deeply into the decidua, where they
transform the uterine vasculature in order to supply the placenta maternal blood, a critical step in
establishing uteroplacental circulation. As pregnancy progresses, the number of vCTs decreases and
few is observable at term underneath the SCT.
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Figure 1. (A) Blastocyst implantation and Placenta Development: After recognizing the uterine lining,
the blastocyst is formed by the embryoblast (EB) and the cytotrophoblast (CT). The cytotrophoblast
starts to differentiate into Synctiotrophoblast (SCT). SCT invades the endometrium towards the maternal
spiral arteries located in the myometrium. deregulation of numerous genes is observed [19]. Lacunae
develop in the syncytiotrophoblast, which will eventually constitute the intervillous space. Genes
upregulated during villi formation are presented on the right figure [20]. Other cytotrophoblasts will
invade the maternal spiral arteries by differentiating into Extravillous trophoblast. (B) Gene Ontology
of genes differentially methylated in PE compared to control samples: (Left) in normal pregnancies,
extravillous trophoblast (EVT) invades the maternal spiral arteries allowing for an increased blood stream
towards the extravillous space. Nutrients cross the placenta, are directed towards the embryonic vessels
and collected in the umbilical cord. In PE, decreased invasion of the EVTs induces poor spiral artery
remodeling, leading to poor blood flow towards the placenta. Increased amount of microparticles from the
syncytiotrophoblast and increased amount of free fetal DNA is observed in the maternal blood. (Right)
Gene ontology of differentially methylated genes found in PE samples in different tissues affected during
pregnancy: Umbilical cord, placenta, EVT, Endothelial Maternal cells (see text for detail).
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2.3. Epigenetics Mechanisms in Placental Development

Epigenetic mechanisms are involved in the regulation of gene expression both during development
and in differentiated tissues [21,22]. These mechanisms include DNA methylation, histone modifications
and biogenesis and action of noncoding RNAs (ncRNAs). They regulate gene expression by modulating
the accessibility to DNA of transcription factors and other regulatory proteins. In addition, ncRNAs
also regulate gene expression at a post-transcriptional level. Epigenetic mechanisms are essential for
cellular differentiation and therefore development, as summarized in Table 1

Table 1. Epigenetic mechanisms in placental development.

Epigenetic Mechanism Target Cell Type Biological Relevance Reference
H3K9/27me3 MMP-2, MMP-9 Human placenta Related to trophoblasts motility and invasion [23]
H3K4 acetylation + H3K9 ! Negatively correlated with human trophoblasts i
methylation Maspin Human placenta motility and invasion 124.25]
Pregnancy-Specific X Inhibition of HDACs in JEG-3 cells up-regulated )
Acetylated H3 Glycoproteins. JEG-3 PSG protein and mRNA expression levels 1261
HDACS associates with the proximal
HDAC3 GCMa Cell Line GCMa-binding site (pGBS) in the syncytin [27]
promoter and inhibits its expression
Decreases the EMT and invasiveness of murine
Acetylation of H2A and H2B Murine TSCs TSCs while maintaining their stemness [28]
phenotype
H3K4Me2; HAK20me3 Cenome Wide SCTe H3K4Me2 co—lo{ah;es with active RNAP 1in the 129
majority of STB nuclei
H3K27me3 Genome Wide vCT H3K27me3 highly represented in vCT [30]
TUGI epigenetically silences RND3 transcription
IncRNA TUG1 RND3 HTR-8/5Vneo, JEG-3 by interacting with EZH2 involved in cellular [31]
proliferation, migration and invasion in
trophoblasts
IncRNA RPAIN ciq HTRS/SVneo Inhibition of proliferation an‘d invasion. Inhibits @2
Clq expression
IncRNA MALAT1 JEG-3 Regulates proliferation, migration, invasion and 3]
apoptosis
IncRNA MEG3 HTR8/SVneo and JEG-3 Regulates migration and apoptosis [34]
IncRNA MIR503HG - Regulates migration and invasion [35]
IncRNA LINC00629 JEG-3 Regulates migration and invasion [35]
Regulates migration and apoptosis/interferes o
IncRNA SPRY4-IT1 HuR HTR8/SVneo with the B-catenin Wt signaling [36,37]
IncRNA H19 . S;ﬁg‘;}j‘h wnd vCT, JAR Regulates proliferation and apoptosis [38]
Inhibits TTR expression by directly binding to
miR-141-3p and miR-200a-3p Transthyretin (TTR) syncytitialized BeWo the 3'UTR of TTR. Regulate thyroxin uptake by [39]
the SCT
Plasminogen activator
miR-34 inhibitor-1 (PAI-1), JAR Regulates invasion [40,41]
SERPINA3
miR-155 Cyclin D1 HTR-8/SVneo attenuates trophoblast proliferation [42]
miR-17_92, miR-106a_363, o "
miR-106b_25 GCM1 of t [43]
miR-675 NOMOL1, IgfiR JEG3 cells restricts trophoblast proliferation [44]
C19MC miR cluster HTRS/SVneo impaired migration [45]
Loss of methylation during both vCT
methylation of gene body DAXX Human placenta syncytialization to SCT and EVTs differentiation [46]
to invasive EVTs
methylation of gene promoter APC Hluman placenta and trophoblast invasiveness [47)
choriocarcinoma cells
hypomethylated promoter MASPIN Human placenta inhibits EVTs migration and invasion [24,25,48]
Hypermethylated promoter RASSFIA Human placenta; JAR; JEG3 ' essiblerole in cytotrophoblast development [49]

Genome wide methylation

Genome wide methylation

PMDs (Partially
Methylated Domains)

Genome Wide

human placenta: Chorionic Villi

human SCTs compared to vCTs

through its effects on TD2
genes involved in immune response,
Epithelial-mesenchymal transition and
inflammation
hypomethylated SCTs compared to vCTS
DNA methylation status of numerous genes

Genome wide methylation Genome Wide BeWo and BeWo + Forskolin  regulated at the expression level were altered by~ [54]
forskolin-induced fusion
— Increased methylation across gestation correlates
Methylation genes: TLX1, Human placenta with decreased expression. Involved in SCTs (461
HOXAI0, DLX5 pression.
differentiation
Genome wide methylation Genome Wide Side-popuation rophoblasts:  Fach cell population has a distinctive methylome  [55,56]

Methylation

Methylation

Cdx2; Eomes; Plet1;
TcFap2e

Genome Wide

Mice trophoblast stem cells
(TSCs)

Blastocyst

methylation regulates the expression of genes
involved in the establishment of the TSCs
hypomethylation of the trophectoderm
compared to the inner cell mass
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2.3.1. DNA Methylation

The best studied epigenetic mechanism in the placenta is DNA methylation, the covalent addition
of a methyl group to a cytosine, usually in the context of cytosine-phospho-guanine (CpG) dinucleotides.
Several reviews have been dedicated to the role of this mechanism in placental development [10,12,61].
Also, several high-throughput analyses have been performed to analyze the methylation epigenetics of
the developing placenta (Table 2, Supplementary Table S1 for the details).

Table 2. Summary of DNA methylation studies in developing placenta using genome-wide approaches.

Sample Method GEOID Findings Reference
First-trimester and term placenta and maternal . ” 2944 hypermethylated CpG sites in the first &
blood Hlumina HM450 and 5218 in third trimester placenta. 1621
5 e MeDIP-Seq and 3759 CpG sites in 2188 regions were &
First-trimester placenta and maternal blood Ilumina HM450 differentially methylated [63]
Hlumina HM450 and Identification of partially methylated
Placenta (first, second and third trimester) MethylC-Seq & GSE39777 domains (PMDs) and differences between [51]
RNA-Seq placenta and other tissues
. st . Increase in overall genome methylation
Placenta (first, second and third trimester) Tllumina HM27 Chaiad B it b el et [64]
Term placenta Memp #custam Tisgtiessp |.fxc % 4 [65]
microarray regions in the placenta
Human trophoblasts are different from
Various human trophoblast populations Tllumina HiSeq 2000  GSE109682 somatic cells in terms of global CpG [56]
methylation
Methylation profiles of E18.5 term placentaof  Illumina HiSeq 2000 oy 40)c HItf-gene deletion alters the epigenetic 66]
WT and HItf—/— mouse (Mus musculus) landscape of the placenta. .
Fetal placental tissue of both sexes in GR+/+ vs. Hlumina HiSeq 2000 GSE123188 GR mutation in mice changes lhe'\ epigenome 167]
GR+/— mice of placental tissue in a sex-specific manner
Human placentas Illumina HM450  GSE108567 dissting for batch £BEC AL DNA [68]
methylation
Epigenetic mechanism of mouse embryo Illumina HiSeq 2500 H3K27me3 and DNA methylation in
GSE104243 . 55 [69]
development (Mus musculus) extraembryonic and embryonic lineages
Samples from different normal human tissues Tllumina HM450 GSE103413 Identifying candidate imprinted genes ux?:::l;izizd
phite and oxi bisulphite converted ) Hydroxymethylcytosine and methylcytosine N
placental DNA lllumina HM450 GSE93429 profiles in the human placenta [70]
Methylation in first and third trimester Mumina Genome GSE98752 Complex Association between DNA 71]
placental samples Analyzer lix = Methylation and Gene Expression 4
DNA Methylation in Human Fetal Tissues and Mumina HM450 GSE76641 DN{\ me{hyllatxon and transcriptional 1721
Human IPSC trajectories in human development.
DNA methylation of fetal membranes, " Genome-scale fluctuations in the Database,
trophoblasts and villi 2nd trimester Mlhumina HM450 SSESEYES cytotrophoblast epigenome unpublished
DNA Methylation Divergence and Tissue
Developing mouse placenta Illumina HiSeq 2000 GSE84350 Specialization in the Developing Mouse [73]
Placenta
i 3 DNA methylation profiling of first trimester 5
Villous cytotrophoblasts samples Tllumina HM450 GSE93208 villous cytotrophoblasts [52]
Placental tissue collected at term. Tllumina HM450 GsEzizly  DNA methylation and hydroxymeliylation [74]
assessment.
DNA from chorionic villus from the Tst llumina HiSeq 2000 DINA Methyiation Eredictors o} Gene, Database,
7 R s GSE58826 Expression in the 1st Trimester Chorionic @
trimester and maternal blood cell samples (Homo sapiens) Villus unpublished

The human placenta exhibits a dichotomized

Methylation patterns of human placenta, blood ~ Tllumina HiSeq2000  gpcooce DNA metnylation pattern sompared (0 -

neutrophils and somatic tissue (Homo sapiens) e
somatic tissues
mRNA and DNA methylation profiling of Nlumina HiSeq 2000 GSE66049 Maternal DNA methylation in early 176]
Dnmt3a/3b-null trophoblasts (Mus musculus) trophoblast development 8
Imprinted differentially methylated regions in  Illumina MiSeq (Homo Polymorphic imprinted methylation in the oy
% s GSE76273 771
hu-man villous trophoblast and blood samples sapiens) human placenta
Placental villous explant c.u.lture in different Hlumina HM450 GSE60885 Genome-wide I?NA r.nethylahon identifies 178]
growth conditions trophoblast invasion-related genes.
Trophoblast methylation in NLRP7 knockdown Tllumina HM450 GSE45727 NLRP?7 alters CpG methylation 791
Dlumina Epi me analysis of placenta samples from Datab:
Bisulphite converted DNA HumanMethylation27 ~ GSE36s29 ~ P '8enome analysis of placenta samples i
: newborns unpublished
BeadChip
Illumina

First trimester, second trimester and full-term Widespread changes in promoter

placentas Huma;ehgsg):il;uonﬂ GSE31781 methylation profile in human placentas. 1801
Chorionic villus and maternal blood cell Hlumioe DNA Methylation Analysis in H
horionic villus and maternal blood ce! HumanMethylation27  GSE23311 ethylation Analysis in Human 181]

samples BeadChip Chorionic Villus and Maternal Blood Cells

Differentiation of Stem Cells

Contrary to mice, a Trophoblast Stem Cell (TSC) population has not yet been clearly identified
in humans, thus limiting our capacity to study the role of DNA methylation in the early stages
of trophoblast differentiation. A recent study has addressed this question using a side-population
trophoblasts, a candidate human TSC [55], isolated from first trimester placenta. The comparison of
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the methylomes of this side-population trophoblasts and the methylomes of vCTs and EVTs all isolated
from the same first trimester placenta, showed that each population had a distinctive methylome [56].
In comparison to mature vCTs, side-population trophoblasts, showed differential methylation of
genes and miRNAs involved in cell cycle regulation, differentiation and regulation of pluripotency.
In addition, the comparison of the methylomes and transcriptomes of vCTs and EVTs revealed the
methylation of genes involved in epithelial-mesenchymal transition (EMT) and metastatic cancer
pathways, which could be involved in the acquisition of the invasive capacities of the EVTs. However,
this study, as many others, failed to establish a systematic correlation between hypermethylation of the
genes and downregulated expression. Therefore, the authors conclude that although CpG methylation
is involved in the trophoblasts differentiation, it cannot be the only regulatory process.

Regulation of Homeotic Genes

Several studies have identified and established the importance of the transcription factors of the
homeobox gene family (HOX) in the development of human placenta [82-86]. Most HOX genes have
been found stably hypo-methylated throughout gestation, suggesting that DNA methylation is not the
primary mechanism involved in regulating HOX genes expression in the placenta. However, these
genes show variable methylation patterns across gestation, with a general trend towards an increase
in methylation over gestation. Three genes (TLX1, HOXA10 and DLX5) present slightly increased
methylation while their mRNA expression decreases throughout pregnancy, supporting a role for
DNA methylation in their regulation [46]. Down-regulation of these genes using siRNAs specific for
DLX5, HOXA10 and TLX1 in primary trophoblasts leads to loss of proliferation and to an increase in
mRNA expression of differentiation markers, such as ERVW-1. This suggests that loss of these proteins
is required for proper SCT development [46].

Placental Development and Cancer Pathways

The early steps of placentation are reminiscent of the invasive properties of malignant tumors.
Studies on DNA methylation in cancer cells and placental cells have highlighted similarities in
their epigenomes, particularly, a widespread hypomethylation throughout the genome and focal
hypermethylation at CpG islands. Hypomethylation within the placenta is not uniform but occurs in
large domains (>100 kb) called partially methylated domains (PMDs) which are regions of reduced
DNA methylation that cover approximately 40% of the placental genome [51]. PMDs are unique to a
few different tissue types that include the placenta, cultured and cancer cells [50,51,87]. Placental genes
within PMDs tend to be tissue-specific and show higher promoter DNA methylation and reduced
expression as compared with somatic tissues [51]. A genome-wide comparison of DNA methylation
changes in placental tissues during pregnancy and in 13 types of tumor tissues during neoplastic
transformation revealed that megabase-scale patterns of hypomethylation distinguish first from third
trimester chorionic villi in the placenta [52]. These patterns mirror those that distinguish many
tumors from the corresponding normal tissues. The genomic regions affected by this hypomethylation
encompass genes involved in pathways related to EMT, immune response and inflammation, all of
them associated to cancer phenotypes. Moreover, the authors observed that hypomethylated blocks
distinguish vCTs before 8-10 weeks of gestation and after 12-14 weeks of gestation. The analogy
between early placentation and malignant tumors at the epigenetic level is further stressed by studies
analyzing the methylation status of the promoters of several tumor suppressor genes (RASSF1A,
SERPINBS also known as APC and Maspin, respectively) in the developing placenta and human
choriocarcinoma cell lines (JAR and JEG3) [25,49]. These studies show that promoter DNA-methylation
regulates the expression of these tumor suppressor genes which in turn affects the migration and
invasive capacities of the trophoblastic cells (As summarized in Table 1).
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2.3.2. Non-coding RNAs and Epigenetic Regulation of Placenta Development

Definition

A non-coding RNA (ncRNA) is defined as an RNA molecule that is not translated into a protein.
Classes of non-coding RNAs include transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), small RNAs
such as microRNAs (miRNAs), siRNAs, piRNAs, snoRNAs, snRNAs, exRNAs, scaRNAs and the long
ncRNAs [88]. The role of these molecules in placental development, physiology and pathology has
been recently reviewed in detail [89]. Here we will discuss solely the role of miRNAs and long ncRNAs
in the epigenetic control of placental development.

MiRNA and Normal Human Placental Development

The miRNAs are single stranded RNA molecules of 19-24 nucleotides, which act primarily by
degrading mRNA transcripts or inhibiting translation of miRNA in to proteins [90]. To date, more than
2000 human miRNAs have been discovered, which appear to regulate 50% of human RNAs [91].
A large number of miRNAs detected in the placenta are expressed from a gene cluster located on
chromosome 19 (C19MC) [92,93]. This cluster includes 46 intronic miRNA genes that express 58
miRNA species. These miRNAs are primate-specific, and they are expressed almost exclusively in
the placenta (and are thus termed trophomiRs). In the human placenta, the expression of C19MC
miRNAs is detected as early as 5 weeks of pregnancy and the expression gradually increases as
pregnancy progresses [94]. An imprinted, paternally expressed, CpG-rich domain has a regulatory role
in C19MC expression [95]. This DMR, is hypermethylated in cell lines that do not express C19MCs [96].
The C19MC region contains genomic transposable elements called “Alu repeats”, which have been
implicated in recombination and gene duplication events. Because of their sequence complementarity it
has been proposed that several C1I9MC miRNAs could be responsible of the targeting and degradation
of transcribed Alu elements. Also, the C19MC miRNAs are expressed in embryonic and in stem cells
but their expression drops considerably when these cells differentiate, which may indicate a role in
the maintenance of an undifferentiated state [97-101]. Several members of the C19MC cluster are
expressed at much higher levels in vCT compared with EVTs and overexpression of the CI9MC cluster
results in reduced migration of the extravillous trophoblast line HTR8/SVneo [45]. The chromosome 14
miRNA cluster (C14MC) is another miRNA cluster that is expressed in the placenta [102]. This cluster
includes the miRNAs: miR-127, miR-345, miR-370, miR-431 and miR-665. These miRN As have been
involved in the regulation of the immune suppressive, anti-inflammatory response and also in the
regulation of the ischemia/hypoxia response [103]. The expression of the C14MC members generally
declines during pregnancy [104].

The miR-675 is expressed from the first exon of the H19 long non-coding RNA. Up-regulation
of miR-675, which is controlled by the stress-response RNA-binding protein HuR, restricts murine
placental growth. Deficiency of H19, promotes placental growth and miR-675 overexpression decreases
cell proliferation, likely through targeting IgfIR [105]. Consistent with these findings, the expression of
miR-675 rises toward the end of murine pregnancy, when placental growth decelerates. In addition,
miR-675 restricts proliferation in JEG3 cells, likely through binding to the nodal modulator 1 (NOMO1)
protein [44].

Several other miRNAs are likely involved in placental development by inhibiting genes associated
to regulation of trophoblast fate, invasion and proliferation (Let-7a, miR-377, miR-145, members of
the miR-17_92 cluster, members of the miR-106a_363 and miR-106b_25 clusters, miR-155, miR-34,
miR-141-3p and miR-200a-3p) [106,107]. As additional examples of regulation, mir-431inhibits invasion
of trophoblast cells by targeting the ZEB1 gene [108], miR-106a~303 inhibits trophoblast differentiation
by targeting hCYP19A1 and hGCM1 [43], miR-34 targets SERPINA3, a key gene in a variety of biological
processes and highly deregulated in placental diseases [41].

These miRNAs regulate diverse processes such as trophoblast physiology, proliferation and
invasion (some mentioned in Table 1 and reviewed in Reference [107]).
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IncRNA and Normal Human Placental Development

Long non-coding RNAs (IncRNAs) are RNAs greater than 200 nucleotides in length that do not
encode a protein product. They are expressed with cellular and temporal specificity and have been
involved in many cellular events, including the regulation of gene expression, post-transcriptional
modifications and epigenetic modifications, imprinting and X-chromosome inactivation [109]. They act
as scaffolds (binding other RN As or proteins), signals and antisense decoys and engage in transcriptional
interference. Usually a single IncRNA has multiple functions. The function of IncRNAs in placental
development is poorly understood, mostly inferred from studies on placental pathologies. Nevertheless,
IncRNAs have been involved in a number of critical trophoblast functions, from proliferation, invasion
and migration, to cell cycle progression [110]. H19 was one of the first IncRNAs to be discovered [111].
H19 is located within a large imprinted domain on chromosome 11, at ~100 kb downstream of IGF2.
H19 and IGF2 are reciprocally imprinted that is, for H19 only the maternal allele is expressed, while for
IGF2, only the paternal allele is expressed [112]. H19 expression could be regulated by PLAGL], a zinc
finger transcription factor, in the human placenta [113]. Two major functions have been described for
H19, specifically as a modulator for binding small RNAs and proteins [114] and as a source of the
miRNA mir-675 (see above). H19 has variable levels of biallelic expression in the placenta (reports
suggest between 9% and 25% expression occurs from the imprinted allele) until 10 weeks of gestation by
which time H19 expression is mostly restricted to the maternal allele [115]. H19 expression is restricted
to intermediate and vCT and is not found within SCTs in the human placenta. H19 down-regulation
in trophoblast cells leads to inhibition of proliferation and apoptosis [116]. Many other IncRNAs
have been involved in placental development, including lincRNA SPRY4-1T1, MIR503HG, LINC00629,
MEG3, MALAT1, RPAIN and TUG1 [31-37]. The study of the expression of these IncRNAs during
placental development and the manipulation of their expression in vitro in choriocarcinoma cell made
it possible to infer their possible function in the context of placental development (Table 1).

2.3.3. Histone Modifications in the Developing Placenta

Histone modification is the process of modification of histone proteins by enzymes, including
post-translational modifications, such as methylation, acetylation, phosphorylation and ubiquitination.
Histone modifications participate in gene expression regulation by modulating the degree of chromatin
compaction [117].

Our knowledge concerning the role of histones modification in human placentation is scarce and
refers mostly to studies in mice. Methylation frequently occurs on histones H3 and H4 on specific
lysine (K) and arginine (A) residues. Histone lysine methylation can lead to activation or to inhibition,
depending on the position in which it is located. For instance, H3K9, H3K27 and H4K20 are considered
as important ‘inactivation” markers, that is, repressive marks, because of the relationship between
these methylations and heterochromatin formation. However, the methylation of H3K4 and H3K36
are considered to be ‘activation” marks [118,119].

The heterochromatin methylation marker H3K27me3 was found to be highly active in vCT.
That was explained by rapid and transient repression of genes at the time of SCT formation. SCTs nuclei
were also found enriched for H4K20me3 [30]. However, this report contrasted with another study
reporting that the CTs were enriched with H3K4me3 and that the SCTs were transcriptionally activated
by the chromatin marker H3K4me2, which co-localized with active RNAP II in the majority of SCT
nuclei [29]. In mouse and other mammals, H3 arginine methylation predisposes blastomeres to
contribute to the pluripotent cells of the ICM, which appears to require higher global levels of H3
arginine methylation than the TE/trophoblast lineage [120]. Nevertheless, these lower modification
levels in the trophoblast lineage are indispensable for normal placental development.

Acetylation, which in most cases occurs in the N-terminal conserved lysine residues, is also
an important way to modify the histone proteins, for example, acetylations of lysine residues 9
and 14 of histone H3 and of lysines 5, 8, 12 and 16 of histone H4 by Histone Acetylases (HATSs).
Acetylation is generally associated with the activation or opening of the chromatin. On the contrary,
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de-acetylation of the lysine residues by histone deacetylases (HDACs) leads to chromatin condensation
and inactivation of gene transcription. Oxygen (O;) concentrations strongly influence placental
development partially through modifications of the histone methylation codes. Initially, the gestation
environment is hypoxic and O, concentration increases during development. Hypoxia-inducible
factor-1 (HIF-1), consisting of HIF-1oc and ARNT subunits, activates many genes involved in the
cellular response to O, deprivation [121]. HIF-1 is also known to recruit and regulate HDACs [122,123].
Moreover, HIF-1 has been found to bind specific sites on the promoter of the H3K9 demethylases
thereby inducing their expression. In particular, it induces JMJD1A and JMJD2A that remove dimethyl
marks on H3K9me2, JMJD2B [124,125] which removes trimethyl marks (H3K9me3) and more weakly
JMJD2C which converts H3K9me3 to me2 [126]. Studies in rodents have shown that HIFs have
important roles in the regulation of TSCs differentiation by integrating physiological, transcriptional
and epigenetic inputs. Thus, the crosstalk between HIF and the HDACs is required for normal
trophoblast differentiation [123,127].

Another example of histone modification during placentation, is the acetylation of histones H2A
and H2B by the CREB-binding protein (CBP). CBP acts as an acetyltransferase that decreases the EMT
and invasiveness of murine TSCs while maintaining the properties of stem cells [28].

Trophoblastic fusion depends on the regulation of GCMa activity by HATs and HDACs. Human
GCMa transcription factor regulates expression of syncytin, which in turn mediates trophoblastic fusion.
It has been demonstrated that CBP-mediated GCMa acetylation underlies the activated cAMP/PKA
signaling pathway that stimulates trophoblastic fusion [27]. Human pregnancy-specific glycoproteins
(PSG) are the major secreted placental proteins expressed by the SCTs and represent early markers of
cytotrophoblast differentiation. Pharmacological inhibition of HDACs in JEG-3 cells up-regulated PSG
protein and mRNA expression levels. This correlated with an increase in the amount of acetylated
histone H3 associated with PSG promoter [26]. Combined acetylation at H3K9 and H3K4 methylation
also activates Maspin, a tumor suppressor gene which is negatively correlated with human trophoblasts
motility and invasion [24,25]. The invasive capacity exhibited by EVTs is attributed in part to the
extracellular matrix degradation mediated by matrix metalloproteinases (MMPs) such as MMP-2 and
MMP-9. Differential expression of these MMPs and their tissue inhibitors (TIMPs) has been associated
to histone H3K9/27me3 [23].

2.3.4. Imprinting and Placental Development

Placentation and the Materno-Fetal Conflict

Pregnancy in Eutherian mammals is an immunological challenge as reviewed recently [128].
To note, an ancestral inflammatory response in pregnancy and parturition also exist in marsupials
(metatherians), as recently observed [129,130]. Other mechanisms are equally conserved in the formation
of the placenta, in particular the fusion mechanisms of cytotrophoblasts into syncytiotrophoblasts that
are mediated by retroviruses, in eutherians as well as in metatherians [131].

Once the placenta is formed, it will allow nutrients to transit from the mother circulation to the fetal
circulation. In the context of the maternal-fetal conflict hypothesis, tightly regulating the placentation
process and limiting placental growth is crucial for the mother survival. The genes controlling this
regulation are expected to be found different between viviparous and non-viviparous species. For this,
mammals appear as an excellent model as a group of ~4500 species divided into egg-laying animals
(prototherians, Platypus and Echidnaes, 5 species), animals with a short-lived placenta (metatherians,
Marsupials ~250 species) and viviparous species with a long-lived placenta (eutherians, i.e., all the
other mammals, where gestation length can be up to 22 months in the African elephant). One major
difference found between the genome of placental species and non-placental species of mammals is the
presence of imprinted genes only in the first group.
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Definition of Imprinted Genes and Links with Viviparity

Imprinted genes are genes that are expressed from either the maternal or the paternal allele,
mainly through differentially methylation mechanisms. Their existence leads to dramatic phenotypic
differences in animal hybrids according to the sense of the cross. For instance, interbreeding of lions
and tigers results in two morphologically different animals, if the male is the lion or the male is the
tiger, leading to a liger or a tigon, respectively [132]. While the tigon has a size like that of its parents,
the liger is the largest existing felid (up to >400 kg) and several hypotheses have been raised to explain
this fact, mostly connected to the existence of imprinted genes. Experimentally, in the 80s, Solter
and Surani carried out nuclear transfer experiments that demonstrated in mice the necessity of a
paternal and maternal genome to foster healthy development [133]. Androgenetic embryos lead to the
production of a hypertrophic placenta while gynogenetic embryos had a very small placenta and a
stunted embryo. Similarly, in humans, development from two paternal genomes leads to hydatiform
moles, where the placenta is composed of grapelike vesicles, whereas parthenogenic development
leads to the apparition of teratomas [134].

As far as we know today, imprinting is closely associated to viviparity. The sequencing of the
platypus genome in 2008 [135] revealed syntenic regions that are relatively well conserved with the
eutherian and marsupials, albeit no evidence of imprinted gene can be found in Monotremes. This may
be since acquisition of imprinting in a species seems to be associated to the progressive acquisition
of CpG islands (besides other mechanisms, such as chromosome translocations or retrotransposons
insertions), that appear absent from the platypus genome [136,137]. In marsupials (metatherians),
where the placenta is short-lived, the number of imprinted genes is more limited than in eutherian
mammals. Two imprinted regions are well conserved between metatherians and eutherians such as the
PEG10 and the H19-IGF2 regions [135]. Similarly, an exhaustive analysis of the transcriptome of chicken
failed to identify imprinted genes, while allele specific expression does exist [138,139]. The evidence
collected therefore strongly links these genes with the placenta presence. Besides, imprinted genes
may have a strictly paternal or strictly maternal expression. Series of invalidation experiments in mice
indicated that paternal genes tend to increase placental growth while maternal genes tend to limit this
growth [140].

Example of the H19-IGF2 Cluster; Cross Species Conservation of Imprinted Genes

A well-known example of this is the H19-IGF2 cluster localized distally at 11p15.5 in humans and
7qF5 in mice. In both species, the structure of the locus is conserved (about 100 kilobases separating the
two genes, with differentially methylated regions inside IGF2 and nearby H19). An IMC (Imprinting
Control Region), located 3 kb from the starting point of H19 has also been identified, with seven
binding sites for the ZNF transcription factor CTCFE. H19 is expressed exclusively form the maternal
allele, while IGF2 is expressed from the paternal allele. In mice, a placental specific promoter of Igf2
was discovered. The selective invalidation of this promoter [141] leads to a strong decrease of placental
development and placental growth. By contrast, the invalidation of H19, leads to placental and fetal
overgrowth [142]. Amongst other imprinted genes that affect placental and fetal growth besides H19
and IGF2 are paternally expressed genes, generally identified in mice (Pegl, Peg3, Rasgrfl, Dlk1) and
maternally expressed genes (Igf2r, Gnas, Cdknlc, Grb10).

Interestingly, in mice, the decoy receptor of Igf2, Igf2r is imprinted and with a maternal profile of
expression. In humans, surprisingly, the imprinting status of IGF2R seem to be erratic, polymorphically
imprinted according to the human individual analyzed. This was first published in 1993 [143] that
showed that 2 out of 14 fetuses had an exclusive expression from the maternal allele. Recently it was
shown that IGF2R is duly imprinted in macaques [144], showing that even in primates, the imprinting
status can vary between relatively close species. Overall, it appears that many placental imprinted
mouse genes are biallelic in their expression in humans [145]. Reciprocally, in a study aiming at
identifying novel imprinted genes in the human placentas, we compared variants of the placental
DNA versus those of cDNAs from the same placentas using SNP microarrays [146,147]. In addition to
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four known imprinted genes (IPW, GRB10, INPP5F and ZNF597), we could identify 8 novel imprinted
genes in the human placentas (ZFAT, ZFAT-AS, GLIS3, NTM, MAGI2, ZC3H12C, LIN28b and DSCAM).
Using a mouse cross allowing the following of the allelic origin, we found an astonishing variegation
of the imprinting status: only Magi2 was imprinted in the mouse species.

Imprinted genes may have a general impact on the global methylation status of the placenta.
For instance, recently a polymorphism located at the IGF2/H19 locus was shown associated to placental
DNA methylation and birth weight in association with Assisted Reproductive Technologies usage [148].

Imprinted genes deregulation in the placenta is linked to placental diseases, as reviewed in
References [149,150]. In a recent study, Christians and coworkers, analyzed a list of 120 imprinted
genes in relation with global expression of 117 placental samples, including PE and Intra Uterine
Growth Restriction (IUGR) cases [151]. The authors identified a significant correlation between
birth weight and the expression level of imprinted genes but without significant differences between
paternally versus maternally expressed genes. Imprinted genes were also more heavily deregulated
in preeclampsia than other genes and in this case paternally expressed genes were down-regulated,
while maternally expressed genes were up-regulated. The trend was similar for IUGR. Interestingly,
the two human-specific microRNA clusters (C19MC and C14MC), both appear to be imprinted
(paternally and maternally expressed) for CI9MC and C14MC, respectively, clusters that have been
duly studied by the team of Yoel Sadovsky [45,89,152]. Recently, we identified duplication in the
19q13.42 imprinted region encompassing the C19MC cluster [153], from a male 26 weeks fetus with
severe IUGR, suggesting that a double dose of the miRNA could contribute to the disease. This suggests
links between miRNA regulation, imprinting status and the putative consequences for fetal health
and growth.

3. Epigenetic Alterations in Preeclampsia

3.1. DNA Methylation Alterations in Preeclampsia

Anomalies of DNA methylation in preeclampsia have been analyzed from different cellular
sources. Besides the analysis of placental cells, investigators have analyzed circulating maternal
blood cells or cell-free DNA, as well as maternal endothelial cells (much less accessible, though) and
cord-blood white blood cells (of fetal origin). A list of genes of which methylation was found altered is
presented as Table 3.

A summary of epigenetic mechanisms at work in PE is shown in Figure 2.

3.1.1. Methylation Alterations in the Preeclamptic Placenta

Common Alterations of Gene Expression in PE are Associated to Methylation Alterations

Numerous studies revealed altered expression of various genes in the pathological placentas
(as synthesized previously [154]). These alterations of gene expression are partly explained by the
existence of epigenetic deregulations. In PE, numerous methylation deregulations have been found
in the pathological compared to control placentas, some studies (but not all) taking into account the
gestational age, a recurrent issue when normal and pathological placentas are compared, for which
there is often a more than 6 weeks difference [155-160]. The different techniques used to analyze
methylation globally are presented in a previous review [161]. These epigenetic changes probably
originate from the abnormal placental environment in PE (or IUGR), characterized by alternations
of low oxygen tension and hyperoxia. As mentioned above, hypoxia per se induces the expression
of the Hypoxia-Inducible factor (HIF1«), which binds to Hypoxia Responsive Element activating
the transcription of various genes related with angiogenesis and metastasis-associated genes [162].
Overall, abnormal oxygen signaling in the placental context leads to increased concentrations of
Oxygen Reactive Species (ROS) [163]. Oxidative stress may drive an accelerated ageing of trophoblast
cells, which could be key to understand the origin of placental disorders. Indeed, several studies
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emphasized alterations of telomere length (a mark of ageing) in preeclamptic pregnancies, with a drastic
augmentation of short telomeres in PE, especially in Early Onset PE (EOPE) [164-166]. This senescence
may be induced by alterations of the management of oxidative stress [167-169]. The accelerated
transformation of vCTs into SCTs will lead to a decrease life expectancy of the placenta and an alteration
of its capacity to bring the gestation harmoniously to its normal term.

Preeclampsia: molecular mechanisms at a glance
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Figure 2. Overview of the molecular mechanisms at play in preeclampsia. Annotations: eNOS =
Endothelial Nitric Oxide Synthase; EZH2 = Enhancer of Zeste Homolog 2; FOXP3 = Forkhead box P3;
IGF-1 = Insuline-like Growth Factor 1; ISCU = Iron-sulfur cluster; Lnc-DC = Long non-coding RNA DC;
miR-30a-5p = microRNA 30a-5p; miR-155 = micro-RNA 155; miR-210 = microRNA 210; MMP-9 = Matrix
Metalloproteinase-9; NO = Nitric Oxide; RND3 = Rho Family GTPase 3; ROS = Reactive Oxygen Species;
sENG = Soluble endoglin; sFLT1 = Soluble fms-like tyrosine kinase receptor-1; STAT3 = Signal transducer
and activator of transcription 3; STOX1 = Storkhead Box 1; TET2 = Tet methylcytosine dioxygenase 2;
TIMP3 = TIMP Metallopeptidase Inhibitor 3; TUGI = long non-coding RNA taurine-upregulated gene 1;
VEGF = Vascular Endothelial Growth Factor.

It is well known that persisting environmental variations induce changes in the epigenetic marks,
including DNA methylation. These marks can either be mere biomarkers or participate actively
in regulating genes to overcome the changing environmental conditions (although gene expression
changes are often disconnected from methylation alterations).

Overall, several of the genome-wide studies showed that the methylation profiles differ between
early and late onset of preeclampsia (EOPE and LOPE), suggesting a different etiology between these
two types of PE [170-173]. EOPE shows more pronounced genome-wide hypermethylation changes
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than LOPE, probably since it is caused by earlier alterations allowing the epigenetic reprogramming to
install earlier, in reason of the earlier cellular stress [171,174].

Using the Illumina Methylation 450 BeadChip Array, Yeung and coworkers, identified 303
differentially methylated regions in PE, 214 hyper and 89 hypomethylated, after adjusting for
gestational age. The genes located nearby or encompassing hypermethylated regions were enriched in
gene-ontology (GO) terms such as “ATP transport”, in KEGG pathways, such as “steroid hormone
biosynthesis”, “cellular senescence” and Reactome pathways, such as “Vpr-mediated induction of
apoptosis by mitochondrial outer membrane (SLC25A6 and SLC25A4)". The annotation of clusters also
revealed an alteration of clusters of homeobox genes, (especially HOXD genes), Wnt2 cell signaling;
fertilization and implantation genes; reactive oxygen species signaling (NOX5) and cell adhesion
(ALCAM) genes [158]. Amongst the most recent studies, Leavey and coworkers used a novel approach
based upon bioinformatics to sort 48 human PE samples through their transcriptome profile before
subjecting them to methylation analysis, using the Illumina Human methylation450K array. This made
it possible to divide the preeclamptic cases into two groups associated to abnormal methylation
marks nearby ‘immunological” genes or more ‘canonical’ EOPE cluster, with for instance abnormally
methylated CpG in FLNB, COL17A1, INHBA, SH3PXD2A, as well as in the gene body of FLT1 [160].

In 2015, the study of Zhu and coworkers [175] was the first to analyze simultaneously methylation
and hydroxymethylation in the PE placentas. Hydroxymethylation results from the hydroxylation
of methyl-Cytosine is a first step towards the active demethylation of DNA through the action of
Ten+Eleven Translocation enzyme (TET) proteins, and could play an important role in gene expression
regulation [176]. The authors showed that the methylation level is higher in gene promoters and gene
bodies in PE versus control placenta. Surprisingly most of the clustering of the genes that were altered,
either by methylation or by hydroxymethylation were associated with nervous system development,
neurotransmitters, neurogenesis, which are presumably not relevant in a non-neural tissue as the
placenta. Nevertheless, positive regulation of vasoconstriction was also enriched as a GO term, as well
as regulation of nitrogen compounds, two pathways that have a clear biological sense in terms of
placental diseases pathophysiology (association with vascularization and with the modulation of
oxidative/nitrosative stresses).

Table 3. Differentially methylated genes in preeclampsia.

Methylation

Cell Type Gene State in PE Possible Target Reference
Placenta and maternal plasma SERPINB5  Hypomethylated Trophoblast Invasion [177]
First-trimester maternal white ABCA1 Hypomethylated Cholesterol transporter in macrophages [178,179]

blood cell and placenta samples
First-trimester maternal white
blood cell, placenta samples, GNAS Hypomethylated Diabetes, hypertension and metabolic diseases [178,179]
umbilical cord blood
First-trimester maternal white
blood cell and placenta samples
First-trimester maternal white

TAPBP Hypomethylated  Peptide loading in the Histocompatibility complex [178]

blood cell and placenta samples DYNLL1 Hypomethylated Phosphate metabolic processing [178]
bll::;)s; S:ﬁ‘:;:;?:il:{:ﬁ;g}:::s ORPD1 Hypomethylated Opioid Receptor [178]
Placenta TIMP3 Hypomethylated Metalloprotease Inhibitor [180]
Placenta P2RX4 Hypomethylated Apoptosis and Inflammation [170]
Placenta PAPPA2 Hypomethylated Insuline-like growth factor regulator [170]
Placenta DLX5 Hypomethylated Trophoblast proliferation and differentiation [181]
Placenta KRT15 Hypomethylated Cytoskeleton [182]

Inhibition of inflammation, pathogen degradation

Placenta SERPINA3  Hypomethylated and tissue remodeling [183]
Cell adhesion, trophoblast proliferation, "
Placenta FN1 Hypomethylated differentiation and apoptosis [182]
Placesita TEAD3 Hypomethylated Cell homeostasis, Inﬂamma‘hm?, Coagulation, [184]
complement activation
Placenta JUNB Hypomethylated TNF signaling pathway [182]
Placenta PKM2 Hypomethylated Cellular metabolism [182]
Placenta NDRG1 Hypomethylated Trophoblast invasion [182]
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Table 3. Cont.

Cell Type Gene L;‘::'eyil:t;,%n Possible Target Reference
Placenta BHLHE40  Hypomethylated Inhibition of trophoblast differentiation [171]
Placenta INHBA Hypomethylated Inhibition of trophoblast differentiation 1711
Placenta CYP11A1 Hypomethylated ~ Trophoblast autophagy and steroidogenic pathway [184]
Placenta HSD3B1 Hypomethylated Steroidogenic pathway [184]
Placenta TEAD3 Hypomethylated Steroidogenic pathway [184]
Placenta CYP19 Hypomethylated Steroidogenic pathway [184]
Placenta CRH Hypomethylated Cortisol bioavailability in the placenta [184]
Placenta TFPI-2 Hypomethylated Block in endothelial dysfunction [185]
Placenta VEGF Hypomethylated Angiogenesis [186]
Ummbilical c:;i‘;i::d’ placents IGF2 Hypomethylated Embryonic development and fetal growth [179,187]
Placenta and Peripheral Blood GNA12 Hypomethylated Blood pressure [188]
Placenta CAPG Hypomethylated Macrophage function [189]
Placenta GLI2 Hypomethylated Embryo development [189]
Placenta KRT13 Hypomethylated Cytoskeleton [189]
Placenta LEP Hypomethylated Cell homeostasis and metabolism [190]
Placenta LP1 Hypomethylated Lipid metabolism [191]
Placenta CEBPa Hypomethylated Transcription stimulation of LEP promoter [191]
Placenta SH3PXD2A  Hypomethylated Trophoblast invasion and podosome formation [191]
Placenta NCAM1 Hypomethylated ~ Trophoblast-trophoblast interactions and adhesion [174]
Cord blood samples HSD11B2 ~ Hypomethylated ~ Cortisol transmission from the mother to the fetus [192]
Placenta WNT2 Hypermethylated Placentation and cell signaling [158,193]
Placenta SPESP1 Hypermethylated Fertilization [158]
Placenta NOX5 Hypermethylated Reactive Oxygen Species signaling [158]
Placenta ALCAM Hypermethylated Cell Adhesion [158]
Placenta IGF-1 Hypermethylated ~ Placentation, trophoblast function, fetal growth. [194]
Placenta SOX7 Hypermethylated Embryonic development and cell fate [155]
Placenta CDX1 Hypermethylated Trophoblast invasion restriction [155.
Placenta CXCL1 Hypermethylated Chemokine inducer of angiogenesis [155]
Placenta ADORA2B  Hypermethylated ~ Placenta impairment and fetal growth restriction [155]
Placenta FAM3B Hypermethylated Cytokine activity [182]
Placenta SYNE1 Hypermethylated Nuclear organization and structural integrity [182]
Placenta AGAP1 Hypermethylated Cellular development, assembly and function [182]
Placenta CRHBP Hypermethylated Cortisol bioavailability in the placenta [190]
Placenta and maternal blood STAT5A Hypermethylated Transcription activation [195]
Placenta and maternal plasma RASSF1IA  Hypermethylated Tumor suppressor gene [177]
Placenta PTPRN2 Hypermethylated Phosphate metabolic processing [173]
Placenta GATA4 Hypermethylated Placenta Growth [173]
YWHAQ Hypermethylated Cellular response to reduce oxygen levels [196]
Placenta TNF Hypermethylated MMP-9 stimulation, Inmune system activation, [174]

cell survival, migration and differentiation
Placenta COL5A1 Hypermethylated Extracellular matrix [174]
Trophoblast anchoring to the decidua, [174]

syncytiotrophoblast differentiation
Placenta HLA-G Hypermethylated ~ Maternal Immune tolerance and immune rejection [197]

Placenta CDH11 Hypermethylated

The major modifications of methylation occurring in preeclampsia are presented as Figure 3.

Limits of the Genome-Wide, Multicellular Approach for Preeclampsia Methylation Profiling

As mentioned earlier, a recurrent criticism of genome-wide comparisons between normal and PE
placenta is linked to the fact that in general placental samples of PE patients are collected at earlier
terms than controls. However, the existence of methylation profiles for control placentas throughout
gestation [51] now allows to make the part between the effect of the placental ageing and the effects
of the pathology per se. Other limits of these approaches are the complexity of the cell material, the
variation between the degree of severity of the disease or the various statistical tests that are used in
the different studies. Also, several studies have brought attention to the lack of reproducibility in
high-throughput genomic, transcriptomic and epigenomic studies. This has been recently discussed by
Komwar and coworkers in a recent study were they analyze the sources of variation in preeclampsia
high-throughput studies an propose a methodology to ensure reproducibility and thus facilitate the
integration of data across studies [198].
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Figure 3. Overview of major methylation alterations in preeclampsia. The main pathways are shown
in green boxes. The significant alterations in methylation may be associated either to increased or
decreased gene expression (hypermethylated in red and hypomethylated in blue).

Single-Cell Analysis, the Next Frontier to Methylation Epigenomic Approaches

Gene-scale expression studies were recently carried out at the single cell scale [199] and have
provided evidence of gene expression shifts during the CT, SCT and EVT differentiation steps,
as well as, allowed the reconstructions of differentiation trajectories. This has also been analyzed
by genome-scale DNA methylation analysis. Gamage and coworkers have analyzed by RRBS side
population trophoblasts, CTs and EVTs from human first trimester placentas [56]. Forty-one genes
involved in EMT and metastatic cancer pathways were found methylated between CT and EVTs,
possibly contributing to the invasive phenotype of these cells. In the BeWo cell model where fusion can
be induced by forskolin, RRBS analysis performed before and after fusion, showed altered methylation
of genes involved in cell differentiation and commitment, together with a gain in transcriptionally
active histone marks such as H3K4me3 [54]. Such approaches are for the moment difficult to transpose
to placenta pathophysiology. Instead, several systems where methylation influences normal placental
function have been studied. As an example, we present below the epigenetic regulation of genes
involved in placental invasion and PE.

An Example of Specific Gene Alterations of Methylation: Regulation of Invasion

MMPs are well-characterized proteins involved in trophoblast invasion and angiogenesis during
pregnancy. They constitute a family of 23 Zn?* and Ca?*-dependent proteases that degrade the
extracellular matrix. This family of proteins presents abnormal concentration and behavior in placental
diseases such as PE [200], placenta accreta and placenta percreta [201,202]. This has been recently
reviewed for preeclampsia [203]. A decreased level of MMP-2 and MMP-9 reduces the remodeling of
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spiral arteries in early gestation. Besides, other MMPs, such as MMP-1 and MMP-14, may also have a
role in this disease. Epigenetic mechanisms are at work for controlling MMP gene expression.

Li and coworkers observed that TET2 is involved in the demethylation of the MMP-9 promoter,
this being associated to the downregulation of the protein and contributing to trophoblast shallow
invasion [204].

TIMP3, a MMP inhibitor, shows the highest methylation reduction (over 15%) in EOPE compared
to control placentas with an inverse correlation between methylation level and gene expression
suggesting an increased transcription of TIMP3 in PE placentas [180,189]. Low levels of TIMP3 lead to
poor invasion of the trophoblast and placenta hypoperfusion. Moreover, TIMP3 may be able to inhibit
angiogenesis by blocking vascular endothelial growth factor binding to its receptor contributing to
impaired placenta blood vessels development. Also, genetic variations of the gene have been associated
with cardiovascular disorders and hypertension.

3.1.2. Maternal Blood Epigenetic Marks in Preeclampsia

Alterations in the levels of many plasma and serum proteins have been associated with PE.
In 2013, White and coworkers showed that PE was favoring hypermethylation in white blood maternal
cells using the methylation-27k arrays from Illumina [205]. GRIN2b. GABRA1. PCDHB7 and BEX1
were found differentially methylated, with an enrichment of the neuropeptide signaling pathway.
The re-analysis of methylation of genes known to be involved in PE revealed that in maternal circulating
leukocytes, CpG sited from 4 genes associated with PE, POMC, AGT, CALCA and DDAH1, showed
differential methylation in PE compared to control, with moderate methylation differences (<6%) [206].
These 4 genes are known to alter immunomodulation and inflammatory response, suggesting that
at least alterations of the placental physiology in preeclampsia have epigenomic consequences on
maternal circulating cells.

During pregnancy, 3 to 6% of cell-free DNA in the maternal blood plasma is derived from the
placenta. Oxidative stress in PE leads to increased trophoblast apoptosis and the release of SCT
microparticles and a five to ten-fold increase in circulating fetal DNA in the maternal bloodstream
compared with control counterparts [207,208]. These free fetal molecules and their methylation status
have been proposed as a non-invasive biomarker of fetal and placental pathologies before the onset
of symptoms. This has been shown for Maspin, for which the unmethylated version have a median
methylation more than 5.7 fold higher in PE than control pregnancies [209,210]. Another epigenetic
marker of preeclampsia is the methylation of RASSF1A (Ras Association domain-containing protein 1)
promoter [177,211,212].

3.1.3. Maternal Endothelial Cells

There is limited access to maternal vessels in pregnancy, nevertheless DNA methylation was
assessed from this material in 2012 using the 27K methylation array of Illumina [213]. From 14.495
genes interrogated by the array, 65 genes were identified as hypomethylated in PE. Clustering
leads to identify biological processes such as smooth muscle contraction, thrombosis, inflammation,
redox homeostasis, sugar metabolism and amino acid metabolism. These alterations of the maternal
endothelium suggest potential effects on cardiovascular life of the mother after preeclampsia. Focusing
on collagen metabolism, the authors revealed an increased expression of MMP1 and MMP8 in
vascular smooth muscle cells and infiltrating neutrophils of omental arteries of preeclamptic women,
which was associated with reduced methylation in the promoters of both genes in pathological
patients compared to control patients [213]. In the same study, several other MMPs, showed reduced
hypomethylation in PE patients albeit with lower significance [214,215]. Moreover, pregnant women
under dietary supplementation may restore the reduced methylation in the promoters of these genes
and be protected against the development of PE. Interestingly, all these MMPs genes are located in
chromosome 11, which may be indicative of a specific sensitivity of this chromosome to epigenetic
changes caused by oxidative stress during the development of the pathology. The same team reported
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the reduced methylation in the promoter region of TBXAS1 gene in correlation with increased gene and
protein expression of thromboxane synthase in vascular smooth muscle, endothelium and infiltrating
neutrophils [215]. Increased levels of thromboxane synthase induce the overproduction of thromboxane
A2, a potent vasoconstrictor and platelet activator, contributing to hypertension and coagulation
abnormalities classically related to PE.

3.1.4. Cord Blood Cells

In 2014, Nomura and coworkers analyzed the global methylation profile of cord blood cells using
the LUMA technique [161] and failed to observe an actual difference but with a limited number of
controls samples (5) [216]. Genome-Wide Methylation analysis using the 450K microarray tool on
neonatal cord blood DNA showed a significant genome-scale hypomethylation in neonatal cord blood
DNA associated with EOPE, with 51,486 hypomethylated and 12,563 hypermethylated CpGs [187].
In this study the most differential methylated genes were associated with inflammatory pathways,
cholesterol and lipid metabolism, including IL12B, FAS, PIK31 and IGF1. Deregulation of both metabolic
pathways may increase the risk of cardiovascular diseases in the fetus [187]. The same microarray
approach allowed to identify 5001 mostly hypermethylated regions in umbilical cord white blood cells
and 869 mostly hypomethylated regions in the placenta [217]. In the cord blood cells, the gene networks
enriched were involved in cardiovascular system development, cell cycle, cancer, cell morphology,
infectious diseases, suggesting specific alterations that could have long-term consequences on the
fetal health.

Some studies focused on mitochondrial DNA, showing hypomethylation in PE cord blood cells.
The most affected loci are keys in mitochondria functionality: D-loop (control of mitochondrial DNA
replication), Cytochrome C oxidase subunit 1 gene (respiratory chain) and TF/RNR1 locus (necessary for
protein synthesis) [218]. Increased copy of mitochondria is observed in the placenta and maternal blood
during PE suggesting an adaptive response to stress [219,220]. This is also observed in mouse models
of PE [221]. Hypomethylation in the D-loop may lead to increased mitochondrial replication explaining
the pathological increase of mitochondrial DNA. Methylation assay in endothelial colony-forming
cells present in cord blood from PE presents differential methylation level in genes related to RNA
metabolic processes, cellular protein modification processes and in positive regulation transcription,
as assessed with the EPIC Illumina array, interrogating over 850,000 CpG [222]. However, at later
passages, an increased number of genes are abnormally methylated. This suggests that preeclampsia
may drive an altered epigenetic program in endothelial cell precursors that will be the building bricks
of the newborn vascular system and program later complications.

3.2. Non Coding RNAs

Non-coding RNAs have been found to be differentially expressed in preeclampsia by a number
of sources. Some studies have focused on investigating differential expression patterns between PE
placental samples of different severities versus control groups looking for miRNAs or IncRNA [223-226],
without generally identifying consensual signatures. With the aim of identifying potential biomarkers
that could be used diagnostically to predict preeclampsia onset, many groups have set out instead
to identify molecules differentially expressed in the plasma of patients, which could potentially be
detected by mean of a simple blood test [227]. IncRNA and miRNA are the two classes of non-coding
RNAs that have dominated the scene of non-coding molecules in preeclampsia. Other classes of
non-coding RNAs have been identified, such as circular RNAs, that appeared recently in the context of
PE development and future research will help understand the role of these molecules in the regulation
of gene expression and disease [228].

3.2.1. LncRNAs in Preeclampsia

Long non-coding RNAs are RNA molecules longer than 200 nucleotides which are involved in
regulation of cell function through a wide range of mechanisms. IncRNAs are expressed in the nucleus
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as single stranded RNA molecules, which can either function in their native form or undergo maturation
through the addition of a 5'cap and polyA tail; however, they are never translated into a protein
product [229]. They regulate cell function by a wide range of mechanisms: alteration of the stability of
target mRNAs, direct recruitment of chromatin modification enzymes, segregation of transcription
factors through specific binding sites contained within the IncRNA sequence, warehousing miRNA as
‘miRNA sponges’, a function shared with circular RNAs [230]. For a complete overview please see
Reference [231].

Transcriptomic analyses of placenta and decidua total RNAs allowed identifying differentially
expressed IncRNAs between PE and control patients, often with a difference between EOPE and
LOPE [228,232,233]. Most of these IncRNAs had been previously identified in the field of cancer
research, often associated with cell proliferation, migration and invasion [234]. As mentioned above,
given the parallels between the features of cancer cells and the trophoblasts during placentation
such as fast proliferation of the trophoblast, migration and invasion of the maternal tissues,
immunotolerance [235-238], this did not come as a surprise and has prompted extensive in vitro
research to elucidate the roles of these IncRNAs in trophoblast physiology.

In the present review, we will focus on a few IncRNAs that have been well characterized: MALAT-1,
MEG3, RNA-ATB. Finally, we will give a brief overview on how in PE some IncRNAs regulate gene
expression by altering chromatin methylation state of their target genes, through direct recruitment of
histone methyltransferases, bringing as examples PVT1, TUG1 and DIAPH2-AS1. H19 was discussed
above for its important role in placental development and miRNA encoding IncRNA.

MALAT-1

Metastasis associated lung adenocarcinoma transcript-1 (MALAT-1) was firstly identified in
lung cancer; it is a IncRNA of over 8 kb [239]. MALAT-1 normally localizes in the nucleus
where it forms nuclear aggregates called speckles involved in the regulation of splicing factors
availability [240]. MALAT-1 is overexpressed in placental pathologies associated with uncontrolled
trophoblast invasion [241], which prompted Chen and coworkers [33] to investigate its expression
in PE. Comparing RNA levels in 18 PE placentas with matched controls, MALAT-1 was found
significantly downregulated in PE placentas. Overexpression and downregulation of MALAT-1 in
JEG-3 regulates cell proliferation and invasion, while inhibiting apoptosis [33]. These findings suggest
that MALAT-1 deregulation could lead to poor invasion of the maternal endometrium, affecting
the spiral arteries” remodeling and placenta development. Li and coworkers [242] have shown that
the role of MALAT-1 is not restricted solely to the trophoblast but has a key role in regulating the
angiogenesis and vascularization of the maternal decidua and fetal umbilical vasculature. MALAT-1
is expressed by mesenchymal stem cells (MSCs) in the maternal decidua and in the umbilical cord.
These cells are pluripotent progenitors which are able of self-renewal and proliferation, differentiate to
promote tissue regeneration, form de novo vasculature, angiogenesis and regulate immune system
responses [243]. Li and coworkers (2017) observed a decreased MALAT-1 expression in MSCs from
decidua and umbilical cord of preeclamptic pregnancies and set out to investigate its function in
these cells. Similarly, MALAT-1 promotes proliferation and protects from apoptosis in isolated MSCs.
Interestingly, coculture of MSCs with trophoblast cell line HTR-8/SVneo clearly showed how MALAT-1
overexpression could promote migration and invasion of the trophoblasts towards the MSCs layer.
Coculture of the endothelial cell line HUVECs (Human Umbilical Vein Endothelial Cells) in supernatant
obtained from MSCs which either expressed or had downregulated MALAT-1 showed how MALAT-1
promotes tube formation this process being dependent on Vascular Endothelial Growth Factor secretion.
Finally, MALAT-1 over-expression increased the levels of the IDO protein, which activated macrophage
maturation, proving its role in immune system regulation. These findings combined with the work of
Chen and coworkers (2015) beautifully illustrates how MALAT-1 has a symmetric regulatory function
in placentation: on the one hand, it promotes trophoblast proliferation, invasive and migratory
potential and on the other hand, its expression in MSCs cells helps to attract and promote trophoblast
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invasion, stimulates tube formation, promotes angiogenesis and vascularization. Increase in Reactive
Oxygen Species caused MALAT-1 and VEGF downregulation in MSCc exposed to oxidative stress in
a dose-dependent manner [242]. MALAT-1 downregulation in preeclampsia could therefore have a
huge impact on placentation and further development of the placenta over the course of gestation. It is
possible that a first triggering event maybe of immunological nature, causes an increase of oxidative
stress during implantation which will then alter the expression level of many targets, including
MALAT-1; based on the data, this consequent deregulation would have an impact on both trophoblast
and MSCs physiology, culminating in preeclampsia.

MEG3

Maternally Expressed 3 (MEG3) is an imprinted IncRNA which is expressed in many different
cell types and tissues and acts as a tumor suppressor and is downregulated in many types of cancer.
Physiologically, MEGS3 acts by stabilising p53 and activating apoptotic responses [244]. Zhang and
coworkers [34] analysed MEG3 RNA levels in 30 placentas from preeclamptic women, compared
to 30 control samples and found a statistically significant 80% downregulation. These results were
consistent with those of Yu and coworkers [245] studying a cohort of 20 preeclamptic and 20 control
placentas, finding that MEG3 RNA was only 28% of the RNA levels of the control group. To elucidate
in more detail the function of MEG3 in placenta, Zhang and coworkers (2015) overexpressed MEG3
in two trophoblast cell lines (JEG3 and HTR-8/SVneo), showing enhanced antiapoptotic effects,
while downregulation of MEG3 increased the apoptotic cells. Analysis of protein markers showed
how MEG3 downregulation increased the levels of pro-apoptotic proteins such as Caspase-3 and Bax.
These results contrast with what is observed in cancer, where MEG3 expression is rather associated
with the activation of proapototic pathways, possibly suggesting a different mode of action of MEG3
in these cell types. Yu and coworkers [245] focused on the link between MEG3 expression and
endothelial-mesenchymal transition (EMT). During implantation and placentation, the trophoblasts
undergo EMT in order to be able to migrate and invade the maternal tissues. MEG3 downregulation
correlated with increased E-cadherin levels and downregulation of mesenchymal markers such as
N-cadherin, vimentin, slug (encoded by the gene SNAI2), in placental RNA and protein extracts,
placental sections and in vitro tests (HTR-8/SVneo trophoblast cell line). Changes in MEG3 expression
did not influence proliferation but MEG3 overexpression promoted migration and trophoblasts
invasion through matrigel matrixes [34,224]. Altogether, MEG3 protects from apoptosis, promotes
migration and invasion by regulating endothelial-mesenchymal transition in trophoblast cells and
therefore its downregulation possibly affects trophoblast invasion and placentation, playing a key role
in preeclampsia. Consistently, the imprinting control region (IG-DMR) of the DLK1-MEGS3 cluster
was very recently found hypermethylated in human umbilical veins from preeclamptic pregnancies,
with an altered expression of both imprinted genes, a lower secretion of nitrite, VEGF and a higher
secretion of endothelin 1 (ET1) all factors able to mediate pathological mechanisms in the offspring
from preeclampsias [246].

RNA-ATB

As with many other IncRNAs, IncRNA-activated by TGFf (RNA-ATB) was first discovered
in cancer, upregulated in hepatocellular carcinoma, it promotes cell proliferation, migration and
invasion [247]. It has been reported that in hepatocells RNA-ATB is expressed in response to TGF[3
and in fibroblasts; it can create positive feedback regulation by promoting TGFf paracrine release.
Lnc RNA-ATB was found to be significantly downregulated in placental samples from women with
preeclampsia. Moreover patients with EOPE showed an even stronger deregulation [248]. Given the
proliferative, invasive and migratory features of trophoblasts and in particular extravillous trophoblast,
Liu and coworkers (2017) investigated IncRNA-ATB function in trophoblast cell line HTR-8/SVneo,
which is a standard in vitro model of extravillous trophoblast. While overexpression of IncRNA-ATB
increased the proliferative, migratory and invasive potential of HTR-8/SVneo cells, the downregulation
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caused a steep decrease in proliferation, migration and invasion, proving that this gene has an important
role on the physiology of the extravillous trophoblast and that its deregulation could explain an aberrant
implantation and endometrium invasion in preeclampsia, potentially being linked to incomplete spiral
artery remodeling. Whether RNA-ATB regulates trophoblast function through the interaction with
members of the miR200 family is yet to be determined. However, increased miR200 has been found to
affect the development of endometrium receptivity, negatively impacting implantation [249]. In labor,
miR200 is upregulated in the human uterus and has been associated with pre-term labor in murine
studies [250]. It seems likely that an interaction between RNA-ATB and miR200 is required for correct
placental development, gestation and delivery.

PVT1, TUGI and DIAPH2-AS1: Regulating Gene Expression through Recruitment of Chromatin
Remodeling Complexes

IncRNAs work through different mechanisms, depending on the specific IncRNA, the cell type,
the downstream targets [231]. In the past few years a few IncRNAs have been identified in preeclampsia
as potential modulators, among which PVT1, TUG1 and DIAPH2-AS1 adopt the same mechanism
of action. IncRNA TUGI is downregulated in preeclamptic placentas. Interference of TUG1 in
trophoblast cell lines JEG3 and HTR-8/SVneo) negatively affected cell proliferation and growth,
migration and invasion, network formation, while it increased apoptosis [31]. Transcriptome analysis
by RNA-sequencing of HTR-/SVneo cells in which TUG1 was downregulated showed a prevalence of
affected genes involved in cell growth, migration and apoptosis. Xu and coworkers (2017) identified
RND3 as main downstream factor involved in the phenotypic effects of TUG1 downregulation. RND3
mRNA and protein levels were strongly upregulated in response to TUG1 interference in vitro and
RND3 mRNA was upregulated in preeclamptic placenta. RND3 is also known as RhoE, a GTPase that
acts as a tumor suppressor, negatively regulating proliferation, migration and invasion [251]. In vitro
experiments beautifully elucidated the mechanism by which TUG1 modulates RND3 expression—TUG1
directly interacts with the histone modification factor Enhancer of Zeste Homolog 2 (EZH2) and
recruits it to the RND3 promoter, where EZH2 drives the silencing of RND3 by tri-methylating H3K27,
resulting in strong RND3 downregulation [31]. A year later, Xu and coworkers [252] identified
another IncRNA PVT1, strongly downregulated in preeclamptic placenta, whose downregulation
negatively affects proliferation and increases apoptosis of trophoblast cell lines. PVT1 was found
to recruit EZH2 to the promoter of the transcription factor ANGPTL4, driving its repression by
increase in repressive chromatin markers: this could partially explain the phenotypic effects of PVT1
deregulation. Feng and coworkers [253] uncovered a complicated regulatory network behind PAX3
deregulation in preeclampsia which is linked with decreased proliferation, invasion and migration of
trophoblast cells [254]. PAX3 is a transcription factor downregulated in preeclamptic placentas and
this correlates with DNA hypermethylation of the promoter region [171,254]. In this study, Feng and
coworkers (2019) found that in preeclamptic placentas IncRNA DIAPH2-AS] is upregulated along with
the transcription factor HOXDS. In vitro experiments in HTR-8/SVneo cells clarified the regulatory
network: under hypoxia the transcription factor HOXDS is upregulated and induces expression of the
IncRNA DIAPH2-AS1. DIAPH2-ASI recruits lysine-specific demethylase 1 (LSD1) to the promoter of
PAX3 where it alters the chromatin modification state, decreasing methylation of Histone H3. LSD1 can
also modify DNA methyl-transferase 1 (DNMT1), stabilizing it. ChIP experiments showed enrichment
of LSD1 and DNMT1 at the PAX3 promoter, which correlated with increased DNA methylation and
mRNA repression. Interference of DIAPH2-AS1 was enough to reverse the phenotype and increase
PAX3 levels [253]. These studies underscore that different epigenetic mechanisms regulate gene
expression. It is possible that certain mechanisms are favored in different cell types and future studies
will help identify the conserved regulatory networks that plays a role in the etiology of preeclampsia.
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3.2.2. micro RNA and Preeclampsia

microRNAs in Preeclampsia

The first study on microRNAs (miRs) in preeclampsia was published in 2007. In this study,
the expression levels of a subset of 157 miRNAs expressed in the placenta were tested by qRT-PCR in
human placental samples from pregnancies without any complications, with PE, and with PE and
small for gestational age (SGA) outcomes. 153 miRNA were detected in the placenta RNA samples and
three of them were found to be upregulated in PE: miR-210, miR-155, miR-200b [255]. The first global
transcriptomic analysis of microRNAs was performed with 20 PE placental samples and 20 controls,
with microarray technology by Zhu and collaborators in 2009. Comparing gene expression profiles of
the severe PE group with controls, 11 microRNAs were upregulated and 23 downregulated. Among
them, many microRNAs are organized in chromosomal clusters: downregulated clusters are found
in 13q31.3, 14q32.31, Xq26.2, Xq26.3, while upregulated clusters are found in 19q13.42 suggesting
co-regulation profiles [256]. An integrative analysis was conducted comparing distinct datasets with
the aim of identifying microRNAs-transcripts regulatory networks in preeclampsia. resulting in
the construction of a map of putative microRNA-gene target interactions in developmental process,
response to nutrient levels, cell differentiation, cell junction, membrane components [257].

Although many studies followed, most of them aimed at identifying differentially expressed miRs
in placenta and in plasma samples from PE women. Fewer studies have focused in other cell types
present in the placenta. For example, in fetal endothelial cells downregulation of miR-29a-3p and
miR-29¢-3p and upregulation of miR-146a is observed in PE patients [258]. Both miR-29a and miR-29¢
show proangiogenic functions by stimulating HUVECs proliferation and tube formation through
VEGFA-induced and FGF2-induced cell migration pathways [259]. However, other studies suggest an
antiangiogenic role of miR-29¢ through downregulation of the IGF-1 proteins at the post-transcriptional
level [260,261]. On the other hand, miR-146a inhibits the de-novo formation of blood vessels in-vitro
and reduces tube formation ability in HUVECs [260,261]. The study of the role that miRs may have in
the different cell types present in the placenta is indispensable to understand the role of this molecules
in the development of the disease. In the long term, it has also been shown that miRNA profiles in
the neonate is altered following an hypertensive pregnancy; for instance the level of mir-146a at birth
predict microvascular development three months later [262].

Many studies followed, aimed at identifying differentially expressed miRs in placenta and in
plasma samples from PE women.

In this review, we will discuss the most well characterized microRNAs miR-210, miR-155 and give
an overview of some of the research that has been carried out on circulating microRNAs, given their
potential as clinically relevant biomarkers.

miR-210

miR-210 is a microRNA involved in the regulation of mitochondrial function and hypoxia
response. It has been well characterized, in placentas as well as in different cancer and tissue types [263].
Most of the knowledge on the regulatory pathways that involve miR-210 comes from oncology
research. miR-210 has been soon identified as one of the early hypoxia-response miRs, being directly
regulated by the Hypoxia inducible factor 1« (HIF-1) [264]. Under hypoxic conditions, miR-210
alters mitochondrial function promoting a metabolic switch to glycolysis. This is achieved by negative
targeting of genes involved in the electron-transport chain, namely iron- sulfur cluster scaffold homolog
(ISCU) and cytochrome C oxidase assembly protein (COX10). As a result, miR-210 also increases
the levels of Reactive Oxygen Species (ROS) [265]. Under hypoxia, miR-210 and HIF-1« establish a
positive feedback regulation that maintains expression of both factors. This is achieved by miR-210
downregulation of the mRNA of Glycerol-3-Phosphate Dehydrogenase 1-Like, which would otherwise
contribute to targeting HIF1« to the proteasome for degradation. Conversely, stabilized HIF1« directly
activates miR-210 expression [266].
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In endothelial cells, miR-210 is involved in regulating angiogenesis and vascularization which
are fundamental processes in placenta development. Hypoxia causes miR-210 activation which
protects endothelial cells from apoptosis and stimulates chemotaxis driven by VEGF, migration
and tube formation [267]. In preeclampsia, miR-210 was first identified as upregulated in placenta
samples by Pineles and collaborators (2007) using qPCR. In the first comprehensive study carried
out with microarray technologies, miR-210 was consistently found upregulated in placenta of severe
preeclamptic women, however in mild preeclampsia it was found to be downregulated, which might
suggest different mechanisms at play or rather different metabolic states of the placenta, with a
more pronounced ischemia in severe preeclamptic placentas [256]. Moreover, subsequent analyses
identified significantly upregulated miR-210 in plasma samples from patients with preeclampsia [181].
In the context of PE miR-210 is involved in the mitochondrial dysfunction observed, which causes
metabolic imbalance, excessive ROS production and cell damage. Similarly to what happens in cancer,
miR-210 negatively regulates [SCU which is downregulated in preeclampsia samples, directly affecting
mitochondrial architecture and functionality [268-270]. The deregulation of miR-210 was also found in
the placentas of mice from a preeclamptic model [134].

miR-210 is also an important modulator of trophoblast phisiology. In vitro studies using isolated
primary trophoblasts and trophoblast cell line JAR, proved how hypoxia induces an increase in
miR-210 levels. Artificial overexpression of miR-210 in JAR cells caused a significant downregulation
of migration and invasion. In trophoblast cells, hypoxia and ROS can activate HIF1a but more
importantly NFk-B p50—which si found upregulated in preeclamptic placenta tissues. NFk-B p50
binds a consensus sequence in the miR-210 promoter, activating its expression. In trophoblasts, miR-210
interacts with a perfect match with the 3’-UTR of the transcription factor homeobox-A9 (HOXA9),
causing both degradation of the mRNA and downregulation of translation. Another direct target is
Ephrin-A3 (EFNA3), a ligand of the Ephrin binding receptors, in this case miR-210 binds the 3'UTR of
the gene with an imperfect match, causing only translational downregulation. These two transcription
factors activate expression profiles involved in migration, invasion and vascularisation [181]. Therefore,
in trophoblast, miR-210 expression correlates with a negative regulation of migration and invasion,
mediated by downregulation of EFNA3 and HOXA9, in response to hypoxia, ROS and activated
NFk-B signaling.

Further studies have identified additional downstream targets of miR-210 in preeclampsia,
which are downregulated in preeclamptic samples and whose expression is altered upon miR-210
activation in cell models. A few examples are inflammation related molecules STAT6 and IL-4 [271],
potassium channel modulatory factor 1 (KCMF1) [272], thrombospondin type I domain containing 7A
(THSD7A) [273].

This mounting body of evidence highlights a key role of miR-210 in the development and
maintainance of a preeclamptic phenotype. However it is still not clear which is the triggering
event. It is possible that complications during implantation trigger an immune response which would
create a pro-inflammatory environment, activating NFk-B signaling, causing aberrant expression of
miR-210 and all consequent downstream cascades. Recently, Chen and collaborator (2019) analysed
the inflammatory profile of preeclamptic women, compared to patients which experienced healthy
pregnancie [274]. The concentrations of proinflammatory cytokines (IL-6, IL-17) were higher in plasma
samples from peripheral blood in the preeclampsia group. Moreover, Transforming Growth Factor 1
(TGF 1) levels were higher as well. TGF 1 has the function of promoting the prevalence of a subset
of regulatory T cells (Tregs) that maintain immunotolerance, allowing a successful implantation and
avoiding an immune response against the foetal tissues. These Tregs are characterised by expression of
the fork-head box p3 (Foxp3) transcription factor, which promotes an immunotolerant phenotype [275].
However, proinflammatory signals such as IL-6 cause the activation of T cells at the expense of
Foxp3-positive Tregs, causing an activation of inflammatory responses. Zhao and coworkers showed
that miR210 was upregulated in preeclamptic placentas and Foxp3 mRNA and protein levels were
found downregulated, previous studies had shown evidence of direct regulation of Fox3p by miR210,
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suggesting a pivotal role of this microRNA in regulating the threshold of immunotolerance by altering
the balance of Foxp3+ Tregs/activated Tcells [276].

miR-155

miR-155 is upregulated in preeclamptic placentas [255]. This upregulation correlates inversely
with the level of cysteine-rich protein 61(CYR61) [277], which is a factor secreted by different
cell types, including trophoblast, involved in promoting migration, invasion, angiogenesis and
vascularisation [278,279]. miR-155 directly targets the 3’-UTR of CYR61 mRNA with a perfect
match, causing transcriptional and translational repression. In vitro experiments (HTR-8/SVneo
trophoblast cell line) showed how miR-155 inhibits CYR61-mediated expression of VEGF, inhibiting
trophoblast migration [277]. Decreased trophoblast-mediated secretion of VEGF would negatively
affect angiogenesis and vascularisation in the site of placenta development.

miR-155 regulates trophoblast proliferation and migration also by directly targeting the cell
cycle gene Cyclin D1 [172]. Cyclin D1 is involved in cell cycle progression, migration and invasion
of trophoblast lineages, downregulated in preeclamptic placentas at both mRNA and protein
levels [280-282]. In vitro studies have shown how miR-155 through direct targeting of the 3'UTR of
CyclinD mRNA downregulates mRNA and protein levels, negatively affecting migration, causing
cell cycle arrest and decrease in proliferation in HTR-8/SVneo cells [42]. Exiting cell cycle is a step
of terminal differentiation, which suggests how miR-155 overexpression, as found in preeclampsia,
could lead to a premature differentiation of cytotrophoblasts, possibly inducing syncytialization.
This phenomenon would cause depletion of the cytotrophoblast pool, accelerating placental aging.

In sum, miR-155 modulates proliferation, migration and invasion of trophoblasts and its
expression can affect the phenotype of endothelial cells by negatively regulating VEGF release. miR-155
deregulation could have catastrophic consequences in placentation, deeply affecting trophoblast
infiltration, vascularization and angiogenesis of the developing placenta.

Circulating miR-155

Maternal plasma from preeclamptic women presented significantly statistically higher levels of
miR-155 [283]. Inblood, microRNAs are quite stable and can travel through circulation, to be uptaken by
different cell types, such as endothelial and immune cells, regulating gene expression [284]. Yang, Zhang
and Ding (2017) showed how plasma levels of miR-155 positively correlate with proinflammatory
cytokine interleukin-17 (IL-17) and with proteinuria and urine podocytes counts in women with
preeclampsia. Similarly to miR-210, miR-155 promoter presents a binding site for NFk-B and can be
activated by this inflammation master regulator, which could suggest a similar pattern of regulation
for miR-155 and pro-inflammatory factors, other than a direct interaction between these genes [285].

miR-155 in Endothelial Cells

Endothelial cells play a fundamental role in placentation given the copious vascularisation and
angiogenesis that takes place in the maternal endometrium during placentation. In preeclampsia,
pro-inflammatory factors and secreted molecules from the preeclamptic placenta produce an excessive
activation of the maternal endothelium, resulting in endothelyal dysfunction, culminating in
inflammation, blood pressure changes, downstream systemic effects [286]. miR-155 has been found to
be downregulated in human umbelical vein endothelial cells (HUVECs) from preeclamptic women,
compared to HUVECs from healthy pregnant women [287]. This downregulation correlated with
an increase in Angiotensin II Receptor 1 (AT1R) and increased phosphorylation of Extracellular
Signal-regulated Kinases1/2 (ERKSs), identifying AT1R as direct target of miR-155 [287]. Activation of
the Angiotensin II- AT1R through ERK1/2 in endothelial cells causes cell cycle arrest and initiation of
senescence pathways; miR-155 depletion-dependent increase in AT1R will render endothelial cells
more sensitive to blood level of Angiotensin II, promoting endothelial damage [288].
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miR-155 has been implicated in regulating Nitric Oxide (NO) production in endothelial cells.
NO is a potent vasodilator and reduced levels of NO have been associated with preeclampsia
etiology [289,290]. In vitro studies using HUVECs proved how endothelial Nitric Oxide synthase
(eNOS) mRNA is a direct target of miR-155; proinflammatory stimuli upregulate miR-155 expression in
these cells in vitro, downregulating eNOS and NO production [290]. As mentioned above, microRNAs
can be found in plasma and miR-155 is upregulated in plasma of women with preeclampsia [69].
microRNAs can be free in circulation or travel inside vescicles and exosomes, which can be uptaken by
target cells, activating signaling pathways, affecting expression profiles [291]. Shen and collaborators
(2018) elegantly showed how exosomes from plasma samples of preeclamptic patients can affect
eNOS mRNA and protein levels in HUVECs [292]. In particular, treatment of HUVECs in vitro with
isolated exosomes from plasma of preeclamptic patients (compared to exosomes from control group)
caused a statistically significant decrease in eNOS mRNA and protein levels, which correlated with
decreased NO production. When analysing the composition of the exosomes, miR-155 was found to be
upregulated in the preeclamptic group. Follow up in vitro tests proved how miR-155 located in the
exosomes affects eNOS regulation in endothelial cells.

miR-155 in Vascular Smooth Muscle Cells

In arteries and arterioles, endothelial cells are interspaced by vascular smooth muscle cells
(VSMCs) which thanks to their contractile properties allow vasoconstriction and vasodilation to
occur, accomodating for changes in blood pressure. VSMCs generally present a contractile phenotype
characterised by elongated spindle-like morphology, high concentration of contractile filaments.
In response to external stimuli, they can switch to a synthetic phenotype characterised by loss of
contractility markers, rhomboid morphology, increased proliferative and migratory potential; in this
state VSMCs cells lose the ability to modulate vascular resistance [293]. Phenotypic regulation of
VSMCs is driven by soluble guanylate cyclase (sGC) which increases intracellular levels of guanosine
monophosphate (cGMP), key messenger molecule. cGMP is the substrate of cyclic GMP-dependent
protein kinase (PKG) which activates downstream signaling pathways promoting VSMCs contractile
phenotype. Nitric Oxide produced by endothelial cells positively modulates sGC activity, favouring
vasodilation through enhancement of the VSMCs contractile phenotype [294,295].

In the presence of proinflammatory cytokine Transforming Necrosis Factor « (TNF«), miR-155
was found to be directly activated by NFk-B in in vitro model of VSMCs. The upregulated miR-155
directly interacts with the 3’-UTR of the mRNA of PKG1 [296] and of the 31 subunit of guanylate
cyclase (sGCpB1), resulting in translational repression and mRNA degradation [297]. As a consequence
of sGCB1 downregulation, intracellular cGMP levels are strongly decreased and the downregulation
of PKG1 inhibits downstream pathways [296,297]. Park and collaborators (2019) co-cultured HUVECs
and VSMCs, observing higher cGMP accumulation in VSMCs, which is mediated by Ntric Oxide
stimulation, produced by the endothelial cells [297]. This could be countered by ectopic miR-155
expression in VSMCs. miR-155 overexpressing in response to TNFx, mediating inhibition of the
sGC/PKG pathway, causes downregulation of contractile protein markers. This results in a shift
of VSMCs to a synthetic phenotype, assuming a rhomboid morphology, increasing proliferation
and migration rates. Interestingly the pro-contractile effects of Nitric Oxide could be cancelled by
miR-155 expression [296,297]. In placental vessels of preeclamptic placenta sGCB1 mRNA levels
are downregulated [297], given the evidence provided on miR-155 repression of the sGC/PKG
pathway, we can imagine that PKG1 might be downregulated as well. In response to inflammation,
both endothelial and smooth muscle cells are affected and in preeclampsia they overexpress miR-155
which alters their ability to produce and respond to vasodilation stimuli. Taken together, this evidence
highlights the pivotal role of inflammation and miR-155 in the etiology of the preeclamptic phenotype.
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Potential Biomarkers: microRNAs Circulating in Maternal Plasma

Since the identification of circulating small RNAs in plasma samples, the prospect of their potential
use as diagnostic and predictive biomarkers has fueled extensive research [298]. In the context of
preeclampsia, the finding that small microRNAs with placental origin can travel in the blood circulation
and affect systemically different cell types opens new avenues for the understanding of the mechanisms
of this complex disease [299,300].

In Table 4 are listed some of the microRNAs that have been found deregulated in plasma samples
of preeclamptic patients. In several studies, groups of microRNAs differentially expressed have
been analyzed for their potential as predictive biomarkers of the preeclamptic phenotype [301-305].
These studies show how blood levels elevation of PE-associated microRNAs can be predictive for the
preeclamptic phenotype starting from the second trimester. Li and collaborators (2015) evaluated
the predictive values of the upregulated micro-RNAs miR-152, miR-183 and miR-210 by plotting the
corresponding receiver operating characteristic curves. In the second trimester samples, the Area
Under the Curve (AUC) indicated strong predictive values and were respectively 0.93 for miR-210,
0.97 for miR-183 and 0.94 for miR-152. Interestingly, different studies investigated the predictive
power of miR-210 and, even though all results highlighted its key role in preeclampsia and potential
as diagnostic marker, the AUCs varied in a range between 0.7 and 0.94 [301-303,305]. This variation
might be due to differences in patient cohorts, samples collections and handling; however, the fact that
miR-210 still emerged as predictive biomarker is encouraging.

Winger and collaborators (2018) collected peripheral blood cells in preeclamptic and control
patient group, analysing the expression levels of a subset of 30 microRNAs previously identified
altered in preeclampsia. 48 samples were divided in a training and a validation group. Analysis of
differentially expressed microRNAs in the training cohort identified a panel of 8 microRNAs with good
prediction values (AUC > 0.75) and p value < 0.05: miR-1267, miR-148a, miR-196a, miR-33a, miR-575,
miR-582, miR-210, miR-16. The panel was successfully validated and the use of the 8 microRNAs
combined increased the prediction power of the tests [305].

From Table 4, it is possible to appreciate the heterogeneity of findings across different studies.
These discrepancies in the repertoires of circulating miRNAs complicate the identification of useful
biomarkers. This heterogeneity could partly be explained by the fact that preeclampsia is a complex
systemic disease that develops over months of gestation; therefore, the panel of circulating molecules
in blood samples might vary considerably depending of the time point at which samples are collected.
Another possible explanation might reside in the wide range of different methodologies used for the
extraction of circulating RNAs which introduce technical variability [306,307]. Moreover, there is
mounting evidence on how the current techniques are able to detect only a small fraction of the total
bulk of circulating RNAs (W0O2009093254A2). Therefore, further research is still required to improve
our technical knowledge so to design better, more consistent methodologies for the identification of
circulating biomarkers, that might one day allow the design of diagnostic panels for effective early
detection and prevention of preeclampsia.

3.2.3. Additional Considerations on the Analysis of IncRNA Functions

Possible Caveats of the Current Trophoblast In Vitro Models

Many of the IncRNAs found to be deregulated in preeclamptic placenta have previously been
identified in cancers, where they have a role in regulating proliferation, migration, invasion and
apoptosis. Most of these PE-associated IncRNAs have pro-survival and pro-migration properties,
therefore downregulation is associated with activation of apoptosis, decreased migratory potential and
proliferative rate.

Once they have been found to be downregulated in preeclamptic placenta, the main objective
has been to investigate the molecular function of these IncRNAs in the context of placenta physiology
and preeclampsia. In vitro studies have seen the use of classical cellular models of trophoblast, either
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choriocarcinoma cell lines (JEG3 and BeWo) or artificially immortalized cell lines (HTR-8/SVneo).
Through these in vitro studies it has been established that most of these IncRNAs regulate proliferation,
invasion and migration of the trophoblast.

Table 4. Deregulated miRNA in preeclampsia.

microRNA Pl rE L Function Gene targets AUC References
acenta Plasma
miR-214 DOWN [308]
miR-152 DOWN [300]
miR-218 DOWN [308]
miR-590 DOWN [308]
miR-18a DOWN DOWN Promoting trophoblast migration SMAD2 [225,308]
miR-19a DOWN [308]
miR-19b1 DOWN TGFp-signaling SMAD factors [225]
miR-379 DOWN [308]
miR-411 DOWN [308]
miR-195 DOWN [308]
miR-223 DOWN [308]
miR-363 DOWN [308]
miR-542-3p DOWN [308]
miR-144 DOWN Ischemia, hypoxia [225]
miR-15b DOWN Angiotensin-renin system [225]
miR-181a uP uP [225,308]
miR-584 ur [308]
miR-30a-3p uP [308]
miR-151 uP [308]
miR-31 ur [308]
miR-210 up up PTPN2 0.7 < AUC < 0.9 [202:2(;20‘3';;221
miR-17-3p uP [308]
miR-193b UP [308]
miR-638 uP [308]
miR-525 uP [308]
miR-515-3p UP [308]
miR-519¢ uP [308]
miR-517-5p uP uP AUC =07 [304]
miR-518b up ur [225,304,308]
miR-524 up [308]
miR-296 uP [308]
miR-362 UP 308]
miR-574-5p ur AUC>0.7 [302]
miR-1233-3p uP AUC > 0.6 [302]
miR-155 uP AUC > 0.7 [225,303]
miR-1267 18)3 AUC>0.8 [305]
miR-148a upP Immune response HLA-G AUC > 09 [305,310]
miR-196a upr AUC=1 [305]
miR-33a uP AUC=1 [305]
miR-575 0) AUC > 0.9 [305]
miR-582 ur Trophoblast invasion, migration VEGF 1 [305,311]
miR-152 upP up Immune response HLA-G AUC > 0.9 [256,301,312]
miR-183 ur up Cell differentiation, apoptosis, invasion AUC > 0.9 [255,301,313]
miR-215 uP [225]
miR-650 uP [225]
miR-21 upr ur Apoptosis
miR-29a 0]
miR-300 ur Trophoblast differentiation ETS-1

Annotations: AUC = Area Under the Curve; SMAD2 = Mothers Against Decapentaplegic Homolog 2; PTPN2 =
Tyrosine-protein phosphatase non-receptor type 2; HLA-G = Histocompatibility antigen, alpha chain G; VEGF =
Vascular endothelial growth factor; ETS-1 = E26 oncogene homolog 1; TGFf = Tumor growth factor {3.

Have we completely unfolded the role of PE-associated IncRNA in the human placenta? Since
IncRNAs have been previously identified in cancers, it is possible that the functions we have attributed
them in the placenta are actually a result of the fact that we are analyzing them in cell lines that
are cancer-like. Therefore, there is still the possibility that these IncRNAs have additional distinct
functions in placenta that could be highlighted using more physiological placenta models. The recent
development of placenta organoids from stem cells rises the hope for exciting new avenues, to explore
these questions [316].
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What about the Syncytiotrophoblast?

Migration, apoptosis, invasiveness and proliferation are functions shared between cancer cells and
by cytotrophoblast (CTB) especially by the extravillous trophoblast (EVT) in the placenta, the in vitro
investigations into PE associated IncRNAs have so far focused on EVT cell line models (e.g., JEG3,
HTR-8/SVneo). However, it is important to highlight how transcriptomic data from placenta samples
are a result of overall placenta gene expression levels. The extracted placental RNA comes from all
the different cell types present in the tissue and the most abundant cell populations are represented
by cytotrophoblasts and syncytiotrophoblasts (SCT). Even though it is true that CTB and EVT cells
are fundamental for implantation and correct placental development, the syncytiotrophoblast is the
functional core of the placenta itself, constituting the barrier for nutrient exchanges between fetal
and maternal vasculatures and acting as secretory organ that hormonally regulates progression of
gestation. Liu and coworkers (2017), in their work on RNA-ATB, showed a strong in situ hybridization
staining of IncRNA-ATB in the syncytiotrophoblast layer of the placenta, reinforcing the idea that
the syncytiotrophoblast might be equally affected by deregulation in the IncRNAs species [248].
Yu and coworkers (2018) work on MEG3 showed how MEG3 downregulation observed in preeclampsia
correlates with an increase in adhesion molecule E-cadherin [224]. While it is true that this molecule is
important for endothelial-mesenchymal transition, and its alteration would affect trophoblast invasion
and EVT migration, E-cadherin downregulation after cytotrophoblast cell-cell interaction has been
implicated in CTB syncytialization [317]. Suggesting that MEG3 might affect STB physiology as well.

Therefore, there are still potentially interesting questions to be raised: what are the effects of
downregulated IncRNAs on the physiology of the CTB and SCT? Do we see an alteration of the
proliferative state of the CTB, does this cause premature placental aging? Does this deregulation affect
the differentiation potential of the CTB, affecting the balance between CTB renewal and SCT terminal
differentiation? Do these IncRNAs have other functions, exclusive to placenta, other than the ones
shared with cancer?

3.3. Histone Modifications

Few studies addressed the question of histone code modifications in PE. Chakraborty and
coll. evidenced a HIF-KDM3A-MMP12 signaling cascade that promotes trophoblast invasion and
trophoblast-directed uterine spiral artery remodeling in rat placenta and human placental cells. Hypoxia
drives HIF activation and KDM3A expression, which in return will alter the histone methylation
status of genes promoting development of the invasive trophoblast lineage and tissue remodeling,
illustrated with trophoblast-derived MMP12 activation [318]. Hypoxia was also shown to affect
the histone demethylase JMJD6 (Jumonji domain containing protein 6) and J]MJD6 demethylase
activity was shown to be drastically reduced in PE placenta as compared to Control Placenta [319].
Very recently, the expressions of HDACs were investigated in PE placentas and only HDAC9 was
found downregulated both at the mRNA and protein levels in syncytiotrophoblast cells. Knock-down
of HDAC9 in HTR-8/SVneo cells inhibits trophoblast cell migration and invasion. TIMP3, an inhibitory
of MMP involved in invasion and tissue remodeling, is a direct target of HDACY, identified by ChIP
and is upregulated in the absence of HDAC9 [320].

3.4. Imprinting

Overall, preeclampsia cannot be considered an imprinting disease, despite the fact that a
recent study showed that imprinted genes are more differentially expressed in PE than other genes,
with paternally expressed genes (inducing placental growth) rather down-regulated and maternally
expressed genes upregulated [151]. A systematic analysis of preeclampsia placental gene expression
and imprinted genes was carried out in 2017 [321], which revealed altered expression of DLX5 in
human PE placentas but with a rather mild deregulation (~2 fold). To be mentioned as well, the first
gene identified by positional cloning in preeclampsia, STOX1, is imprinted in specific placental cell
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subtypes [322,323]. The mutation originally found in STOX1 has rather a gain-of-function effect [323]
and in fact, overexpression of STOX1 induces a preeclamptic expression profile and a preeclamptic
phenotype in cells or in mice, respectively [7,324]. To note, however, we have no evidence that Stox1 is
imprinted in mice, therefore it is suspected that the mere ectopic and untimely overexpression of this
factor is the cause of the disease. The idea that an imprinted gene is implicated in preeclampsia has been
cleverly substantiated by Jennifer Graves as early as 1998 [325] and she gave theoretical reasons why
this should be the case. The future will tell us if more examples of imprinted preeclampsia-associated
genes exist in the human genome.

4. Perspectives and Conclusions

The recent years have seen the emergence of an increasing number of studies focused on the
role of epigenetics in the regulation of placental development and on its potential implication in
placental pathologies. However, we still lack a precise picture on how these epigenetic modifications
correlate with gene expression. In particular, we have a limited knowledge on how DNA-methylation
or Histone modifications impact gene expression in normal and pathological placenta development.
In addition, our knowledge on the mechanisms regulating the dynamics of the instauration of the
different epigenetic marks across development is very scarce. Nevertheless, recent studies have started
to reveal how epigenetics is involved in the regulation of important processes in placental development
such as cell fate determination, syncytialization or EVT migration and invasion. The emergence of
new technologies allowing the study of the epigenetic and transcriptomic profiles of the different cells
types of the placenta will certainly greatly contribute to improve our understanding of epigenetics
in placenta. Moreover, in the context of PE, to date, the studies analyzing epigenetic modifications
have focused on the placenta, however the antiangiogenic and cytotoxic factors released by the PE
placenta have the potential to induce epigenetics modifications in maternal target tissues (blood cells,
endothelial cells). This could impact the future maternal and fetal health and deserves to be studied
in detail. Overall, the comprehension of epigenetic regulation in preeclampsia both at the level of
the placenta and other involved organs could provide new biomarkers and therapeutic targets to
improve the management of this disease. For the moment, this has not been successfully applied
as diagnostic or prognostic of preeclampsia. One explanation of this observation could be that the
extraction of circulating RNAs from the plasma is still immature technologically, leading to discrepant
results between various laboratories and absence of consensus in defining a panel of diagnostic miRNA.
This may evolve in the future, leading to substantial exploitation of these markers in complex diseases,
including preeclampsia.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/11/
2837/s1. Table S1. High-throughput studies analyzing methylation profiles of different relevant tissues in the
context of preeclampsia [42,43,47,54-73].
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