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Synthese de travaux: résumé francais

Pendant la grossesse, le placenta se développe quelques jours apres la fécondation et assure la
régulation des échanges de nutriments entre la mére et le bébé, une protection contre les
infections, une immunotolérance et la sécrétion d'hormones clés de la grossesse. Le type
cellulaire primaire du placenta est le trophoblaste d'origine feetale. Les cytotrophoblastes
mononucléés (CTB) proliférent et peuvent se différencier en trophoblastes extra-villeux (EVT)
responsables de l'invasion placentaire et du remodelage des artéres spiralées maternelles, ou en
syncytiotrophoblastes multinucléés (STB) par fusion cellulaire. Le STB est en contact direct
avec le sang maternel et a proximité immédiate de la circulation feetale assurant les échanges
entre les deux systémes circulatoires. De plus, c'est le site principal de la sécrétion d'hormones

dans le placenta.

Les pathologies de la grossesse ont été largement liées a des anomalies placentaires ; nous nous
intéressons a la prééclampsie (PE), caractérisée par une hypertension de novo et une protéinurie
apres 20 semaines de gestation et un retard de croissance intra-utérin (RCIU). PE et RCIU
entrainent des conséquences potentiellement dramatiques sur la santé¢ maternelle (pendant et
longtemps apres la grossesse) et la santé feetale pendant la période périnatale et plus tard dans
la vie, la PE étant également I'un des facteurs de risque les plus élevés de décés du nouveau-

né.

L’objectif de cette thése de doctorat était d’aboutir a une meilleure compréhension de la
physiologie du placenta au niveau moléculaire, en étudiant une grande variété de mécanismes.
Si ce projet peut se diviser en quatre axes de recherche principaux développés dans quatre
chapitres, il englobe deux thémes principaux : la contribution de la génétique et de la
transcriptomique (OMICS) du placenta dans la santé et la maladie, et la nécessité de mieux
caractériser le syncytiotrophoblaste en raison de son role central dans la fonction placentaire.

Nous avons commencé ce voyage d'exploration en examinant la modulation génétique de
'expression des geénes pour définir des loci influengant I’expression des geénes placentaires
(eQTL). Un eQTL se définit comme un changement de séquence a un locus du génome (eSNP)
corrélé avec des altérations des niveaux d'expression d'un ou plusieurs génes (eGene). Nous
avons ¢largi les connaissances actuelles sur les eQTL placentaires, ajoutant au nombre

relativement limité d'études antérieures dans le domaine. Nous avons identifié 279 cis-eQTL
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placentaires (False Discovery Rate < 0,05) dans 57 échantillons placentaires humains, en
corrélation avec les changements d'expression de 43 génes uniques, parmi lesquels 23
constituaient de nouveaux « eGenes ». Parmi les eSNPs les plus significatifs, 111 des 279 cis-
eQTL sont associés a des eGenes placentaire décrit précédemment : une protéine Zinc-finger-
like ZSCANY, un pseudogéne placentaire PSG7, un pseudogeéne du transducteur de ERBB2
(TOB2P1), une aminopeptidase du réticulum endoplasmique (ERAP2) et I’aquaporine 11
(AQP11), corroborant la validité de nos résultats. Pour la premiére fois nous décrivons dans le
placenta des eSNPs agissant in cis qui sont en corrélation avec plusieurs eGenes et qui
identifient des régions régulatrices potentielles du placenta. Sur le chromosome 11, un nouveau
eGene LOC646029 et AQP11 partagent 10 eSNP. En aval, les 3 eSNP associés au niveau
d'expression de CARD17 sont également retrouvés des eSNP pour le nouvellement décrit
eGene CASP1P2. De méme, 24 des 42 eSNP associés a ZSCAN9 sont corrélés avec des

changements d'expression du transcrit en amont TOB2P1, sur le chromosome 6.

Un résultat intéressant des ensembles de données eQTL est I'identification de mécanismes
putatifs de régulation génique qui influencent les eGenes, tels que la description d’enhancers,
de facteurs de transcription, ou encore de complexes induisant des modification épigénétique.
Pour identifier de tels mécanismes, il est nécessaire de descendre jusqu'aux régions génomiques
qui abritent ces eSNP et eGenes, a la recherche de signatures d'activité amplificateur comme
des marques de modification d'histone, de sites accepteurs d'épissage, de séquences consensus
de facteurs de transcription. Compte tenu de leur role pléiotrope apparent, nous avons concentré
notre attention sur les trois régions chromosomiques mentionnées précédemment. En
examinant la position relative des eSNP avec les marques de modification des histones
annotées a partir de la base de données ENCODE ainsi que les annotations fonctionnelles des
SNP de la base de données dbSNP, nous avons pu identifier un réseau régulateur potentiel
impliquant les facteurs de transcription putatifs Zinc-finger ZKSCAN4 et ZSCANO ainsi que
TOB2P1. La fonction de ZSCAND9 est encore incertaine, alors que TOB2P1 est un pseudogeéne
du transducteur de la tyrosine kinase ERBB2, la derniére impliquée dans la morphogenése du
cytosquelette et dérégulée dans le cancer. Il est intéressant de noter que ZKSCAN4 agit comme
un répresseur de I'expression génique, en particulier dans la voie p53. Les régions régulatrices
putatives que nous avons présentées ici sont cependant encore trés spéculatives, et des
validations in vitro de la présence des marques de modification des histones ainsi que de
l'impact des niveaux de ZKSCAN4 sur les eGenes sont nécessaires. De plus, ayant accés a des

¢chantillons placentaires provenant de pathologies de la grossesse, PE et RCIU, la prochaine
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¢tape consiste a voir si la maladie a une interaction avec la séquence génétique en modulant

l'expression des eGenes.

Dans la perspective de comprendre la contribution du placenta aux PE et RCIU, nous avons
mené un seconde étude multi-OMICS. Cette fois, alors que nous nous concentrions toujours
sur l'expression des geénes, nous avons plutét cherché des changements au niveau de
'expression des exons, en étudiant la contribution de différentes isoformes et de 1'épissage
alternatif dans les pathologies de la grossesse par rapport au contréle. Cet intérét pour 1'épissage
alternatif découle de l'observation que certains des biomarqueurs clés qui caractérisent les
grossesses pré-éclamptiques sont soumis a un €pissage alternatif et que les isoformes sont
exprimées différemment entre la maladie et les grossesses a bas risque. En effet, la tyrosine
kinase-1 de type fms (FLT-1) et I'endogline (ENG) sont exprimées sous leur forme longue et
sont liées a la membrane, médiant des cascades de signalisation pro-angiogéniques dans les
placentas normaux. Dans la PE et RCIU, les isoformes plus courtes sont fortement exprimées
et libérées dans la circulation sanguine sous forme solubles pour FLT-1 (sFLT-1) et ENG
(sENG). Cela entraine une déplétion des facteurs de croissance pro-angiogénique dans la

circulation sanguine maternelle et une dysfonction endothéliale.

Notre approche peut étre considérée comme pionniére, puisque nous avons cherché a savoir si
la dérégulation de 1'épissage alternatif pouvait constituer une caractéristique des pathologies
placentaires, plutdt que d'étre restreinte a quelques protéines ; une telle piste de recherche
n'avait jamais été explorée en ces termes auparavant. En comparant les expressions des
isoformes dans 17 échantillons témoins, 7 PE et 13 RCIU, nous avons en effet pu montrer
comment |'épissage alternatif est profondément affecté dans les pathologies de la grossesse, et
de fortes différences caractérisent PE et RCIU. 1060 et 1409 génes se sont avérés étre €pissés
de maniére différentielle dans les comparaisons PE vs CTRL et [IUGR vs CTRL (valeur de p <
0,001) et seulement 176 étaient communs entre les deux pathologies. Ces génes sont associés
a des mots clés ontologiques relatives aux « complications de la grossesse », aux « maladies
feetales », a « I'hypertension gestationnelle », & « I'hypoxie » et aux voies associées au cancer.
Alors que le sous-ensemble distinct dérégulé dans le RCIU semblait étre impliqué dans
I'hypoxie et les voies métaboliques telles que la stéroidogenese, la synthése hormonale et le
transport des anions, dans la PE les termes « matrice extracellulaire », « systéme circulatoire »,

et « physiologie neuronale » étaient enrichis.
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De nombreux genes ont déja été décrits comme étant fortement dérégulés dans les pathologies
de la grossesse telles que la pappalysine 2 (PAPPA2), la sérine peptidase 4 (HTRA4) et la
leptine (LEP) trouvées augmentée dans les placentas de grossesses compliquées par la PE.
Nous avons pu montrer pour la premiere fois comment ces mémes génes semblent également
fortement altérés au niveau de 1'épissage, suggérant que différents répertoires d'isoformes sont
exprimés en pathologie par rapport au contrdle. Cependant, nos résultats ont souligné
l'importance d'examiner les changements dans les niveaux d'expression au niveau des
différentes isoformes, car méme si certains génes ne semblaient pas étre modifiés entre la
maladie et le controle au niveau total, des différences d'épissage alternatives pourraient
entrainer des différences fonctionnelles au niveau protéique. Compte tenu du manque
d'informations concernant la régulation génétique de I'épissage dans le placenta, nous avons
généré le premier ensemble de données préliminaires identifient des loci influencant I’épissage

des génes placentaires (sQTL), 52 cis-sQTL ainsi que 52 trans-sQTL (FDR < 0,05).

Grace a ces investigations OMICS, alors que nous avons identifié la régulation génétique de
l'expression et de I'épissage dans le placenta, nous n'avons pas encore ¢lucidé les mécanismes
qui lient les changements alléliques dans les SNPs avec les changements dans les genes cibles.
Des expériences d'édition de géne visant a évaluer l'impact de chacun des alleles sur
I'expression des genes et les répertoires d'isoformes pourraient aider a déméler ces

phénomenes.

Le deuxiéme théme principal de ce travail de thése a été la caractérisation du processus de
syncytialisation. Le STB se développe précocement au cours de la placentation par fusion de
CTB, qui constituent la réserve de cellules trophoblastiques dans le tissu et assurent par
prolifération leur auto-renouvellement. Ce flux continu de noyaux de CTBs dans le STB
multinucléé permet I'expansion du STB nécessaire pour répondre aux besoins métaboliques
croissants du feetus en développement, ainsi que le remplacement des noyaux vieillissants.
L'altération de cet équilibre, souvent observée sous la forme d'une prolifération accrue de CTBs
et d'une syncytialisation réduite, entraine un dysfonctionnement des STB caractérisé par un

stress oxydatif et la libération de molécules de stress.

Les altérations morphologiques et fonctionnelles du STB sont une caractéristique des
pathologies de la grossesse telles que la PE et le RCIU. Compte tenu de son role clé dans la

fonction et la pathologie placentaires, le processus de syncytialisation fait 'objet d'efforts de
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recherche constants visant a identifier de nouveaux génes candidats. La majorité des études
portent sur les protéines membranaires, les kinases et phosphatases impliquées dans les
cascades de signalisation, et les facteurs de transcription. Au-dela de ces fonctions, 1'attention
portée aux mécanismes épigénétiques de régulation impliqués dans la syncytialisation est
pratiquement inexistante, a l'exception de quelques études qui ont montré le role de divers

microARN (miR).

En 2019, nous avons passé en revue les mécanismes épigénétiques de régulation dans le
placenta sain et dans la prééclampsie, montrant leur réle central dans I'établissement des
mode¢les d'expression génique. Il est intéressant de noter que de nombreux longs ARN non
codants (IncRNA) sont souvent dérégulés dans les placentas prééclamptiques. Néanmoins, ces
IncRNA sont généralement étudiés dans des modeles cellulaires de trophoblastes extra-villeux
(EVT), caractérisés par un potentiel prolifératif et migratoire élevé, mais pas dans des cellules
de type syncytiotrophoblaste. Nous avons contribué de manicre significative a ce domaine en
clarifiant le r6le des ARN non-codants confirmés dérégulés dans la PE et le RCIU, en
particulier le IncRNA Urothelial Cancer Associated 1 (UCAT) et de le miR-193b qui ont un
role significatif dans la syncytialisation des trophoblastes. Les modifications
transcriptionnelles de la lignée cellulaire BeWo lors de 1'administration de forskoline (FSK),

liées a la syncytialisation et par rapport aux ARN non codants ont été analysées.

Dans les cellules traitées par la FSK par rapport au contrdle, 800 et 1281 geénes totaux étaient
respectivement régulés a la hausse et a la baisse, parmi lesquels 196 étaient des IncRNAs
régulateurs, appartenant aux classes des IncARN, miR, ARN circulaires, petits ARN nucléaires
et piARN. Nous avons ensuite étudié leurs cibles putatives et leur expression relative dans les
placentas avec IUGR et PE dans notre ensemble de données transcriptomiques placentaires
humaines ainsi que dans des ensembles de données précédemment publiés. miR-193b a été
identifi¢ comme un hub central pour la syncytialisation dans le modéele des cellules BeWo,
avec 135 cibles prédites, dont 108 régulées a la baisse dans les cellules traitées par FSK. miR-
193b est également régulé a la hausse dans les placentas malades, ce qui soutient 1'hypothése
d'une dérégulation de la syncytialisation des trophoblastes dans ces pathologies de la grossesse.
Cependant, les effets globaux de cette dérégulation sur les taux de syncytialisation ne sont pas

encore clairs et d'autres études in vitro sont nécessaires.

17



Notre contribution majeure dans ce travail est relative au role dUCAT sur la syncytialisation.
Cet ARN non codant avait été précédemment trouvé régulé a la hausse dans les placentas pré-
éclamptiques et sa dérégulation dans le modéle EVT a montré son réle de modulateur négatif
de la prolifération et des capacités migratoires de ces cellules. Ici, nous avons confirmé les
niveaux augmentés de UCA1 dans les placentas PE et IUGR et caractérisé sa fonction dans la
différenciation du STB. Le knock-down d'UCA1 dans les cellules traitées par FSK a
profondément modifi¢ le profil transcriptomique de ces cellules, réduisant les changements
associés a la syncytialisation. Cela suggére que UCA1 est nécessaire pour une syncytialisation
réussie. En résumé, dans des conditions physiologiques, la régulation positive dUCA1 a un
impact négatif sur la prolifération et la migration des trophoblastes, en empéchent la
différenciation de CTB en EVT, alors qu'elle favorise la syncytialisation du CTB et qu'elle est
nécessaire pour les changements transcriptionnels qui se produisent au cours de ce processus.

Dans notre quéte pour accroitre notre compréhension de la syncytialisation, nous avons
entrepris de concevoir un criblage a 1'échelle du génome pour identifier les génes candidats
avec une approche non ciblée. Nous avons utilisé la technologie CRISPR/Cas9 avec une
bibliothéque d'ARN a guide unique optimisée ciblant plus de 19,000 génes codant dans le
génome humain. Nous avons test¢ une grande variété d'approches expérimentales afin
d'optimiser ce criblage pour étudier la syncytialisation des trophoblastes dans le modéle
cellulaire BeWo. Cependant, il est encore nécessaire de trouver des conditions expérimentales
optimales pour distinguer au mieux les cellules en différenciation dans la population BeWo
traitée au FSK, et les cellules non compétentes dans le méme échantillon. Il semble que, selon
la méthode expérimentale de détection des STB en différenciation, dans le modele cellulaire
BeWo, les taux de fusion et de différenciation varient selon les différentes études. Nous avons
essayé de séparer les cellules de type CTB et de type STB sur la base de leurs niveaux
d'expression nucléaire de marqueurs protéiques associés a I'un ou l'autre phénotype dans la
littérature. Ces marqueurs nucléaires de 1'é¢tat de type CTB et STB ont été évalués par
cytométrie en flux ; respectivement, le marqueur de prolifération Ki67, le facteur de
transcription de la lignée trophoblastique GATA3, et le facteur de transcription de fusion

GCM1.

Alors qu'aux niveaux transcriptomique, nous pouvions détecter des changements profonds
entre les cellules traitées par FSK et les cellules témoins (quoique pas spécifiquement pour le
geéne GATA3), comme en témoignent nos études, nous n'avons pas vu de changements étendus

du taux de protéines dans la population BeWo traitée par FSK; étant limité a seulement ~ 10%
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des cellules qui ont montré une réduction de GATA3. Néanmoins, avant de tirer des
conclusions définitives, il sera nécessaire de répéter les expériences de cytométrie en flux que
nous avons présentées ici, en testant des concentrations croissantes de FSK ainsi que des temps
d'exposition plus longs (par exemple 5 jours). Alternativement, 'utilisation de cellules souches
pluripotentes induites (iPSc) pourrait fournir une voie supplémentaire pour le criblage, étant
donné la possibilité de les différencier spécifiquement en sous-types de trophoblastes et les

ressources croissantes relatives a l'utilisation de CRISPR/Cas9 dans iPSc.

Ce projet a certainement contribué au progrés des connaissances en biologie du placenta, méme
si nous ne pouvons pas encore discerner l'ensemble du tableau. Avec ce travail nous avons posé
quelques picces de la fonction et de la régulation des génes placentaires. En espérant que ces
résultats fourniront une base pour d'autres étude et caractérisations, et favoriseront un jour une

meilleure compréhension des pathologies de la grossesse.

19



20



Abstract

The placenta is the temporary organ that develops during gestation to provide nutrients and
respiratory gases to the developing embryo, from the maternal circulation; additionally, it
promotes maternal immunotolerance and is the key site of endocrine secretion of pregnancy
hormones. The primary cell type of the placenta is the trophoblast of foetal origins.
Mononucleated cytotrophoblasts (CTB) proliferate and differentiate in extra-villous
trophoblast (EVT) responsible of placental invasion and maternal spiral arteries remodelling,
or in the multinucleated syncytiotrophoblast (STB) through cell fusion. The STB is in direct
contact with maternal blood and in close vicinity to the foetal circulation ensuring the
exchanges between the two circulatory systems. Additionally, it is the key endocrine site for
hormone secretion in the placenta. The pathologies of pregnancy have been largely linked to
placental abnormalities; we are interested in preeclampsia (PE), characterized by de novo
hypertension and proteinuria after 20 weeks of gestation and intra-uterine growth restriction
(IUGR). Both diseases have potentially dramatic consequences on maternal health for PE
(during and long after pregnancy) and foetal health perinatally and later in life, PE being also
one of the highest risk factors for death of the new-born. In this project we investigated four
different aspects of placental physiology: 1) We analysed the transcriptome and the genotype
of 57 human placental samples and identified a set of 279 statistically significant (False
Discovery Rate < 0.05) cis-expression Quantitative Trait Loci (cis-eQTL), correlating with
changes in expression of 43 unique genes. These eQTLs highlighted three distinct regions, one
on chromosome 6 and two on chromosome 11, that could function as regulatory hotspots in the
placenta 2) We identified fundamental differences in regulation of alternative splicing between
healthy, PE and IUGR placentas 3) We investigated the role of non-coding RNAs in these
pregnancy pathologies identifying functional differences in a repertoire of miRNAs and long
non-coding RNA UCA1, which showed a critical role in syncytialisation 4) We present the
progress towards the design of a whole genome-screen with CRISPR/Cas9, aimed at
identifying candidate genes involved in trophoblast fusion. This PhD project contributed to
our understanding of a broad spectrum of molecular mechanisms involved in the regulation of
placental function: genetic regulation of gene expression, disease-specific expression of RNA-
isoforms by alternative splicing, non-coding molecules that are involved in epigenetic
regulation of gene expression. These elements could pave the way to an improved integration

of basic mechanisms of gene expression regulation in the human placenta.
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Introduction

This PhD thesis consists of a multi-faceted study into the function of the placenta as part of the
European Union Horizon 2020 Project “Innovation in modelling placenta for Maternal and
Foetal Health” (iPlacenta) (Murdoch et al., 2021). The Project has the overarching aim of
improving the understanding of placental physiology keeping an eye upon the burden of
pregnancy pathologies, that have most generally found to have a causal link with placenta
dysfunction. Essentially, pregnancy is a challenge for the maternal organism; placental function
when optimal can admit a suboptimal vascular maternal system, while in maternal poor health
(obesity, diabetes), a suboptimal placental function will lead to disease. The focus of the project
is to better characterise preeclampsia (PE) and intra-uterine growth restriction (IUGR), both

diseases being supreme compelling questions for the field of placentology.

The iPlacenta consortium includes fifteen Early-Stage Researchers, respective supervisors
affiliated with eleven different institutions across Europe, and additional research partners. The
consortium is focused on different research axes divided in three Work Packages (WP). WP1
has the aim of identifying and developing novel in vitro models to mimic placental function as
well as pathology, mainly by mean of a placenta-on-a-chip technology and the use of induced
pluripotent stem cells (iPSCs) lines to recapitulate the PE and IUGR phenotype. WP3 is
focused on the development and characterisation of in vivo models of pathological pregnancies
as well as developing accurate clinical assessment methods by imaging technologies for early
prediction of pathological outcomes. My PhD project falls within the scope of WP2 that, by
integrating different multi-dimensional datasets relative to human placental samples, has the
goal of identifying genetic and epigenetic mechanisms important for the function of the
placenta, with a particular attention to the PE and IUGR phenotypes, hunting for detectable

signatures of disease.
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The Placenta: an overview

During pregnancy, the placenta develops a few days after fertilisation of the egg and grants
nutrient exchange regulation between mother and baby, protection from infection,
immunotolerance and secretion of key pregnancy hormones. The placenta is one of the four
extra-embryonic annexes, together with the amnios, yolk sac and allantois, which while being
of foetal origins will not be part of the body of the developing foetus but will assist its growth
during gestation (Carlson, 2014; Gude et al., 2004). The chorion comprises mesenchymal cells
and trophoblast cells, trophoblasts will be the first foetal cell type to differentiate from the
newly formed embryo. It constitutes the outermost extra-embryonic tissue, the only one that
comes in direct contact with maternal tissues; it eventually will give rise to the placenta and
the chorionic leave of the foetal membranes. The amnion arises from the epiblast cells of the
blastocyst and grows to surround the developing embryo, creating a fluid-filled cavity. This
amniotic sac provides a protective environment to the conceptus in which to grow and move
freely, shielded from mechanical shocks. The liquid contains stem cells, water, growth factors
and hormones, as well as protective immune cells and anti-inflammatory molecules. The yolk
is a small ventral sac that serves as the first site for angiogenesis and vasculogenesis, while the
allantois is a ventral diverticulum which in other vertebrates has the primordial role of
favouring gas exchange and clearance of metabolic anabolites. In humans these functions are
mediated by the placenta, however the allantois will develop into the circulatory system of the
umbilical cord that dispenses foetal blood to the placenta (Carlson, 2014). Figure 1a gives a
schematic representation of the foetus within the uterus, annotating maternal (in cursive) and

foetal tissues and showing the organisational structure of the placenta.
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Figure 1. Schematic representation of the growing foetus in the maternal uterus in the second
trimester. a) The placenta maternal and foetal sides, with respective cell types, as well the other extra-
embryonic membranes, the yolk sac, amnion and amniotic sac, and chorion (at this stage, the allantois
is embedded in the umbilical cord). Maternal tissues are indicated in cursive. b) Placental Villous Tree.

Zoom-in view of the functional unit of the placenta.
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The formation of the placenta necessitates the coordinated interaction between maternal and
foetal cells. The maternal uterus is comprised of three layers, the endometrium faces the uterine
lumen and is made of endometrial stromal cells with secretory function, the thickest layer is
the myometrium consisting of smooth muscle, and finally the perimetrium is the outer lining
of the uterus, in contact with internal organs (Jones and Lopez, 2013). During the menstrual
cycle around 6 days post-ovulation, decidualisation begins by differentiation of the endometrial
stromal cells into decidual cells characterised by rounded shape, larger cytoplasm, and
specialised secretome. Decidual cells secrete hormones prolactin (PRL) and insulin-like
growth factor-binding protein 1 (IGFBP-1) which stimulate trophoblast proliferation, growth,
and invasion of the maternal uterine wall, fostered also by the extracellular matrix (ECM)
remodelling mediated by the decidua itself. Decidual cells migrate deep into the uterine wall
to modify maternal spiral arteries and promote angiogenesis to increase the blood supply to the
uterus, which will be needed to establish the supply of nutrients in the placenta especially from
the second trimester of gestation. Decidualisation is also a necessary process in establishing
maternal immunotolerance of the foreign foetal cells, which would be otherwise target of the

maternal immune system (Okada et al., 2018).

Approximately one-week post-fertilisation, the blastocyst makes the first contact with the
uterine wall, implantation occurs thanks to rapid proliferation of the outer blastocyst layer
comprised of cytotrophoblast (CTB) cells. At this stage, CTBs fuse to create a multinucleated
layer called the syncytiotrophoblast (STB), which continuously expands and promotes the first
invasion of maternal tissues. Mononucleated CTBs continuously fuse to the STB layer,
promoting its expansion and advancement of the STB front deep into the uterine walls. Over-
time, and at very early stages following the implantation (around 9 days post-coitus), vacuoles
form in the STB that will develop into the maternal lacunae. The proliferating CTBs form
columns of mononucleated cells that traverse the invading STB, from these columns extra-
villous trophoblasts (EVT) differentiate by undergoing an epithelial-to-mesenchymal transition
acquiring high migratory capacity. EVT proliferate rapidly and start invading the decidual
tissue, to anchor the developing placenta deep within the uterine wall, migrate deeper in the
decidua and secrete key regulatory hormones that promote invasion as well as
immunotolerance (Benirschke and Kaufmann, 2000; Gude et al., 2004; Pijnenborg, 1990;
Vigano et al., 2003). Between 8-10 weeks of gestation, EVT clusters reach the maternal spiral
arteries and form trophoblast plugs, blocking the lumen and maintaining hypoxic conditions.

EVT migrating within the placental bed are interstitial trophoblasts that expand the radius of
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invasion of the placenta and anchor it to the endometrium. These cells differentiate into
multinucleated placental bed giant cells (GC) that secrete growth factors and hormones to
promote invasion and angiogenesis. By 10-to-12 weeks, EVTs further differentiate into
endovascular trophoblasts which mediate spiral arteries remodelling; they migrate deep within
the endometrium and replace maternal most smooth muscle cells as well as intercalating
endothelial cells in the arterial linings. This process reduces vascular resistance, increasing the
calibre of the vessels as well as rendering them not responsive to changes in blood flow and
pressure, so that constant blood flow to the placenta is ensured (Benirschke and Kaufmann,

2000; Gude et al., 2004; Pijnenborg, 1990; Vigano et al., 2003; Wang and Zhao, 2010).

Entering the second trimester, on the foetal side, the STB is the outmost layer of foetal cells, at
the base CTBs continue to proliferate ensuring self-renewal, while fusing with the expanding
STB, providing additional functional nuclei and cellular factors. The decidua has been deeply
modified to form lacunae, large cavities that are filled with oxygenated maternal blood coming
from the spiral arteries in the endometrium. This blood comes in close contact with the foetal
cells at the level of the STB layer, which is now organised in placental villi and villous trees,
the functional unit of the placenta (Figure 1b). Each tree is a branched structure composed of
placental villi, with an outer layer of STB in direct contact with the maternal blood, a basal
layer of CTBs that provides continuous addition and renewal of the STB by syncytialisation
and other cell types depending on the developmental stage of the villus. The branched nature
of mature villi grants high surface-to-volume ratio, ensuring efficient nutrient exchange as well
as potent endocrine secretion. Within the tree lumen, connective tissue supports the foetal
vasculature, with ECM, stromal cells such as fibroblast and specialised immune cells (i.e.
Hofbauer cells, which are considered the placental equivalent of macrophages). Branched
foetal vascular capillaries coming from the umbilical cord permeate the villus tree, near the
trophoblastic layer. This allows for proximity but no contact between maternal and foetal
circulatory systems. Between maternal and foetal blood, at the beginning of gestation 4 layers
of cells are found, from maternal to foetal side: STB, CTB, connective tissue, endothelial cells
of foetal capillaries. However, as gestation progresses, to account for the increase in nutrient
demand and exchange rate, the CTB layer is reduced and mostly extinguished in the majorities
of villi by the end of term, concomitantly with a reduction in the width of connective tissue
(Castellucci et al., 2000, 1990; Kingdom et al., 2000). The placenta reaches its complete
maturation at 34 weeks of gestation, when the two sides have a very distinctive structure: the

maternal side called basal plate and the foetal chorionic plate, in between we have the
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intervillous space (Figure 2). From the foetal side, the branching of the foetal vasculature
within the villous trees can be seen, radiating from the umbilical cord, the surface is smooth as
it is covered by the amnion. The placental villi are organised in circular clusters, special
compartments called cotyledons, that characterise the maternal side, covered by a layer of

decidual cells (Wang and Zhao, 2010).

Foetal Side: Chorionic Plate Maternal Side: Basal Plate
Umbilical Chori Chorion
cord LN Decidual layer

Fetal blood
vessels

\ *éj r

Amnios

Amnios

Cotyledons

Figure 2. Placental foetal and maternal sides by 34 weeks of gestation. Figure based on (Ziadie,

2011), image created with Biorender.com.
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Placenta development

Fertilisation, Implantation, and Invasion

The journey of the zygote up to implantation and invasion in the maternal wall is recapitulated
in Figure 3. The maternal oocyte is protected by an outer layer rich in glycoproteins, the zona
pellucida (ZP), that mediates communication with the ovarian follicle cells, with the sperm and
protects the early embryo. Once the sperm has successfully penetrated the ZP, it transfers its
genetic material to the oocyte and the fusion of the two pro-nuclei gives rise to the diploid
zygote. During the first 3 to 4 days after fertilisation, the zygote enters a series of rapid mitotic
divisions that reduce the zygotic cytoplasm in smaller cells, without cell growth (Singh, 2018).
At days 4-5, the 16-cell stage, the morula, is reached, cells continue to divide within the ZP
layer, causing increasing mechanical stress. Between 32 and 64-cell stages, a portion of these
totipotent cells will define the Inner Cell Mass (ICM), while a cavity, the blastocoel, starts to
form due to liquid secretion from the cells. The magnitude of the mechanical stress in the
morula is believed to have a role in cell fate determination during the formation of the
blastocyst (Bissiere et al., 2018; Samarage et al., 2015) (Figure 3a). During blastocyst
development, the first event of cell differentiation occurs, the outer layer becomes the
trophectoderm, which will give rise to the chorion and the placenta, while the ICM will later
generate the tissues of the true embryo as well as the other foetal membranes (amnion, yolk sac

and allantois) (Singh, 2018).

At day 6-7, the blastocyst hatches from its ZP and contacts the uterine wall, the CTBs on the
point of contact start then to rapidly proliferate and to invade the decidual tissue. The adhesion
between the blastocyst and the epithelial layer of maternal decidua is favoured by the secretion
of cytokines from both maternal endometrial glands and trophoblast cells. Interleukin-11 (IL-
11) and Leukaemia inhibitory factor (LIF) are secreted by decidualised cells and act on both
the decidua and the trophoblast through specific receptors, activating downstream the Janus
kinase—signal transducer and activator of transcription (JAK- STAT) signalling, through
STAT3 (Figure 3b). This pathway is characteristic of the invasive phenotype of metastatic
cancers (Fitzgerald et al., 2008; Kamran et al., 2013).
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Figure 3. Embryo implantation and invasion into the maternal uterine wall. a) Blastocyst
development. After fertilisation has occurred, the zygote undergoes a series of rapid mitotic divisions
inside the Zona Pellucida (ZP), characterised by absence of cell growth, daughter cells are progressively
smaller. The morula is defined starting from the 16-cell stage. The blastocyst is formed after the first
event of differentiation in the embryo occurs with the formation of an inner cavity, the establishment of
the trophectoderm lineage on the surface, trophoblast progenitor cells. Inside the cavity the Inner Cell
Mass comprises cells that will give rise to the true embryo as well as the other extra-embryonic tissues.
b) Stages of embryo implantation and invasion. 6 days post-fertilisation the blastocyst hatches from
the ZP and trophoblast as well as decidual modifications are activated by cytokines. Between Days 7-
8, the blastocyst loosely adheres to the uterine wall and tight interactions with the decidual cells promote
rapid proliferation and fusion of CTBs into STB. The expanding STB layer promotes invasion of the
endometrial wall, deep inside the tissue. By Day 8 the blastocyst is completely embedded within the
uterine wall. BL = Blastocyst; ZP = Zona Pellucida; LE= Luminal epithelium of the endometrium; CT=
Cytotrophoblast, GE = Glandular epithelium, ST = syncytiotrophoblast, IL-1 = Interleukin-1, P=
Pinopode. Adapted from (Fitzgerald et al., 2008), image created with Biorender.com.
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The CTBs start to fuse to create the STB front that invade the maternal uterine walls.
Trophoblast cells secrete high levels of Interleukin-6 (IL6), a potent activator of STAT3, that
interacts with receptors on the epithelial decidua and on trophoblasts themselves. These
signalling cascades have the overall effect of promoting invasion, activating expression and
secretion of proteases that digest the connective tissue and ECM of the decidua, such as matrix
metalloproteinase 9 and 2 (MMP-9 and MMP-2 respectively),and collagenases. Meanwhile,

trophoblasts can harness nutrients from the degraded decidual tissue (Fitzgerald et al., 2008).

The blastocyst sinks below the level of the uterine wall and the tissue overhead is repaired so
that the whole blastocyst is now completely embedded in the maternal endometrium (Figure
3b). At this early stage, proliferating CTBs start to invade the STB to create protrusions,
cytotrophoblast columns, that will then develop in primary villi. At the same time, CTBs at the
distal end of the column differentiate in EVTs that undergo an epithelial-to-mesenchymal
transition and migrate over the STB front, deeper in the endometrium. Here they secrete key
hormones and enzymes that will further promote invasion from the STB and CTBs, as well as
digestive enzymes facilitating the invasion and the creation of lacunae, and factors that promote
the maternal immunotolerance. Trophoblasts release Interleukin-1 (IL1) that increases LIF
expression, high levels of LIF trigger negative feedback and dampen the inflammatory
response. In EVT, LIF triggers specific expression of Human Leukocyte Antigen-G (HLA-G),
member of the Major Histocompatibility Complex (MHC), Class I, that modulates maternal
immunotolerance (Ferreira et al., 2017; Fitzgerald et al., 2008; Gude et al., 2004). Given the
extensive damage to the maternal decidua, anti-inflammatory cytokines are released by the
EVTs to reduce maternal immune system activation, mainly transforming growth factor f
(TGFpB), as well as plasminogen activator inhibitor (PAI), tissue inhibitors of matrix
metalloproteinases (TIMPs). Endovascular EVTs deep in the decidua reach the maternal
arterioles and arteries and in this first instance block the blood flow by obtruding the lumen,

forming EVT plugs (Gude et al., 2004).
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Placental villi

During placental development, the first villi develop by invagination of the STB, and
proliferation of CTBs to form an underlayer that will continue to supply new STB nuclei to the
syncytium ensuring renewal of this layer as well as increase in surface of the membrane during
gestation. In the foetal side of these invaginations, foetal cells colonise the lumen and
angiogenesis and vasculogenesis mediated by differentiation of foetal mesenchymal precursor
cells form de novo foetal blood vessels, which start to occupy the villus lumen longitudinally.
Vascularisation begins at 3 weeks post-fertilisation and is completed by week 6-8 (Demir et

al., 1989).

The villi in the placenta can be classified based on their level of vascularisation, complexity of
the structure and cell types (Figure 4a). The features of each villous type in the developing
placenta have been clarified by pioneering work based on scanning electron microscopy
techniques from the team of Dr. Peter Kaufmann (Castellucci et al., 2000, 1990; Demir et al.,
1989; Kaufmann et al., 1988). Mesenchymal villi are the first to develop and for this reason
are the simplest in term of structure and composition. In these villi the stroma is unstructured,
with few foetal capillaries that are not well developed and not branched. The STB layer at the
surface is smooth and at the apex, the STB protrudes to form a growing villous sprout. The
CTB layer below is continuous, with cells actively proliferating and fusing to the growing STB.
This is the main villous type during the first stages of pregnancy, and the STB at this stage has
key endocrine functions, while nutrient demand is low, for the developing embryo. With
progression of pregnancy, these villi constitute the region of villous proliferation, but only a
minimal portion of the mature placenta. These primitive villi develop and the region that
connects to the chorionic plate undergoes morphological and functional changes, becoming the
villous stem. Its function is to sustain and support the developing villous tree at the apical
extremity, for this reason the structure becomes more fibrous thanks to foetal fibroblasts and
stromal cells that deposit ECM. Additionally, the CTB layer becomes discontinuous since some
are replaced by fibrin agglomerates. Foetal vasculature develops further inside the lumen,
having endothelial cells as well as smooth muscle lining. However, the surface of the vessels
in this section of the villous tree is limited. The developing villi transition into immature
intermediate villi, when the overall surface is still ellipsoid and blood vessels are increasing

in numbers and calibre. These villi are responsible for most of the nutrient exchange in the first
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and second trimesters. Mature intermediate villi are ramified and highly vascularised,
important site of differentiation of terminal villi. Terminal villi present numerous thin
branches, filled with foetal capillaries, coiled, and twisted to fill the lumen. The CTB layer is
discontinuous, the foetal vessel walls are simplified and lack the smooth muscle lining, so that
the space between foetal and maternal circulation is reduced to the minimum, allowing for
highly efficient exchange, meeting the demands of the foetus in the third trimester (Benirschke
et al., 2012).

In terms of spatial organisation at term, each villous stem on the foetal side has developed in a
full villous tree, originating from the villous stem on the chorionic plate, fully branched.
Branches from each stem form a cotyledon on the maternal side. The villi that are through the
whole depth of the decidual tissue and in which the STB contacts the maternal interface
between decidua and myometrium are called anchoring villi, since they are anchored to the
maternal tissue. The other villi float in the maternal blood that fills the lacunae, and the whole
STB layer is in direct contact with maternal blood (Kaufmann et al., 1988; Wang and Zhao,
2010) (Figure 4b).
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Figure 4. Developmental stages of placental villi (a) and their spatial organisation (b). Adapted
from (Castellucci et al., 2000; Kaufmann et al., 1988). CTB = cytotrophoblast, STB =
Syncytiotrophoblast, ECM = extracellular matrix.
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Oxygen tension, maternal vascular remodelling, and placental vascularisation

During the first trimester of pregnancy, placenta develops in a state of hypoxia, where the
average oxygen (O2) tension is below 2.5%. This is due to maternal spiral arteries being
temporarily plugged by endothelial EVTs, impeding maternal blood to flood placental lacunae,
allowing only plasma to pass through to the foetus (slice views of first trimester maternal
intervillous space are empty of red blood cells, despite their small size). At the beginning of
the second trimester, between 10-12 weeks of gestation, the plugs are progressively expelled,
the arteries become functional and maternal blood fills the lacunae, increasing O2 levels to
tissue normoxia (~8.5%). Hypoxia in the first trimester is an important regulatory stimulus on
trophoblast function and essential for the correct development of the placenta: it affects
proliferation, fusion, and migration promoting invasion, as well as de novo vasculogenesis and
angiogenesis (Genbacev et al., 1997; James et al., 2006). Between 16-18 weeks of gestation,
once the maternal circulation has been established in the placenta, the increase in oxygen
tension triggers further invasion of EVTs in the decidua, to complete the spiral arteries
remodelling that ensure a “high flow, low resistance phenotype”. By replacing endothelial and
smooth muscle cells in the arteries with endothelial EVT cells, the responses of maternal
arteries to changes in blood pressure are inhibited, probably also decreasing the shear stress at
the surface of the STB, this stress being an important issue in the ageing of this tissue. These
changes ensure a large blood supply to the developing foetus, apt at meeting the increasing
nutritional demands, especially from the foetal brain, requesting up to 50% of the nutrients
brought by the maternal blood. In addition to the morphological vascular remodelling of
existing vessels, maternal arterioles and veins develop de novo to increase the number of
vessels that supply the lacunae. The foetal side of the placenta needs to mirror the vascular
development observed in the mother, this is achieved through vascular development within the
villi. Pluripotent mesenchymal cells that migrated into the placenta from the developing
embryo are the stem cell precursors of endothelial and erythrocytes that will later drive the
process of vasculogenesis and angiogenesis, which begins approximately at 3 weeks of
gestation in mesenchymal villi (C.-Y. Chen et al., 2015; Huppertz et al., 2014a; Wu et al.,
2018).

The development of blood vessels in the lumen of developing villi is first initiated through de

novo vascularisation. In the first trimester, foetal Hotbauer cells (placental macrophages) in the
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villous stroma and CTBs secrete high levels of Foetal Growth Factor (FGF) proteins, primarily
FGF1 and FGF2, that activate mesenchymal precursor stem cells to differentiate into
endothelial cells, initiating vasculogenesis. FGF is also involved in angiogenesis by promoting
endothelial cells proliferation; moreover, it stimulates CTB self-renewal in positive feedback.
At term, FGF is mainly expressed by the STB. Members of the Vascular Endothelial Growth
Factor (VEGF) family of proteins are potent pro-angiogenic factors. In the placenta, VEGFA,
B, C and D are secreted by CTBs, Hofbauer, endothelial cells and pericytes. They bind to
receptor tyrosine-kinases, that wupon ligand-binding undergo activation through
phosphorylation and dimerization, resulting in intracellular signalling cascades that promote
proliferation, angiogenesis, causing formation of capillary networks and blood cells in their
lumen. Among VEGF receptors, VEGF Receptor 1 (VEGFR-1) is also known as Fms Related
Receptor Tyrosine Kinase 1 (FLT-1), VEGFR-2 known as Flk—1/KDR and FLT-4 (VEGFR-
3). FLTI1 and Flk—1/KDR are expressed on the surface of mesenchymal precursor cells, and
once activated promote cell differentiation into vascular and lymphatic cells. Endothelial cells
are the primary target of VEGF signalling, which promotes proliferation and endothelial cells
activation resulting in blood vessel branching through sprouting of endothelial cells from an
existing blood vessel (Demir et al., 2004; Wang and Zhao, 2010). VEGF signalling is
potentiated by the action of placental growth factor (PIGF) that competes for the binding of
FLT-1, increasing VEGF bioavailability and activation of VEGFR-2 associated with
recruitment of myeloid cells and macrophages promoting vessel growth. Many different PIGF
isoforms exist, secreted in the placenta by GC trophoblasts that promote vascularisation of the
placenta as well as the decidua. VEGF is also the main target gene of Hypoxia-inducible
Factors 1a (HIF-1a) and 20 (HIF-2a), which in the first trimester are stabilised by the hypoxic
conditions in the placental bed; this results in activation of VEGF signalling in endothelial
cells, secretion of pro-angiogenic factors from trophoblast and decidual cells, EVT invasion

(Chiarello et al., 2020; Wang and Zhao, 2010; Zygmunt et al., 2003).
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The functions of the placenta

Nutrient, gases and anabolites exchange

In a broad sense, and among other functions, the placenta performs the function of a lung by
letting gas diffusion occur between maternal and foetal blood cells, of an intestine by
facilitating nutrient exchange from the maternal circulation to the foetus, and as a kidney

carrying out the clearance of metabolic wastes from foetal circulation.

Respiratory gases O and carbon dioxide (CO2) freely diffuse from maternal to foetal
circulation and vice versa, through the permeable membrane of the STB which is in direct
contact with maternal blood in the lacunae. Depending on the stage of gestation, the thickness
of the cell layers between maternal and foetal blood varies. At the beginning of gestation,
multiple layers of CTBs, ECM and endothelial cells separate the foetal blood stream from the
STB and the maternal blood. However, with the progression of gestation, the foetal capillaries
in terminal villi are fully dilated and come in close proximity to the STB, while CTBs and ECM
were progressively reduced. In the third trimester, < 5 pm separate the two circulatory systems,
fostering efficient diffusion rates (Benirschke et al., 2012; Demir et al., 1989). The
directionality of oxygen transfer from maternal erythrocytes to foetal cells is favoured by
specific expression of the foetal Hemoglobin which has a higher affinity for molecular oxygen,
favouring release of CO2 from foetal erythrocytes and O uptake (Engel et al., 1969; Nye et al.,
2018).

Nutrient and waste exchange occurs primarily at the STB membrane facing the maternal blood
in the lacunae. Since the STB is a unique structure that covers the surface of all villi in the
placenta, it acts as a barrier making it possible to regulate the transfer of specific molecules.
Depending on the nature of the molecules, the transfer will occur either from mother-to-foetus
or from foetus-to-mother, for nutrients and waste respectively. In the instance of nutrients for
example, once the molecules have crossed the STB membrane, they need to cross the STB
cytoplasm and the foetal-facing membrane, as well as the stroma of placental villi, endothelial
lining of foetal blood vessels, to then be carried to foetal tissues by the foetal circulatory system.
The primary energy source of foetal metabolism is glucose which is preferentially uptaken

from maternal blood over other carbon sources, mainly through glucose transporter proteins
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(GLUTs). GLUTs are 12 transmembrane-pass proteins that facilitate glucose transfer through
the plasma membrane following diffusion, resulting in a flux of glucose from the maternal
blood to the foetal glucose-depleted blood stream. Different GLUTs are expressed by the
placenta, depending on the trimester and cell types; GLUT1 is ubiquitous and equally
expressed throughout gestation, other transporters are GLUT3, 4 and 12 respectively expressed
by endothelial, stromal, smooth muscle and stromal cells at term (Baumann et al., 2002; Gude
et al., 2004; Xing et al., 1998). However, in the STB, glucose molecules are also used for the
metabolic needs of the STB itself through anaerobic glycolysis pathways and aerobic
respiration in the mitochondria. High metabolic rates have been registered in CTB as well, and
placental anaerobic metabolism results in production of high volumes of lactate (Deng et al.,

2014; Kolahi et al., 2017; Suidan et al., 1984).

Other key nutritional molecules include water, amino acids, lipids and inorganic ions. Water
simply diffuses through the placental cells between mother and foetus, guided by the osmotic
pressure; this diffusion is aided by the expression of aquaporins (AQP), transmembrane
proteins that create pores in the plasma membrane for the free diffusion of water molecules
through the hydrophobic bilayer (Verkman and Mitra, 2000). Different AQP genes are
expressed by trophoblast cells in the placenta as well as by foetal membranes, and the flux of
water has been linked with volume changes in amniotic fluid (Beall et al., 2007; Liu et al.,

2004; Mann et al., 2002; Wang et al., 2001).

Foetal blood stream is enriched in amino acids compared to maternal blood levels in the
placenta, this is achieved by active transport of amino acids to the foetal blood stream mediated
by sodium-dependent as well as sodium-independent transporters. These transporters are trans-
membrane protein complexes specialised in the transfer of different classes of amino acids,
based on their charge at physiological pH (Jansson, 2001). Similarly, lipid transport can occur
by direct diffusion of lipids from the maternal blood to the foetus, thanks to the ability of lipid
molecules to diffuse through the lipid bilayer. However, active lipid transporters make possible
the lipid enrichment in foetal blood. In the maternal blood stream, lipids are transported as
lipoproteins, bound to specific transporters such as albumin; once they reach the STB layer,
lipid molecules are released by action of lipases expressed on the cell surface (Herrera et al.,
2006). Finally, ionic pumps use ATP to actively transfer inorganic ions such as potassium,

sodium, calcium and phosphate (Gude et al., 2004).
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To better characterise placental physiology, mathematical modelling has recently been applied
to in vitro placental perfusion models of isolated cotyledons as well as in vivo magnetic
resonance imaging (MRI) of the placenta during gestation. These approaches have allowed to
better characterise the impact of nutrient transport, blood flow, placental and foetal metabolism
on the overall placental perfusion, as well as clarified the role and function of specific
molecular transport systems such in the case of cortisol (Byrne et al., 2021; Lewis et al., 2020;

Stirrat et al., 2018).
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Immunotolerance

Immunology of pregnancy is a vast topic, beyond the subject of my thesis, therefore I will not

go into details on this subject but just mention a few key elements.

The term immunotolerance indicates the unresponsiveness of the immune system to a subset
of antigens, usually associated with the identification of cells as “self”. The determination of
“self” and “non-self” is carried out by immune cells, such as lymphocytes T, B and Natural
Killer (NK) cells, that recognise antigens expressed on the surface of cells in the body. Each
lymphocyte expresses unique antigen-specific receptors. During lymphocyte development in
lymphatic organs such as the thymus, antigen-presenting cells expressing self-antigens MHC
complexes train the immune system so that lymphocytes that can bind self-antigens without
mounting an immune response are positively selected, while self-reacting lymphocytes are
eliminated (von Boehmer and Kisielow, 1990). Self-antigen MHC I complexes are expressed
on the surface of cells in the tissues and define the “selt”. MHC genes in human are also known
as the Human Leukocyte Antigen (HLA), encompassing genes located in a cluster on human
chromosome 6. Each HLA locus presents multiple alleles which increase the spectrum of inter-

individual differences at the level of “self” (Cruz-Tapias et al., 2013).

During pregnancy, a series of immunological mechanisms act at the level of the maternal-foetal
interface to reduce the reactivity of the maternal immune system to the foreign cells that belong
to the foetus, which indeed carries a distinct genetic material and therefore should be otherwise
recognised as “non-self”. One of the key mechanisms to promote maternal immunotolerance
towards the foetus is linked to the specific expression of HLA-G by trophoblast cells. Among
the other HLA genes, HLA-G has the least number of alleles, when compared to highly
polymorphic HLA-A and B loci, reducing the chances of foetal placental cells to be recognised
as “non-self” by the maternal immune system. Invading EVTs secrete HLA-G-derived peptides
in the maternal decidua that bind to receptors on lymphocyte T and NK cells, effectively
inhibiting the immune response (Hunt et al., 2005). Other mechanisms include the expression
of immunomodulators galectins (LGALS genes) by the STB during the first trimester when the
STB invades deep into the maternal decidua, negatively regulating T cell populations and

altering their cell surface protein profiles (Balogh et al., 2019).
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Endocrine function

The STB is the primary site of endocrine secretion in the placenta. Hormones synthesised by
the placenta (together with the network of placental-borne imprinted genes, or under their
controls (Fauque et al., 2010; Senner and Hemberger, 2010) strictly regulate the progression of
the gestation by monitoring and adjusting foetal growth and trophoblast cell differentiation to
ensure that placental function mirrors the needs of the developing foetus. The hormone of
excellence for pregnancy is the human chorionic gonadotropin (hCG), a protein dimer of hCGa
and hCGp subunits. It can be found in maternal blood as well as in urine, where it is detected
by commercial pregnancy tests (Wang and Zhao, 2010). Before implantation, trophoblast cells
in the blastocyst start to secrete hCG to promote progesterone synthesis by the cells of the
corpus luteum (CL) inside the ovary, the degenerated oocyte follicle left behind after ovulation.
hCG promotes vascularisation of the CL and progesterone release that stimulates
decidualisation of the uterine wall, inhibiting the shedding of the decidua and maintaining an
optimal uterine environment for implantation and pregnancy, progesterone also having anti-

inflammatory properties (Jarvela et al., 2008) (Figure 5).

While CTB can secrete hCG, the major volumes are later secreted by the expanding STB, and
hCG directly stimulates CTB syncytialisation promoting placental development and growth.
After 4 weeks of gestation, the STB can directly release enough levels of progesterone and
estrogens to regulate the uterine environment, without the need for the CL. However, high
levels of hCG are continuously produced throughout gestation to stimulate other key functions:
angiogenesis of the uterine vasculature, CTB differentiation into STB, inhibition of
myometrium contractions during pregnancy, CTB release of metalloproteinases to favour
invasion, placental growth and expansion (e.g. cell proliferation, vasculogenesis and
angiogenesis) (Cole, 2010). Additional endocrine products of the STB include growth
hormones, human placental growth hormone (hPGH) and human placental lactogen (hPL) that
are similar to the maternal growth hormone secreted by the pituitary gland and regulate glucose
and lipid metabolism in the placenta to promote foetal growth. Insulin-like growth factors
(IGF) target CTBs activating proliferation and differentiation pathways (Forbes and
Westwood, 2008; Handwerger and Freemark, 2000). As mentioned before, STB is also a key
site for PIGF and VEGF production involved in angiogenesis in placental villi as well as in the

maternal decidua (Shiraishi et al., 1996; Shore et al., 1997).
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Figure 5. Overview of hCG effects on progesterone production by the CL. During the menstrual
cycle, after ovulation the raptured follicle deteriorates in the CL that produces progesterone, stimulated
by maternal luteinizing hormone (LH). This results in enhanced decidualisation and vascularisation of
the endometrium, primed to receive a potential embryo. Once fertilisation has occurred, the zygote
develops into the blastocyst and early trophoblast cells secrete hCG which binds to the LH receptors on
the CL, stimulating progesterone production and maintenance of maternal decidua and pregnancy.
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Given this key endocrine function of the placenta, the effects of endocrine disruptors on
placental function and pregnancy, as well as on foetal health, are a pressing matter; these
environmental pollutants and pharmaceutical agents can in fact cross the placental barrier and
alter the normal course of pregnancy (Gingrich et al., 2020; Tang et al., 2020). For instance,
the plastic derivative bisphenol S has been found to significantly reduce the hormonal output
of the sheep placenta, explained by an abnormal trophoblast differentiation resulting in reduced

syncytialisation (Gingrich et al., 2018).
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Pregnancy pathologies

During gestation, pre-existing maternal health conditions, genetic predispositions,
inflammatory and developmental complications can result in the development of pregnancy

pathologies that put mother and baby at risk.

Some pathologies are directly linked with the site of placental development and the degree of
invasion within the uterine walls. Pregnancies with placenta previa are characterised by the
development of the placenta at the level of the cervix, which results in vaginal bleeding during
gestation and can cause heavy bleeding during labour (Anderson-Bagga and Sze, 2021;
Rosenberg et al., 2011). Most severe conditions include the range of placenta accreta, increta
and percreta. In patients affected by these pathologies, the placenta invades the uterine wall too
deeply, reaching the myometrium in accreta, invading the myometrium for more than 50% of
its width in increta, and crossing the myometrium to reach internal organs such as the bladder
and the intestine in placenta percreta (Figure 6). These conditions complicate placental
detachment after labour, often resulting in incomplete removal of the placenta and heavy
bleeding, requiring to perform Caesarean delivery before term and often necessitating the

removal of the uterus by hysterectomy (Ali and Chandraharan, 2021).

Normal Placenta Placenta Accreta Placenta Increta

Placenta Percreta

Figure 6. Degree of placental invasion in normal placenta, placenta accreta, increta and percreta.

Image created with Biorender.com
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Abnormal placental development in relation to reduced placental invasion and incomplete
vascular remodelling has been implicated in the aetiology of both PE and IUGR. PE is defined
as de novo hypertension and elevated proteinuria after 20 weeks of gestation, in these
pregnancies the placenta shows extensive oxidative damage, accompanied by abnormal release
of placental factors that cause endothelial dysfunction (ED), culminating in hypertension and
systemic organ damage such as in maternal kidney, heart and brain (Ives et al., 2020; Wang et
al., 2021). Similarly, impaired placental development causes reduced blood flow to the foetus
in IUGR pregnancies, characterised by metabolic insufficiencies and hypoxia that hinder foetal
growth causing an in utero growth deceleration, with detectable halt in the growth curve. [IUGR
foetuses often are born small for gestational age (SGA), when birth weight falls below the 10"
percentile for equivalent gestational age. [UGR is a complex multifactorial condition, resulting
from a combination of a wide range of risk factors coming from the mother, the baby and the

placenta (Fleiss et al., 2019; Sharma et al., 2016).

When the endocrine function of the placenta is altered and accompanied by an incomplete
adaptation of the maternal hormonal response, Gestational Diabetes Mellitus (GDM) can
develop during gestation. This condition is a metabolic disorder of pregnancy characterised by
reduced glucose tolerance diagnosed in the second and third trimesters. The most common
outcomes include overgrown foetuses, that can develop obesity and metabolic syndromes later
in life, while for the mother hypoglycaemia and type-2 diabetes post-partum (Carrasco-Wong
et al., 2020; Desoye and Hauguel-de Mouzon, 2007). GDM and PE appear to be closely
interlinked since women with GDM show elevated risks of developing PE during gestation
(Nerenberg et al., 2013), while women that have undergone a preeclamptic pregnancy have
increased risks of GDM in subsequent pregnancies (Lee et al., 2017); this is probably due to
the role of anomalies linked with the cardiovascular systems that can play a role in the aetiology
of both conditions (e.g. cardiovascular disease, obesity, weight gain during pregnancy)

(Ottanelli et al., 2020).

The presence of PE, IUGR and GDM during pregnancy dramatically increases the risks of
intra-uterine fetal demise (IUFD) and stillbirth (Fu et al., 2019; Harmon et al., 2015; Stacey et
al., 2019). The developmental defects of the placenta observed in PE and IUGR resulting in
reduced placental perfusion, as well as the placental lesions characteristic of GDM are among
the placental abnormalities causative of stillbirth and IUFD. The placental abnormalities

conducible to incomplete maternal artery remodelling are amongst the most common causes of
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IUFD and stillbirth, observed in ~20-35% of these pregnancies, depending on term (Man et al.,
2016; Manocha et al., 2019). Given the central role of the placenta in granting oxygen and
nutrients to the fetus, the fact that placenta lesions can dramatically affect the neonatal survival

should come to no surprise.

The causes of the incomplete vascular remodelling observed in PE and IUGR have not been
completely elucidated. However, a reduced immunotolerance of the uterine environment has
been implicated in shallow placentation: invading foetal EVT are attacked by the maternal
immune system and unable to migrate deep into the maternal uterine wall (Geldenhuys et al.,
2018; Robertson et al., 2018). As previously mentioned, maternal immunotolerance is achieved
through a series of adaptive mechanisms that include the expression of specific surface markers
by foetal cells and the secretion of anti-inflammatory cytokines to dampen the maternal
immune response by both the placenta and the maternal decidua. Immunological imbalance is
also the pivotal cause of recurrent pregnancy loss, defined as the occurrence of three
consecutive miscarriages or spontaneous pregnancy loss before 20 weeks of gestation (Ford
and Schust, 2009). If the trophoblast cells are unable to successfully establish an initial
immunotolerance (e.g. insufficient cytokine secretion, reduced HLA-G expression, reduced
trophoblast autophagy), and the maternal decidua cannot further promote this
immunosuppressive environment, the maternal immune response can result in rejection of the
conceptus and spontaneous pregnancy loss. The maternal antigens developed during this first
pregnancy have the potential to mount an even stronger immune response to the paternal
antigens expressed by the foetus during a consecutive pregnancy (Deshmukh and Way, 2019;
Guerrero et al., 2020; Peterson et al., 2020; Tan et al., 2020).

To improve maternal and foetal survival, put in jeopardy by pregnancy pathologies during
gestation, programmed or emergency Caesarean delivery is often performed, and it usually
results in preterm birth (< 37 weeks of gestation) (Soltanifar and Russell, 2012). Programmed
delivery and removal of the placenta is still the only clinical solution to treat preeclamptic
symptoms. However, prematurity itself is considered the highest risk factor for foetal demise
and has a huge impact on hospitalisation and long-term care of premature infants, due to the

resulting developmental abnormalities (Glass et al., 2015; Soleimani et al., 2014).
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In my project, for their impact on maternal and foetal survival, as well as invalidating long-
term effects later in life, [ have focussed on pregnancy pathologies PE and IUGR which are

discussed in the following sections.

Preeclampsia

PE is traditionally estimated to affect 2-10% of pregnancies world-wide (Duley, 2009;
Osungbade and Ige, 2011). However, more recent estimates have found a small decrease also
in developing countries with a global incidence of 4.6%, varying from 1-2.8% in Europe and

Asia, up to 5.6% in Africa (Wang et al., 2021; Yang et al., 2021).

The preeclamptic phenotype includes de novo hypertension and elevated proteinuria after 20
weeks of gestation. If left untreated, preeclamptic patients develop systemic side effects such
as heart and kidney lesions, HELLP (Hemolysis, Elevated Liver enzymes and Low Platelets)
syndrome that affects liver function and platelet homeostasis. Moreover, preeclampsia can
degenerate into eclampsia where the appearance of brain oedema causes seizures and often
results in maternal and foetal demise (Ghulmiyyah and Sibai, 2012). The only effective
treatment of PE is the delivery of placenta, resulting in the termination of pregnancy.
Preeclampsia may require induced labour and delivery for the sake of the mother, and be
therefore a cause of premature birth, induced by medical decisions. Delivery by Caesarean-
section may be necessary if there are clinical or obstetric conditions that require a speedy
delivery (Ananth and Vintzileos, 2006; Kim et al., 2010). Therapeutic treatments aimed at the
managing of the hypertensive symptoms are also administered (e.g. aspirin and o-micro-
globulin), but their effectiveness is strongly dependent on the early diagnosis of PE, at least for

aspirin (Anderson et al., 2015; Gunnarsson et al., 2017).

ED is a hallmark of PE, with this term we indicate the presence of anti-angiogenic, pro-
inflammatory and cytotoxic molecules in the maternal blood, which led to the previous name
of preeclampsia as “gravid toxemia”. These molecules are believed to be released by the
placenta and/or by maternal tissues, the primary target being endothelial cells of the maternal
cardiovascular system which are abnormally activated to produce vasoconstriction factors, and
ultimately undergo cellular senescence. The overall outcome is systemic hypertension,

followed soon by damage to the structural integrity of capillaries, especially in the kidney at
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the level of the delicate structure, which is the glomerulus, causing proteinuria (Raymond and

Peterson, 2011).

Two major issues about the necessity of a clinical treatment of PE cases are relative to the
current limitations in early detection of women that will eventually develop PE (pre-
symptomatic), and to the fact that a preeclamptic pregnancy has shown to significantly increase
risks associated with the development of cardiovascular disease (CVD) later in life, as well as
nephropathies and alterations of healthy brain ageing (Basit et al., 2018; Covella et al., 2019;
Turbeville and Sasser, 2020).

Current hypotheses on the aetiology of PE

Different hypotheses have been brought forward over the years, and to this date there is no
definitive answer on the mechanisms behind PE aetiology. However, a consensus in the
scientific community has been reached regarding key features of the PE phenotype at the
physiological and molecular level, as summarised in Figure 7, and the existence of two distinct

populations of PE patients.
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Figure 7. Overview of the causative steps of PE and its systemic effects. Impaired placentation is a
result of genetic and immune predisposition, in the mother as well as in the fetus, which results in
abnormal placental development and reduced perfusion. Oxidative stress of the placenta results in the
deregulated release of bioactive molecules and the development of ED which is causative of CVD as
well as aggravated by pre-existing CVD, resulting in hypertension. Systemic effects include
thrombocytopenia, pulmonary edema, cardiomyopathy, and neurological conditions such as stroke,
headache (HA), posterior reversible encephalopathy syndrome (PRES) and eclampsia. Figure adapted
from (Ives et al., 2020). Ang I = angiotensin II, ER = endoplasmic reticulum, ET-1 = endothelin 1, HIF
= hypoxia-inducible factor, NO = nitric oxide, PIGF = placental growth factor, PPARy = peroxisome
proliferator-activated receptor y coactivator, RAAS = renin-angiotensin-aldosterone system, sEng =
soluble endoglin, sFLT = soluble fms-like tyrosine kinase, Stat3 = signal transducer and activator of

transcrition3, TGF = transforming growth factor, VEGF = vascular endothelial growth factor.
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In ~15% of PE pregnancies symptoms appear before 34 weeks of gestation and histological
analysis of the placenta shows shallow invasion in the maternal uterine wall, which is
accompanied by incomplete spiral arteries remodelling as detected by Doppler assessment
(Burton et al., 2009; Matijevic and Johnston, 1999; Mayrink et al., 2019; Palei et al., 2013).
This patient group is defined as early-onset PE (EO-PE) and IUGR is usually a common
complication, due to the reduced vascular perfusion of the placenta that results in reduced
nutrients flux to the foetus and drastically impaired foetal growth. Because of the severity of
the maternal and/or foetal symptoms, these pregnancies often result in premature birth. EO-PE
is therefore suggested as the result of faulty placental development, with impaired placental
invasion and dysfunctional EVT which fails to complete spiral arteries remodelling. EVT
inability to migrate deep within the maternal decidua is believed to be intimately linked with
defects in the establishment of immunotolerance, leading to a placental development being held
back by the maternal decidual immune system. In this patient group, placenta has a key role in
PE aetiology, since the reduced blood flow to the villi results in metabolic dysfunction,
oxidative stress, tissue damage and abnormal release of pro-inflammatory, anti-angiogenic
molecules in the maternal circulation which correlate with ED (Raymond and Peterson, 2011;

Veerbeek et al., 2015).

In contrast, late-onset PE (LO-PE) occurs after 34 weeks of gestation and corresponds to ~85%
of total PE pregnancies. In these patients, normal placentation is observed usually without
concomitant [UGR (Mayrink et al., 2019). In this case, since the placental development and
morphology appear normal, the ED phenotype and hypertension seem to originate from the
inability of the maternal cardiovascular system to sustain the toll of pregnancy, sometimes as
a result of pre-existing syndromes and pathological conditions such as CVD risk factors,
obesity and diabetes. Once the preeclamptic symptoms develop however, systemic damage is
sustained by the placenta as well as the other organs (e.g. heart, kidney ...), and therefore
molecular alterations detectable in PE placentas from EO-PE as well as LO-PE have a strong
overlap (Melchiorre et al., 2021; Raymond and Peterson, 2011; Veerbeek et al., 2015). Even
though the severity of LO-PE can be extreme, EO-PE is generally the severest form, with

symptoms exacerbating systematically through time (Lisonkova and Joseph, 2013).

One controversial issue in the characterisation of PE is the detection of oxidative stress markers
in placental extracts, such as increased antioxidant molecules (i.e. glutathione), these findings

being not always consistent across studies, but are usually interpreted as a symptom of hypoxia
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and reperfusion injury. Hypoxia would be explained by the reduced blood flow in maternal
lacunae, not sufficient to meet foetal demands, which stimulates physiological reactive oxygen
species (ROS) involved in signalling cascades apt at improving cellular fitness under hypoxia.
However, under chronic hypoxia, due to sustained impaired placental morphology for the
duration of gestation, excessive ROS result in cellular damage and release of necrotic, pro-
inflammatory and anti-angiogenic factors (Aouache et al., 2018; Sanchez-Aranguren et al.,
2014). Alternative hypotheses have suggested that oxidative stress could be rather caused by
hyperoxia, since higher O pressure has been recorded in placental villi from preeclamptic
pregnancies (Huppertz et al., 2014b; Kakogawa et al., 2010). In the presence of excess O,
accelerated mitochondrial respiration can result in release of free electrons from the electron-
transport chain and generation of potent free-radicals, resulting in structural damage to cell
membranes, DNA and organelles (Zhao et al., 2019). Therefore, both hypoxia and hyperoxia
would cause similar outcomes, resulting in placental tissue damage and ED. In cellular systems,
a frequent model is the use of hypoxia/reoxygenation cycles to induce ROS production; this
could indeed mimic the actual in vivo exposure of these cells in preeclampsia (Pennington et

al., 2012; Sagrillo-Fagundes et al., 2018).

Clinical, morphological, and molecular alterations in PE

From a clinical and diagnostic standpoint, the identification of blood biomarkers is a powerful
tool for easy and direct diagnosis of disease predisposition and phenotype. Key biomarkers of
PE have been established in the maternal blood levels of soluble form of VEGF receptor FLT1,
SFLT-1, as wells as PIGF. The ratio of sFLT-1/PIGF has shown promising predictive power
over the development of LO-PE (Maynard et al., 2003; Souders et al., 2015). However, prompt
diagnosis of EO-PE is still challenging. sSFLT-1 is the product of alternative splicing of the
precursor mRNA which encodes for more than 40 exons. In its native form, FLT1 is membrane-
bound and as discussed in previous sections it promotes angiogenesis downstream of VEGF
signalling in endothelial cells. However, the short isoform sFLT-1 encodes for the soluble
extracellular domain alone and once released in the blood stream binds to free VEGF reducing
its bioavailability (Palmer et al., 2015; Roberts and Rajakumar, 2009; Thomas et al., 2009).
This is believed to be the primary cause of ED in PE pregnancies. Other similar patterns have

been observed for angiogenesis factors such as Endoglin (ENG), for which similarly soluble
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short isoforms (sENG) are found upregulated in maternal blood and correlate with ED

phenotype (Blanco and Bernabeu, 2011).

In terms of morphological alteration of the placenta, other than the reduced decidual invasion
and incomplete maternal vascular remodelling, morphological aberrations have been found at
the level of the STB which often shows signs of damage, insufficient development, and early
aging. This has been proposed to be a consequence of abnormal CTB differentiation (Bastida-
Ruiz et al., 2019; Colson et al., 2020; Mariana A Costa, 2016; Roland et al., 2016; Wang et al.,
2019). This topic will be further developed and discussed in Chapter 4.

To better understand the differences between PE placentas and placentas from control patients,
at low risk of complications, extensive OMICS approaches have been followed. The analysis
of the placental transcriptome has identified hallmark PE genes which are consistently
deregulated in PE placentas. Among these, there are protein-coding genes vascular proteins
FLT1 and ENG, metabolic regulators such as leptin (LEP) , TGFp signalling effectors inhibin
o (INHA) and glycoprotein Follistatin Like 3 (FSTL3), Pregnancy-associated plasma protein
A2 (PAPPA2) a metalloprotease that regulates IGF bioavailability by cleaving IGF receptors,
serine protease HTRA1 involved in invasion and immune response (Leavey et al., 2016; Saei

et al., 2021; Sober et al., 2015; Vaiman and Miralles, 2016; Vennou et al., 2020).

Key regulatory non-coding RNAs (ncRNAs) are also deregulated in PE and have been recently
reviewed in (Sun et al., 2021). miR-210 and miR155 are microRNAs (miRs) respectively
involved in regulation of hypoxic response and blood pressure through VEGF signalling, both
molecules have been found upregulated in PE placentas as well as maternal blood and are
implicated in endothelial and trophoblast function (Pineles et al., 2007; Shen et al., 2018; Yang
et al., 2017; Zhao et al., 2014). Among long non-coding RNAs (IncRNAs) deregulated in PE
we consistently find Maternally Expressed 3 (MEG3) and Metastasis associated lung
adenocarcinoma transcript-1 (MALAT-1). MALAT-1 is found downregulated in PE placentas
and has been associated with EVT migratory and proliferative phenotypes, thought to be
involved in promoting spiral artery remodelling mediated by EVTs, as well as regulating
angiogenesis and vascularisation during placentation (H. Chen et al., 2015; Li et al., 2017,
Tseng et al., 2009). MEG3 instead is downregulated in PE and has been shown to have anti-
apoptotic and pro-migratory effects in trophoblast cell models (Song et al., 2017; Zhang et al.,

2015). Recent efforts have focused on integrating deregulation in regulatory non-coding RNAs
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and protein-coding genes to clarify the regulatory landscape of PE (Inno et al., 2021; Medina-
Bastidas et al., 2020).

Epigenetic regulation such as DNA methylation can dynamically alter gene expression in
response to external stimuli, while simultaneously conferring hereditary patterns to such
modifications, given the fact that DNA methylation signatures can be copied in daughter DNA
strands during cell mitosis. These phenomena have nurtured the frightening concept that in
utero environment defined by pregnancy pathologies will deeply alter the transcriptomic
profile of the foetus and result in the development of pathologies in the adult (Gluckman et al.,
2008). Analysis of DNA methylation changes in PE placentas have identified genes whose
promoter is under strong epigenetic regulation. For example, the promoters of TIMP
Metallopeptidase Inhibitor 3 (TIMP3) and serine protease inhibitor alpha-3 (SERPINA3) genes
are strongly hypomethylated in PE placentas (Chelbi et al., 2007; Yuen et al., 2010). These and
similar findings sparked hope for the identification of DNA methylation signatures associated

with disease.

The changes detected in the preeclamptic placenta at the transcriptomic and epigenetic level
are a snapshot of the gene expression and regulatory landscape of the placenta at the moment
of collection of the samples. The differences observed in respect to control samples of similar
gestational age are therefore a complex combination of genes and regulatory elements that
when altered contribute to the aetiology of the disease, as well as genes and epigenetic
signatures that have been altered because as a consequence of the diseased phenotype itself.
We know that PE placentas are characterised by signatures of Oxidative Stress and ED, which
are believed to develop early on as a result of faulty placental development (Ferreira et al.,
2020; Granger et al., 2001; Valencia-Ortega et al., 2019). Which in turn will cause the PE
phenotype and subsequent transcriptional changes. For instance, the PAPPA2 gene consistently
found upregulated in PE placentas has been found to be deregulated as a consequence of the
oxidative stress that characterises the PE placenta (Lamale-Smith et al., 2020; Macintire et al.,

2014; Wagner et al., 2011).

The use of in vivo and in vitro models allows to evaluate the direct role of specific genes and
regulatory elements on the transcriptome and epigenome. These models offer the unique
possibility to assess the changes in a time-course framework making it possible to elucidate the

temporal sequence of changes that occur in the PE placenta. In particular, the recent
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development of placental organoids will greatly contribute to understanding how specific
candidate genes are involved in regulating placental function at the level of the different cell
types, cell-cell interaction as well as on paracrine and autocrine signalling mechanisms

(Alzamil et al., 2021; Sheridan et al., 2020; Turco et al., 2018).

Looking for genetic markers of predisposition

Given the challenges of early diagnosis associated with blood biomarkers, which often manifest
once the disease has already caused systemic damage, genetic studies have been carried out to
identify predisposing genetic variants associated with PE. Some studies have indeed managed
to expand the list of candidate genes which could have a central role in PE aetiology, such is
the case for transcription factor STOX1 (van Dijk et al., 2005). Genome-Wide Association
Studies (GWAS), making use of large sample sizes (in the tens of hundreds), try to look for
enrichment of variant alleles in the disease group compared to healthy controls. GWAS
conducted in the placenta have identified Single Nucleotide Polymorphisms (SNPs) upstream
of the FLT1 locus, rs4769613; the risk allele (T) is associated with PE (McGinnis et al., 2017).
The major pitfall of GWAS is in fact the absence of functional insights into the potential mode-
of-action of such risk alleles on disease phenotype (Ishigaki, 2021; Laivuori, 2013; Tam et al.,
2019). However, the use of combinatorial approaches that exploit knowledge from different
types of datasets helps with drawing these functional conclusions. Recently, the rs4769613
locus was genotyped in a cohort of placental samples including 57 PE and 277 control; the
presence of the risk allele correlated with changes in placental gene expression level of FLT1
only in the PE group, defining rs4769613 as a conditional expression-Quantitative Trait Locus
(eQTL) (Kikas et al., 2020). This suggests that the risk variant, when present in placentas from
mothers with preeclampsia, favours the increase in expression of the FLT1 gene and therefore
could be located in a regulatory region for the gene itself, targeted by regulatory factors that

are expressed specifically in the PE placenta alone.

In this project we are interested in genome-wide expression-Quantitative Trait Loci (eQTL)
analysis, as investigative approach that combines transcriptomic with genetic data to look for
mechanisms of genetic influence on gene expression. Current state-of-the art of eQTL datasets
in human placenta as well as our own experimental design and results are presented in Chapter

1.
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Intra-uterine growth restriction

IUGR is clinically diagnosed when a deceleration in in utero-growth rate is registered for the
given infant; additionally, [IUGR pregnancy often leads to premature birth and SGA babies.
This dip in the growth distribution indicates the presence of nutritional imbalance during
gestation. About 80% of IUGR pregnancies are detected in the third trimester when this halt in
growth rate is observed. Along with maternal genetic predisposition, maternal age (< 16 years
old, > 35), maternal malnutrition and anaemia, and in vitro fertilisation, PE is a major risk
factor for the development of [UGR with ~1/3 of PE cases leading to [UGR. The IUGR
phenotype is ultimately determined by the combination of genetic, placental, foetal, and
maternal factors that define the foetal microenvironment during pregnancy, which culminate
in defective placental function (Fleiss et al., 2019; Roberts and Post, 2008; Sharma et al., 2016).
Given, however, its wide definition, [IUGR is probably an imprecise term gathering a
continuum of various causes, linked to vascular dysfunction, placental developmental gene

defects, or external factors as evoked previously (malnutrition, disease, etc.) (Figure 8).

Maternal Factors
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Figure 8. Overview of the principal causes of [IUGR. Based on Figure from (Fleiss et al., 2019).
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The causal phenomenon of IUGR is an insufficient nutritional apport, in term of carbohydrates,
lipids, amino acids as well as oxygen, to the developing foetus. This is consistent with
numerous rodent models of IUGR where protein depletion of the mother leads to this
phenotype in the litter (Buffat et al., 2007). Nutrient shortage leads to incomplete placental
development, and to a strong association of [UGR with reduced placental weight at birth, when
compared to the control group. These placentas (especially the cases of vascular [IUGR) are
characterised by shallow invasion, with incomplete spiral arteries remodelling that result in
reduced blood flow to the placental lacunae and reduced exchange rate at the STB interface
(Sharma et al., 2016). Placental villi development is also impaired, showing reduced
proportion of terminal villi in the third trimester; while in a healthy placenta 50% of the total
STB surface is organised in terminal villi as these are the primary site of nutrient exchange at
this demanding stage of pregnancy (Benirschke et al., 2012). A recent study showed an intimate
connection between alteration of nutritional metabolites levels in maternal and foetal
circulation, with risen circulating levels of amino acids, glucose and lipids in maternal blood
corresponding to a decrease in umbilical cord blood levels. These observation are explained by
dysfunctional and insufficient transport at the level of the STB in placental villi (Moros et al.,

2021).

Given the prominent role of placental dysfunction in [IUGR and its strong correlation with EO-
PE, we have decided to focus our molecular analyses in both disease groups, PE and [IUGR
pregnancies, to find common as well as distinct traits that could potentially be used to better

understand the aetiology of these conditions.
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Project Objectives

In this project, we wanted to increase our understanding of the placental physiology with the

goal of gathering insights into mechanisms behind the development of PE and IUGR. To this

aim, we set out the following four different objectives:

1)

2)

3)

4)

To identify human placental eQTLs by combining placental genotype and
transcriptomic datasets: an eQTL describes the correlation between a change in
sequence at a specific locus on the genome and levels of expression of a target gene,
giving insights into its regulation, identifying potential regulatory elements (e.g.

transcription factor binding sites, enhancer region).

Given the evidence that alternative splicing is implicated in deregulation of protein
1soforms associated with such an emblematic feature of PE such as ED, we wish to

assess the role of alternative splicing genome-wide in pathological placentas.

To investigate the process of trophoblast fusion in the context of placental diseases,
looking for key ncRNAs involved in syncytialisation and that could be relevant for the

aetiology and phenotype of disease.

To identify candidate genes involved in trophoblast fusion and might be implicated in
faulty placental development, by developing a whole genome screen using technologies
based on the CRISPR/Cas9 system in an irn vitro model of trophoblast. This is based on
the presence in the genomes of clustered regularly interspaced short palindromic repeats
(CRISPR) that can be recognised by the endonuclease CRISRP-associated protein 9

(Cas9), this system has been harnessed to mediate targeted gene function inactivation.

For these investigative axes, the results are presented in each of four chapters.
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Chapter 1. eQTL analysis in human placenta

“The beginning of knowledge is the discovery of something we do not understand.”
God Emperor of Dune,
Frank Herbert.
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Chapter 2. Alternative splicing in placental pathologies

"Find a group of people who challenge and inspire you, spend a lot of time with them, and it will change
your life."

Amy Poehler

PE is a pregnancy pathology characterised by de novo hypertension and proteinuria after 20
weeks of gestation, that affects 4.6% of pregnancies world-wide, associated with systemic
complications impacting the brain, the heart, the kidneys and the survival of both mother and
foetus (Wang et al., 2021). It is often associated with [IUGR defined as the inability of the foetus
to reach a normal growth rate for its potential; however IUGR can occur independently of PE
and it is believed to be strongly multifactorial (Fleiss et al., 2019; Mandruzzato et al., 2008;
Sharma et al., 2016). Extensive consensus exists on the pivotal role of the placenta in the
origins of preeclampsia, even though more recent hypotheses stress the role of the maternal
environment and maternal cardiovascular risk factors (Huppertz, 2008; Melchiorre et al., 2021;
Rana et al., 2019). One of the features of preeclampsia is ED, characterised by abnormal
secretion in the maternal blood of anti-angiogenic molecules, resulting in vasoconstriction and

hypertension (Granger et al., 2001).

Amongst these anti-angiogenic factors that characterise the maternal serum profile and are
partially originating from the placenta itself, sFLT-1 is a well-established biomarker of PE,
firstly identified by the group of Prof. Karumanchi (Maynard et al., 2003; Souders et al., 2015).
SFLT-1 is a short form of FLT-1, also known as VEGFR1; in its full form, FLT-1 is membrane-
bound and contributes to pro-angiogenetic signalling, downstream of VEGF, stimulating
vasodilation, angiogenesis, and de novo vascularisation. sFLT-1 instead is generated through
alternative splicing, different short isoforms have been identified; once translated into protein,
these isoforms are released in the blood stream, where can bind free VEGF, reducing its
bioavailability and contributing to the ED phenotype (Palmer et al., 2015; Roberts and
Rajakumar, 2009; Thomas et al., 2009). Other anti-angiogenic factors involved in PE have been
identified as short forms of their membrane-bound counterparts, such as SENG which has been
found to be the product of alternative splicing during endothelial senescence (Blanco and

Bernabeu, 2011; Venkatesha et al., 2006).
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Even though dysregulation of alternative splicing appears to be critical for the PE phenotype,
the idea that alternative splicing could be altered at a global level in preeclamptic pregnancies
had not been previously investigated, and it is the focus of our work “Alternative splicing in
normal and pathological human placentas is correlated to genetic variants” (Ruano & Apicella

et al., 2021) included in this chapter.

Our main aims were:

e To establish if alternative splicing deregulation can be detected on a global level in PE
and IUGR placentas, compared to control.

e To clarify the molecular and cellular functions of the genes deregulated at the splicing
levels in PE and IUGR and the degree of overlap between the two conditions.

e To clarify which isoforms are specifically expressed in CTRL, PE and IUGR samples
for a subset of genes key to placental function (e.g. FLT1, PAPPA2, TXK, etc.).

o To perform a preliminary assessment of the contribution of genetic variation on the

regulation of expression of splicing isoforms in the placenta (sQTL analysis).

In this study, we investigated patterns of alternative splicing in preeclamptic placentas
compared to healthy controls, as well as placental samples from PE+IUGR and IUGR, we also
presented preliminary data on genetic regulation of splicing mediated by a series of SNPs in
the placental genome. At this stage in the project, we had access to only a limited number of
placental samples, restricted to the Cochin and Angers cohorts described in Chapter 1. After
quality control, the sample set included 17 CTRL samples, 7 PE and 13 ITUGR. We obtained
transcriptomic data using the Affymetrix microarray ClariomD that has been optimised to
provide gene expression levels both at the gene-level and at the exon-level, providing
information relative to alternative isoforms of each gene, as annotated in ENSEMBL database.
To ascertain global differences in alternative splicing between healthy and diseased placentas,
we used the “splicing index” unit, which is a measure of how much differently expressed
isoforms are between the tested groups (ThermoFisher Scientific, 2019). We found 1060 and
1409 genes differentially spliced between PE and CTRL, and between IUGR and CTRL,
respectively, with a statistical significance threshold set at p-value < 0.001. 176 genes were
found in common between PE and IUGR. Interestingly, we showed how the changes that we
observed in splicing index, indicating that different isoforms are expressed by healthy and

diseased placenta, did not generally correlate with total changes at the expression level of the
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gene. However, genes that have been previously described as deeply upregulated in
pathological pregnancies such as PAPPA2, HtrA Serine Peptidase 4 (HTRA4) and LEP
(Vaiman et al., 2013) were found to be also significantly differentially spliced.

To better understand the role of these genes sensitive to alternative splicing regulation in both
diseases, [IUGR and PE, we performed an enrichment analysis on the common 176 alternatively
spliced genes with disease terms, we found a significant enrichment for “pregnancy
complications”, “fetal diseases”, “gestational hypertension”, “hypoxia” and cancer pathways.
In terms of biological functions, the genes alternatively spliced in [UGR and PE appeared to
be involved in distinct pathways; hypoxia and metabolic pathways such as steroidogenesis,

hormonal synthesis and anion transport were enriched in [UGR, while in PE extracellular

matrix, circulatory system and neuronal physiology terms were enriched.

We attempted to better elucidate the repertoire of isoforms that are differentially expressed in
the disease placentas, by experimentally validating expression levels of different transcripts for
a subset of strongly modified genes (FLT1, CLDNI1, LEP, FSTL3, TXK, CAP2, CA10,
TNFRSF1B, ACOXL, TIE1, LAGLS14, CPXM?2). We showed that, while the short isoform
of FLTI1 is expressed by control tissues as well, it is increased in PE and PE+IUGR, and the
whole FLTI1 gene is upregulated in all disease groups, including IUGR. This finding is in

accordance with the existing literature and validated our experimental approach.

It is known that genetic changes can affect alternative splicing, by either directly changing the
consensus sequences recognised by splicing factors, as well as splicing acceptor sites or by
altering indirectly the function of the splicing factors and regulatory proteins themselves. By
comparing the genotype of samples and the relative levels of gene isoforms it is therefore
possible to identify sQTLs which have been found to have a critical role in gene regulation,
and can help unravel the functional role of disease variants (Li et al., 2016). In this study, we
selected 48 genes that appeared to be strongly subjected to splicing regulation, since a strong
difference in splicing index was found between sample groups; then, we tested for correlation
between splicing changes in these genes and the genotype dataset, correcting for the disease

variable. This allowed to identify 52 cis-sQTLs as well as 52 trans-sQTLs with a FDR < 0.05.

As acknowledged in the paper, the sQTL analysis is to be considered only exploratory due to

the small sample size, and the results have yet to be validated in an independent cohort;
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nonetheless, this analysis has value in showing a suggestive role for genetic variation on
splicing regulation independent of disease in the placenta. However, in retrospective, in
addition to the small number of samples that limits our statistical power to detect true
correlations, we also chose an analytical workflow in which we approximated population
stratification, during QTL analysis, by assigning to each sample a categorical value of
“Ethnicity” (i.e. African, European). As explained in Chapter 1, however, the more
appropriate strategy is to perform a principal component analysis on the genotype dataset, and
to use the first PCs to summarise the global variability linked to population stratification
(Listgarten et al., 2010). It follows, that we could have better approximated global genetic

changes by the latter approach, and therefore some findings could be spurious.

The core outcomes of the paper are listed below:

e Alternative splicing deregulation in the placenta is a feature of pregnancy pathologies
IUGR and PE, with 1060 and 1409 genes differentially spliced respectively between
PE and CTRL, and IUGR and CTRL (p-value < 0.001). Of these, 176 genes were
deregulated in both conditions.

e Key placental genes previously associated with PE such as PAPPA2, HTRA4 and LEP,
are also altered at the splicing level stressing the importance of assessing isoform-
specific expression when investigating pathology.

e Distinct biological functions are associated with the genes altered in PE and IUGR:
hypoxia, steroidogenesis, hormonal synthesis and anion transport were significantly
enriched in IUGR, while extracellular matrix, circulatory system and neuronal
physiology terms were enriched in PE. This underlies key functional differences in the
two pathologies.

e Different repertoires of isoforms, experimentally validated, are expressed by PE and
ITUGR when compared to control for genes important for placental function. FLT1 was
used as control, and novel insights into placental pathology specific isoform expression
is presented for CLDNI1, LEP, FSTL3, TXK, CAP2, CA10, ACOXL, TIEl,
TNFRSF1B. LGALS14 and CPXM?2 were found not significantly differentially spliced
between sample groups by qPCR.

e Preliminary evidence suggests that genetic sequence influences expression levels of

alternative splicing isoforms in the placenta.
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Since this publication, only the work of (Georgiadou et al., 2021) further investigated the role
of alternative splicing regulation in the placenta. In this study however, they took a more
targeted approach by assessing how the experimental knock-down of gene Poly(RC) Binding
Protein 2 (PCBP2), a factor involved in the splicing complex, affects trophoblast
differentiation. Using an in vitro model of EVT, they showed how the invasive phenotype of
EVTs is impaired upon PCBP2 downregulation. This is accompanied by global changes in
expression levels of alternative isoforms for many genes involved in cell cycle, proliferation,
and growth as well as cell-to-cell interaction. This is an additional proof of the pivotal role of
alternative splicing regulation in placental physiology, and marks our work presented here as

ground-breaking in giving a global overview of this process for the first time in the placenta.
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Abstract

Two major obstetric diseases, 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 invoived in piacentai function. Whiie in ITUGR piacentas, aiternative spiicing affects genes specificaily reiated 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 [UGR. 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

@ Springer

121



122

828

Human Genetics (2021) 140:827-848

earliest markers of preeclampsia is an excessive increase
of the soluble form of the VEGF receptor, sFLTI, 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 ITUGR-affected women and matched controls (Angers
Hospital-IUGR 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).
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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 IUGR 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
&
i R
i §
i ‘e o Sped
N . LI
[e=n}

Fotd Crange

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

/

IUGR vs CTRL

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 p d. For preecl

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
psia and IUGR

sia, gene labels are shown for genes with SI>16l and for lUGR>I16I.
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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
TUGR were widely associated to ’pregnancy complications’,
*Nitric Oxide metabolism’ (known as intimately linked to
placental pathology) (Aouache and Biquard 2018; Motta-
Mejia 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 IUGR OMIM terms. In
this case, nevertheless, an enrichment in genes involved in
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Alzheimer’s disease was also found, consistently with the
GLADA4U 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, CLDN1, 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), TIE1 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 LGALS14 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 or a p < 107® 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 < 107%, rs13006826-SLC6A 10P and rs9323491-
CYP19A1). 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,
CLDNI1, PLA2G2F, SH3BPS, P4AHA1 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 NTRK?2).

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 enrich 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, PAHA1, 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
rs6965391 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. 7c). 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 set Description Expect Ratio p value FDR
Gene ontology biological processes
GO: 0,046,903 Secretion 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 139 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.
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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 Ex llular 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 32293 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 4.5452 2.55E-05 0.028951
GO0:0,035,295 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 1.705-07 0.000147
R-HSA-114608 Platelet degranulation 5.0969 2.9429 0.000168 0.078328
Disease_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 Hypogs opic hypog 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 eryth 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:

(Emhcsell im:nsil!)
Genel intensity
Log2f —————| 1
(Erobcsﬂl 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 preeclampsia
versus controls and IUGR 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)

{/II 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 piatform 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 Pitié 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 sSQTL 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-
ease (=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="Ileek")
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.6 Presentation of trans-sQTL. a Monte-Carlo analysis of win-
dows of consecutive trans sQTL 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 are num-
bered from the outer to the inner part of the plot. st track: repre-
sentation of each ct yme. 2nd track: 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 Ctrl (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
(ISI) 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,
##4%p =0.0001). 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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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 1st 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 ~ 11-fold in exon 1, 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 CLDNT1 is significantly reduced in
PE placentas (Lievano et al. 2006). Here, we show that the
two CLDNI1 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 IUGR. This deregulation was confirmed by
RT-qPCR as shown by analysis of exons 13 and 1415 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, U5 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 FLT1,
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
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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 JIMID6 (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 3. Non-coding RNAs involved in syncytialisation are

deregulated in pregnancy pathologies

"At times, our own light goes out and is rekindled by a spark from another person. Each of us has
cause to think with deep gratitude of those who have lighted the flame within us."

Albert Schweitzer

Non-coding RNAs include all those RNA molecules that are not translated into protein, from
housekeeping ncRNAs such as transfer-RNAs (tRNA) and ribosomal RNAs (rRNA) involved
in protein translation, as well as regulatory ncRNAs miR, small interfering RNAs (siRNA) and
IncRNA which are usually involved in regulation of gene expression (Hombach and Kretz,
2016). This regulation occurs transcriptionally, post-transcriptionally, and by interacting with
chromatin modifier complexes, inducing inheritable modifications. Additionally, ncRNAs can
be stored long-term in the cell and can be inherited by daughter cells after cell division,
allowing the patterns of gene expression regulation to be passed on; therefore these

mechanisms are a form of epigenetic regulation (Costa, 2008; Kaikkonen et al., 2011).

In our review “The Role of Epigenetics in Placental Development and the Etiology of
Preeclampsia” (Apicella & Ruano et al., 2019) (Annex 2), we showed how extensive literature
exists to support the evidence that different classes of ncRNAs, focussing on IncRNAs and
miRs, play a key role in the pathophysiology of the placenta. For instance, a cluster of 58 miRs
on chromosome 19 (C19MC) is specifically expressed by trophoblast cells in the placenta and
is believed to be crucial for trophoblast identity and differentiation (Donker et al., 2012; Xie et
al., 2014). IncRNAs instead are usually identified when looking at gene expression alterations
in placental pathologies; often IncRNAs are found to be downregulated in placentas from
preeclamptic pregnancies and this correlates with altered proliferation, cell growth, invasion
and apoptosis of trophoblast-like cell models. This was in fact observed for exemplary
placental IncRNAs MEG3, MALAT1 and TUGI (Li et al., 2017; Xu et al., 2017; Zhang et al.,
2015).

The CTBs are the primary cell type of the placenta; these differentiate into EVTs which migrate
into the maternal uterine walls to promote immunotolerance and spiral arteries remodelling,

and syncytiotrophoblast STB a multinucleated unique layer formed by the fusion of CTBs,
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which mediate the exchange of nutrients between mother and foetus as well as function as
endocrine organ (Wang and Zhao, 2010). As discussed in our review, when ncRNAs are found
to be deregulated in placental pathologies (i.e. PE), to investigate their function in placental
physiology, EVT-like cell models are used and the effects of ncRNAs down/up-regulation are
assessed on proliferation and apoptotic rates, as well as on the EVT characteristic migratory
phenotype (Apicella & Ruano et al., 2019). However, the impact of such deregulations on the
STB is understudied.

The focus of this chapter is our work “Urothelial Cancer Associated 1 (UCA1) and miR-193
Are Two Non-coding RNAs Involved in Trophoblast Fusion and Placental Diseases” (Apicella
& Ruano et al., 2021). Here, we wanted to exploit even further the transcriptomic dataset we
had previously produced in (Ruano & Apicella et al., 2021) (Chapter 2), to investigate whether
key ncRNAs deregulated in pregnancy pathologies are implicated in the development of the
placenta, specifically in the phenomenon of trophoblast fusion. This is further justified by the
fact that morphological and functional changes in the STB were found in placentas from

pregnancies with PE and IUGR phenotypes (Mariana A Costa, 2016; Roland et al., 2016).

Main aims of this study:

e Identify the set of regulatory ncRNAs differentially expressed during syncytialisation
in an in vitro model of trophoblast which could act as master regulator of expression in
this process.

e Identify ncRNAs consistently deregulated in pathological placentas (IUGR and PE).

e Investigate the role of syncytialisation regulation in pregnancy pathologies: find
ncRNAs that are deregulated in pathology and are also involved in trophoblast

syncytialisation.

To study the role of ncRNAs in syncytialisation, we used the choriocarcinoma cell line BeWo,
which is usually mononucleated but can fuse to form small syncytia upon forskolin (FSK)
administration (Orendi et al., 2010). BeWo control cells and cells treated with FSK for 72 hours
were harvested for transcriptomic analysis, by microarray ClariomD, which provides
expression levels of genes as well as alternative splicing isoforms. Analysis of the differentially
expressed genes (DEGs), identified 800 upregulated and 1281 downregulated genes in FSK-

treated cells, associated therefore with trophoblast syncytialisation in this model; of these
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DEGs, 196 were regulatory ncRNAs. Through database interrogation (e.g. starBase,
DianaTools LncBase), we identified putative targets of these 196 regulatory ncRNAs: 278
putative targets associated with TNF-signalling and hypoxia response were found upregulated
in FSK-treated BeWo, while 572 putative targets were downregulated and appeared to be
involved in cell-cycle progression. The analysis of ncRNAs with these respective putative
targets by Cytoscape allowed to identify predicted transcript-transcript interactions and
regulatory nodes, highlighting miR193b as key regulatory hub in trophoblast syncytialisation.
Upregulated in FSK-treated BeWo, miR193b has 135 predicted targets amongst the
differentially expressed genes, mostly downregulated (108 out of the 135) and interestingly
was found upregulated in PE and IUGR placentas, consistently in our dataset as well as
previously published studies. This stresses the functional role of miR193b as regulatory

molecule for placental function.

Other miRs were found to be consistently associated with trophoblast fusion as well as
placental pathologies, but only one IncRNA: Urothelial Cancer Associated 1 (UCAL1). This
gene had been previously localised to the STB specifically, and found upregulated in PE
placentas, as well as in primary trophoblasts from PE and IUGR tissues exposed to hypoxia in
culture (Gormley et al., 2017). To better understand the role of UCA1 in placental physiology
and address its implication in syncytialisation, we assessed the impact of UCAI
downregulation on BeWo fusion, by siRNA-mediated knock-down, defined as UCA1-KD
cells. We chose a set of genes selected for being profoundly altered between FSK-treated BeWo
and control to be used as transcriptional markers of syncytialisation in this model. These
included proliferative marker Ki67, STB hallmark genes hCGa, Syncytin and INHA, apotosis
genes BCL2 and BAX, and ECM protease MMP9. We compared the expression levels of these
genes in FSK-treated BeWo expressing UCA1 and UCA1-KD. UCA1-KD caused a strong shift
in the expression of these syncytialisation markers, pushing FSK-treated BeWo to express a
transcriptomic profile closer to untreated cells, suggesting a pivotal role of UCA1 for

successful CTB differentiation into STB in this cell model.

We had previously identified STOX1 as an important TF involved in syncytialisation of BeWo
cells, where BeWo cells overexpressing the longer isoform STOX1A (BeWoA) showed
increased syncytialisation, while overexpression of the shorter isoform lacking the
transactivation domain STOX1B (BeWoB cells) correlated with impaired fusion (Ducat et al.,

2020). Variants in this TF have been found associated with the PE phenotype in Dutch families
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(van Dijk et al., 2005), STOX1-A overexpression in the murine placenta caused the
development of PE-like symptoms during gestation as well as long-term effects on the
cardiovascular system, as seen in PE women (Doridot et al., 2013; Miralles et al., 2019).
Therefore, we also assessed potential interaction effects between UCA1 and STOX1 during
syncytialisation; however, while both factors appear to be involved in cell fusion, UCA1 KD

did not cause cumulative effects in BeWoA and BeWoB cells, treated or untreated.

The main findings of this work are summarised below:

e We identified 800 upregulated and 1281 downregulated genes as a result of FSK
treatment in BeWo cells, of which 196 were regulatory ncRNAs.

e miR193b is upregulated upon FSK treatment in BeWo cells and it is a putative key
regulatory hub for trophoblast syncytialisation with 135 predicted targets amongst the
differentially expressed genes, 108 downregulated.

e miR193b is consistently upregulated in PE and IUGR placentas, in our dataset as well
as previously published studies.

e IncRNA UCAI is upregulated in FSK-treated cells and consistently deregulated in PE
placentas in our dataset as well as existing literature, where it is found upregulated.

e UCALI has a pivotal role for successful CTB differentiation into STB in the BeWo cell
model, since UCA1-KD caused a strong shift in gene expression levels of STB-like
markers tested in vitro (hCGa, Syncytin, INHA, BCL2, BAX, MMP9) towards the
BeWo-untreated profile.

e The data relative to UCAl-mediated regulation shows how a regulatory ncRNA
previously identified for its negative influence on the EVT phenotype, when
upregulated, is also involved in regulating STB differentiation. This suggests a key role

of UCAL for the establishment of different trophoblast lineages.

In this study, we identified key regulatory ncRNAs that are involved in trophoblast fusion and
are also found to be deregulated in placental pathologies. This supports the hypothesis that the
impairment of syncytialisation is a feature of disease and should be more thoroughly
investigated. For instance, having previously been found upregulated in preeclamptic
placentas, the IncRNA UCAI had been investigated for a potential role on proliferation,
migration and apoptosis in trophoblast cell model HTR-8/SVneo, associated with EVT
phenotype. In this model UCA1 upregulation caused inhibition of migratory and proliferative
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potential of EVT-like cells (Liu et al., 2020; Msheik et al., 2020). However, in our study we
showed strong evidence of its key role in syncytialisation, since UCA1 downregulation causes
a shift in transcriptomic profile, associated with an impaired differentiation of FSK-treated
Bewo. This evidence suggests that UCA1 might be an important factor in trophoblast
differentiation pathways and the clarification of the set of target genes that are differentially
regulated by UCAL in the two trophoblast lineages, STB and EVT, will increase our
understanding of mechanisms of placental development, and could help identifying other

regulatory nodes involved in pregnancy pathologies.

The ncRNAs identified here as key regulatory hubs in trophoblast fusion, are found to be
upregulated both during the stimulation of fusion in BeWo cells, and in preeclamptic and [UGR
placentas compared to control. This could therefore suggest that syncytialisation processes
driven by these molecules are enhanced in pathological placentas, and as a result the balance
between CTB renewal and terminal differentiation would be skewed. Since the CTBs represent
the pool of trophoblast cells that are responsible for continuous renewal of the STB layer, an
improper, excessive activation of the fusion rates could result in CTB depletion, supporting the
hypothesis that early placental aging is at the centre of the aetiology of PE and IUGR (Manna
et al., 2019; Roland et al., 2016).
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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 miRNA (mir193b and
miR365a) and one long non-coding RNA (UCAT1) 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.

Key ia, intra uterine growth restriction, syncytialisation,
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
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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).

IUGR 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, [UGR 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
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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 ITUGR
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 UCAL1 (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 STOXI transcription factor (STOX1A and
STOXI1B), 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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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 = 281 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 mTORCI1 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 893 6.38E-09 7.80E-068
RP11-420L9.5 antisenseRNA 76 1.61E-08 1.48E-05
LINC01237 IncRNA 4.45 2.70E-07 1.00E-04
MYCNUT IncRNA 4.31 3.72E-09 5.15E-06
LINCO1164 IncRNA 3.98 1.37E-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 mIiRNA 3.35 5.99E-06 1.50E-03
SLC2A1-AS1 antisenseRNA 323 6.17E-06 1.50E-03
IL10RB-AS1 antisenseRNA 3.14 5.32E-06 1.30E-03
hsa-miR-193b miRNA 291 8.00E-04 4.54E-02
hsa-miR-365a miRNA 273 3.90E-06 1.10E-03
hsa-miR-6888 miRNA 254 8.24E-05 9.80E-03
hsa-miR-3941 miRNA 216 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 -3.75 8.74E-05 1.03E-02
hsa-miR-6758 mIiRNA -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.

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

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
(x? contingency test, p < 1072°).

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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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 IUGR 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
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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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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) UCAI 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
UCA1 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 UCA1 in the STBs compartment of
the placenta. Alternative splicing isoforms have been described
for UCAI (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 3.20 x 10-%
GSE75010 PE vs. CO 2.04 2.81 x 10710
GSE93839 PE STBvs. CO STB 5.93 1.55 x 10~
GSE66273 PE vs. CO 6.19 3.33 x 10-%
GSE147776 IUGR vs. CO 2.01 3.58 x 1072
GSE41331 CTB 1%02 vs. 20%02 1.86 1.61 x 10702
May 2021 | Volume 9 | Article 633937
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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 UCA1 (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
UCALI, 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,
ITIHS5), oxidative stress (NOS3, GCLM and CAV1I-also involved
in exosome physiology), membrane repair (ANXA1, 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 UCAL are strongly reduced, the expression profile
remains closer to that of untreated control cells. These
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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 UCAl, 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 UCAI, CGB, SYNCYTIN2, TGM2, ANXA2, ITIH5,
and BAD. These interaction effects indicate a differential
effect of the UCA1 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 STOXI1, 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 STOX1 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 UCALI 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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FIGURE 6 | gRT-PCR analysis of the efficiency of UCA1 silencing in BeWo cells with or without forskolin treatment, and its effects on several markers of
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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

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

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).

Y variable

UCA1

cGB

CGA

GCLM

NOS3

CAV1

KI67

SYN2

TGM2

ANXA2

ITIHS

SYN1

ANXA1

MMP9

INHA

BAX

BCL2

F

22.504

8.208

127.930

2.521

14.589

13.163

23.107

51.718

39.218

56.208

10.209

96.898

5171

137.727

21.540

8.774

Overall tests of univariate models

Prob.

0.00029659

0.00797657

4.243 x 10797

0.13152052

0.00131394

0.02833346

0.00184323

0.00027009

1.3944 x 1079

3.939 x 1079

1.0168 x 10795

0.00413556

1.2527 x 10°%

0.02810927

3.1788 x 10797

0.00034606

0.00654947

Source

Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion
Si treatment
Fusion
Si treatment*Fusion

Tests of univariate effects

F

56.948
4.288
6.275
10.373
0.283
13.967

43.849

336.346
3.596
4.143
0.975
2.445

15.149

28.613
0.004
7.939
7.147
0.379

34.327
0.891
4.272

39.848
18.244
11.229

63.473

84.869
6.811

23.397

43.573

50.685

37.157

125.667
5.801

15.939

14.682
0.005

45.870

243.711
1.114
1.134

13.560
0.819

40.502

372.037

0.641

36.796

25.245
2.580
13.427

12.786
0.110

Prob.

6.6307 x 10-%°
0.07213567
0.03665572
0.01222583
0.60936093
0.00572781
0.00016558

8.0411 x 107%
0.09452054
0.07620217
0.3524659
0.15650114
0.0045949
0.0006866
0.95003544
0.02257829
0.02821257
0.55505375
0.00037894
0.37283458
0.07257943
0.00022968
0.00271954
0.01006638

4.4987 x 10~%

1.5606 x 10~%
0.0311362
0.00129298
0.00016922
0.00010006
0.00029085

3.5958 x 10~%
0.04260521
0.00399228
0.00500579
0.94569912
0.00014171

2.8262 x 10-97
0.32213654
0.31791426
0.00619729
0.39182403
0.00021729

5.4151 x 107%
0.44650823
0.00030055
0.00102124
0.14686479
0.00636233
0.00723255
0.74867557

(Continued)
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TABLE 3 | Continued

Overall tests of univariate models

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

previous analysis: in the condition where the KD of UCAL is
combined with FSK treatment, the expression profile is close
to the one of BeWoC cells without FSK and not treated with
the siUCA1. 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 UCALI 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
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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 10°%
Fusion 36.270 0.0003154
Si treatment*Fusion 6.050 0.03934242

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
CCND1, 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
mirl193b-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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FIGURE 8 | (A) qRT-PCR analysis of the efficiency of UCA1 silencing in controls BeWoC and BeWo overexpressing either STOX1A or STOX1B, with or without
forskolin treatment, and its effects on several markers of syncytialization. (B) Principal Component Analysis of the BeWo cells [controls BeWoC (circles) and
overexpressing either STOX1A (lozenges) or STOX1B (circles)]. The genes are represented in black bold characters. The rectangles show the position of the different
replicates. Red color marks UCA1 KD, while green are control cases. Dark colors mark FSK treatment. The interpretation of the axes is marked by black arrows.

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 UCAL.

UCAI1 (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 UCAl
high expression has previously been reported in different
types of cancer. UCA1 promotes cell proliferation, tumor
progression, migration and drug resistance. UCA1 mediates the
transcriptional regulation at an epigenetic level by interaction
with chromatin modifiers (EZH2, CTCF, YAP...), by direct
regulation via chromatin looping and/or by sponging miRNAs
(Neve et al,, 2018). The oncogenic functions of UCAI 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 UCAI 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
UCAT1 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 UCA1, suppressed
the apoptotic rate and accelerated cell proliferation (Liu et al.,
2020). Thus, suppression of UCAT 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, UCA1
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.
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Having in hand a model of altered fusion by STOXIA
(BeWoA) or STOX1B (BeWoB) overexpression we attempted
to evaluate the effect of UCA1 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
STOXIB overexpression render the UCAl down-regulation
alterations less visible.

Interestingly, hypoxia which plays a central role in the
development of PE is known to induce UCAI expression
through HIFIA 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 UCALI 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 UCAI 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 UCAI 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 UCA1 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 UCAL1 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 STOX1B)
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 RNAiMAX transfection
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reagent (Invitrogen). Each well was transfected with 200 pl of
Optimem™ with 1 1 of RNAiMax and 0.5 jul of siRNA or si
scrambled at 5 pmol/jul, 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. gPCR
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 UCA1, 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
2https://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
etal, 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.
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Chapter 4. Genome-wide screen to identify candidate genes

involved in trophoblast fusion

“Or watch the things you gave your life to, broken,
And stoop and build *em up with worn-out tools:
[...] you’ll be a Man, my son!”

If,

Rudyard Kipling.

Introduction

During early placentation, trophoblast cells soon differentiate into villous CTB that will remain
in the tissue as pool of trophoblast reserve, proliferating and differentiating to generate the
other trophoblast subtypes: STB, EVT and GC. EVT acquire a migratory phenotype during
CTB differentiation through endothelial-to-mesenchymal transition and are responsible for
deep invasion of the maternal uterine wall to ensure remodelling of the maternal spiral arteries.
On the other hand, GCs are responsible for the secretion deep into the maternal tissues of
enzymes that favour the degradation of the ECM, to aid the deep implantation of the placenta
(Aplin, 1991; Red-Horse et al., 2004). We are interested in the STB.

The STB is a multinucleated syncytium generated through the process of cellular fusion of the
mononucleated CTB. It consists of a unique structure that covers the surface of all placental
villous trees and is in direct contact with the maternal blood, ensuring exchanges of nutrients
between the maternal and foetal circulations, as well as acting as a barrier and secreting key
hormones that regulate the progression of gestation (Gude et al., 2004; Guttmacher et al., 2014).
The STB is a very metabolically active layer, continually expanding to accommodate for the
growing nutritional needs of the developing foetus. Overtime, aged nuclei in the syncytium are
eliminated thorough the formation of protrusions called syncytial knots that are released in the
maternal blood stream for clearance. This phenomenon is balanced by continuous fusion of
new CTB into the syncytium, ensuring the continuous renewal of the STB layer (Loukeris et

al., 2010).
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As we mentioned in Chapter 3, alterations of syncytialisation have been found in placentas
from pregnancy pathologies such as PE and IUGR, these pathological modifications imply an
increase in CTB proliferation over differentiation, resulting in insufficient renewal of the aging
STB layer. The reduced STB function is accompanied by placentation defects associated with
hypoxia and reperfusion-injury which further damage the STB, resulting in release of pro-
inflammatory cytokines and anti-angiogenic factors in the maternal blood stream that foster the
development of ED and systemic side effects (Huppertz and Kingdom, 2004; Langbein et al.,
2008; Sheridan et al., 2012). More recently, the detrimental effects of the cytokine type-I
interferon, increased in pregnancy pathologies [UGR, pre-term birth and foetal death, have
been linked with inhibition of syncytialisation (Buchrieser et al., 2019). Similarly, the protein
levels of NLRP7, involved in innate immune response, were found upregulated in IUGR
placentas and were conducible to inhibition of trophoblast differentiation pathways, towards
both STB and EVT cell fates (Abi Nahed et al., 2019). We also showed how ncRNAs involved
in trophoblast differentiation, IncRNA UCA1 and miRs miR193b and miR365a, are
upregulated in PE and IUGR placentas (Apicella & Ruano et al., 2021). Therefore, the
understanding of this process will help shed light on mechanisms at the core of placental
pathologies. Moreover, some molecular mechanisms involved in syncytialisation have been
found in common with other cell types where fusion occurs such as cancer, osteoclast and
myoblast and therefore novel data could be of interest for these fields as well (Degrelle et al.,

2017; See et al., 2011; Uygur et al., 2019).

Syncytialisation has been widely explored thanks to the use of primary trophoblast cells, which,
once isolated from the placenta, spontaneously fuse in culture within the first 24 hours.
Additionally, the choriocarcinoma cell line BeWo has proved fundamental in clarifying the
mechanisms behind syncytialisation. The BeWo mononucleated cells undergo syncytialisation
upon treatment with the active compound FSK forming small syncytia in culture; the
morphological changes are associated with deep transcriptomic, proteomic, and secretory
changes that resemble the expression profiles of the placental syncytium. Moreover, contrarily
to primary cells, this cell line can be maintained in culture long-term, allowing for easier

genetical engineering (Orendi et al., 2010).

Figure 4.1 gives an overview of the main molecular classes involved in syncytialisation and

on the downstream effects of FSK in the BeWo cell model.
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Figure 4.1. Syncytialisation at the molecular level. An overview of the molecular classes known to

play a key role in trophoblast syncytialisation (TOP) and of the effects of Forskolin in the BeWo cell

model (BOTTOM).
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FSK is a potent activator of adenylate cyclase activity, dramatically increasing the intracellular
levels of cyclic AMP (cAMP). cAMP signalling is in fact a key regulator of trophoblast fusion
and cAMP levels are enhanced by hCG hormone secreted by the STB itself in a positive
feedback (Rao et al., 2004; Weedon-Fekjar and Taskén, 2012). Downstream, cAMP triggers
the activation of protein kinase A (PKA) and protein kinase C (PKC), which are spatially
regulated thanks to the interaction with multiple membrane organisers such as the 11 identified
A-kinase-anchoring proteins (Gerbaud et al., 2015; Omata et al., 2013). Through the activation
of ERK/MAPK cascades, the transcription factor Glial Cell-missing 1 (GCM1) is activated
through a series of post-translational modifications (phosphorylation, desumoylation and
acetylation), resulting in transactivation of fusogenic genes such as Syncytin-1 and 2 as well
as Syncytin-2 receptor major facilitator superfamily domain containing 2 (MFSD2) (Baczyk et
al., 2009; Chang et al., 2011; Chen et al., 2010; Delidaki et al., 2011; Lin et al., 2011).
Moreover, cAMP signalling triggers the upregulation of estrogen-related receptor y (ERRY) in
differentiating trophoblast cells. ERRy is critical for the biogenesis of mitochondria and
activation of metabolism, as well as being directly involved in promoting the endocrine

phenotype of the STB (Poidatz et al., 2015).

Syncytin-1 and 2 are membrane proteins of retroviral origins encoded by the human
endogenous retrovirus W-1 (ERVW-1) and Endogenous retrovirus group FRD member 1
(HERV-FRD-1) genes respectively, which are pivotal for STB formation. Interestingly,
homologues of retroviral origins have been found in eutherian mammals, as well as in reptiles
and other orders where a placenta is present (Mi et al., 2000; Roberts et al., 2016). Other key
membrane proteins include adhesion molecules in Gap- and Adherens junctions such as E-
cadherin, that allows cell-cell interaction and formation of trophoblast aggregates prior to
syncytialisation. Its shedding mediated by ADAMI2 is then necessary to release the
membranes and allow for fusion to occur (Aghababaei et al., 2015; Coutifaris et al., 1991).
Syncytialisation is a very complex process orchestrated by many transcription factors, other
than the aforementioned GCM1, GATA3 and Twist] are used as nuclear markers to distinguish
between CTB and STB respectively (Buchrieser et al., 2019; Degrelle and Fournier, 2018).
While GATAS3 is critical to maintain CTB identity, inhibiting GCM1 as well as EVT-
differentiation pathways, Twistl expression increases during syncytialisation in parallel to

GCM1 upregulation (Chiu and Chen, 2016; Lu et al., 2016).
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To the best of our knowledge, no untargeted approach has been carried out to investigate
syncytialisation. The scope of this study was therefore to design a genome-wide screen making
use of CRISPR/Cas9 technology to identify novel candidate genes involved in trophoblast
differentiation, using the BeWo cell line as a model of villous trophoblast. The trophoblast
fusion that results in the formation and renewal of the syncytium is a complex process of cell
differentiation, which entails a reprogramming of the gene expression profile of the CTB to
become STB. In vitro quantifications of epigenetic changes during syncytialisation have shown
how DNA methylation as well as histone modifications are necessary steps for STB
differentiation to occur successfully (Jaju Bhattad et al., 2020; Milano-Foster et al., 2019;
Shankar et al., 2015). The untargeted approach we propose here has the aim and the potential
of identifying key master regulators of trophoblast function (on the transcriptome as well as
the epigenome) as well as key proteins required for the process of fusion itself. The main output
of such genome-wide screen for trophoblast syncytialisation is a list of candidate-genes that
once inactivated result in an impaired ability to differentiate into STB-like cells. If in this list
were to feature genes previously associated with syncytialisation such as GCM-1 and syncytin-
1/2, these would correspond to a positive control and help to confirm the validity of the screen

design in identifying key players in this process.

Genome-wide screens involve the selective targeting of each gene in the genome by
introducing a loss-of-function mutation, to then observe the effects of this mutation on the
phenotype of interest (i.e. differentiation of BeWo cells into STB-like cells). The CRISPR/Cas9
system allows the targeting of a wide range of genes in the genome; it is based on the use of
the bacterial endonuclease Cas9 which interacts with an engineered small RNA molecule (~20
nucleotides), the single-guide RNA (sgRNA), complementary to the gene of interest. Once co-
expressed in the cell, the sgRNA and Cas9 form an active complex that, guided by the
complementary between the sgRNA and the gene of interest, binds the double-stranded DNA
(dsDNA). The endonuclease activity of the Cas9 is dependent on the presence of a short
sequence (2-6 nucleotides) called protospacer adjacent motif (PAM) at the target site; 3-4
nucleotides upstream of the PAM the Cas9 introduces a dsDNA-break (DSB) (Jinek et al.,
2012; Murugan et al., 2017). The cell repairs this DSB either by the Non-Homologous End
Joining (NHEJ) pathway, which results in Insertions and Deletions (INDELSs) usually causing
a knock-out of the gene, or more rarely by homologous recombination (HR) (Mao et al., 2008;
Shrivastav et al., 2008). Just by changing the sequence of the sgRNA is possible to target a

different region of the genome, withstanding the presence of a PAM sequence in the
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complementary strand. To perform genome-wide screens, libraries of sgRNAs have been
developed to target different ranges of genes across the genome, from the whole genome,
protein-coding genes only, specific gene sets such as kinases. In this study, we use the Brunello
library targeting only protein-coding genes for a total of 19,114 human genes (Doench et al.,

2016; Sanson et al., 2018). An overview of the protocol is given in Figure 4.2.
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While we managed to define the experimental parameters for some of the steps in Figure 4.2,
we could not bring the project to completion. Given that the nature of the results is very
technical, rather than of biological relevance, in this chapter we will present the Results section
first, in a discursive manner, to clarify the rationale behind the different experimental strategies,
followed by the technical details relative to the protocols and the reagents used in the Methods

section, to conclude with the Discussion section.
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Results

Stepl and 2. Generation of cells that stably express Cas9 and Cas9 activity test.

The first step of the whole genome screen is to generate the model cell line that constitutively
expresses the Cas9 endonuclease, while the sgRNA library targeting the whole genome will be
supplemented in a separate experiment and is encoded by lentiviral vectors. The use of such a
two-vector system has shown to increase efficiency of sgRNA expression, while reducing
health and safety risks, since the library is targeting the human genome and accidental
contamination with a single virus carrying both the enzyme and the guide, could result in the

introduction of mutations (Lino et al., 2018; Sanjana et al., 2014).

The BeWo cell line has extensively been used as a model of villous CTB, with about 14,000
references in Pubmed (King et al., 2000). Upon FSK administration, this cell line undergoes
differentiation into STB, resulting in deep changes at the transcriptional and proteomics level,
modification of the secretory profile and finally with the formation of small syncytia. For the
purpose of a whole-genome screen, we used BeWo wild type cells (BeWo-WT) as well as a
modified cell line BeWo IFI16-Blasticidin (BeWo-IF16). These cells have been stably modified
by transfection with a vector carrying a blasticidin resistance cassette under the control of the
IFI6 gene promoter, since this gene had been found strongly downregulated in FSK-treated
BeWo, transcriptomic dataset published in (Ducat et al., 2020). FSK treatment of BeWo-IF16
cells resulted in a reduction of the blasticidin cassette expression levels. This cell line was
developed in order to facilitate the isolation of cells that had impaired differentiation abilities,
since FSK-treated cells in this scenario are expected to lose the blasticidin resistance, and if
grown in medium containing blasticidin, should die over-time, leaving only the mutants with

impaired fusion to survive.

A wide variety of vectors encoding for Cas9 from S. pyogenes (SpCas9) are commercially
available, or accessible from plasmid depositories such as Addgene; among these, there are
standard vectors that can be used in transfection, as well as lentiviral vectors for transduction
experiments. In order to identify the subpopulations of transfected/transduced cells that
positively express Cas9, depending on the vector of choice, antibiotic selection (i.e. blasticidin

or hygromycin B in our approach) can be used, as well as through isolation of cell populations
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expressing a fluorescent tag, co-expressed with Cas9. These tags are usually fluorescent
proteins such as GFP or mCherry, encoded from the same promoter as the Cas9 and
automatically cleaved by the cell during translation, due to the presence of an intercalating
sequence 2A self-cleaving peptide. The assumption is that a clone that expresses the detectable
fluorescent tag, will at the same time express the Cas9 protein. The identification and

separation of these positive clones can be done by flow cytometry.

Once the Cas9-expressing cell line (Cas9+BeWo) has been developed, the ability of the
endonuclease to interact with the specific sgRNA and catalyse the insertion of a DSB at the
desired locus, resulting in mutation, needs to be tested through a Cas9-activity test. In this
experiment, the Cas9-expressing cell line is transduced with a lentiviral vector that encodes a
sgRNA targeting a control gene (sgRNA-CTRL), and encoding for an antibiotic selection
cassette (i.e. puromycin). After this step, Cas9+BeWo are treated with puromycin, to ensure
that the resulting clones co-express the Cas9 and the sgRNA-CTRL. Therefore, if the Cas9
enzymatic activity is functional, a DSB should occur at the targeted locus and INDELSs should
be detectable. By quantifying the proportion of cells of the Cas9+BeWo line that carry a
mutation at the locus, it is possible to estimate the proportion of cells expressing a functional
Cas9. To detect the mutation, primers targeting the flanking region of the cut site are used to
amplify the region in a standard Polymerase Chain Reaction (PCR) experiment, the amplicons
are then sequenced by Sanger sequencing. The ICE v2 software (SYNTHEGO) is used to
estimate the different detected mutations, and the proportion of cells carrying these mutations,
by comparing the sequence in Cas9+Bewo treated with sgRNA-CTRL guides and untreated
cells (Hsiau et al., 2019). In the current study, we performed the Cas9-activity test with two
sgRNAs targeting an exonic and an intronic region of phosphatidylinositol glycan anchor
biosynthesis class A (PIGA) gene, located on chromosome X, respectively sgRNA-273 and
sgRNA-274.

To develop Cas9-expressing cell lines three different approaches have been tested and are

briefly described below.
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Antibiotic kill curves.

The wvectors used throughout the screen have different antibiotic resistance cassettes:

blasticidin, puromycin and hygromycinB. For blasticidin, previous testing in the lab had shown

2pug/ml to be the optimal concentration, over a 2-week selection time. For the other two

antibiotics, the minimal concentrations to achieve negative selection and exposure time were

established by antibiotic kill curves. BeWo-WT cells were plated in duplicates, and different

concentrations of either puromycin (0, 1, 1.5, 2.5, 3,4, 5, 6, 7, 8, 9 ug/ml) or hygromycin B (0,

2.5,5,10,20,30,50,75, 100 pg/ml) were tested. In Figure 4.3, cell confluency is plotted after

each day of exposure to the antibiotic, compared to the untreated control. Wells where no more

live cells were detectable were considered to have been negatively selected. To avoid toxicity,

the lowest concentrations of antibiotics that achieved negative selection within the 7-day period

was selected. For puromycin selection, the antibiotic is used at a final concentration of 4 pg/ml

for a total of 6 days. While for hygromycin B, 75 pg/ml for 6 days.
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Figure 4.3. Puromycin and Hygromycin B Kill curves. The plot shows the cell confluency of BeWo-

WT cells treated with different concentrations of antibiotics over an 7-day period. In the Puromycin kill
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curve plot (TOP), the distributions for 5, 6 and 7 pg/ml are not shown, since they completely overlapped
with 4 pg/ml.

Cas9-P2A-mCherry lentiviral vector

In a first attempt to generate the Cas9-expressing cell line, BeWo-IFI6 cells were transduced
with a lentiviral vector encoding for Cas9 gene from S. pyogenes (SpCas9), linked to a mCherry
molecule by the self-cleaving peptide 2A; mCherry positive (mCherry+) cells are detectable
by flow cytometry by measuring fluorescence emission in the red spectrum (550-650 nm) (Shu
et al., 2006). It is proposed that the proportion of mCherry+ cells correlates to the percentage

of Cas9-expressing cells.

The transduction of the lentiviral vector was performed in triplicates, however only two of the
wells could proliferate and will be referred to as Clonel and Clone2. BeWo-IFI6 Clonel and
Clone2 cells present a mixture of mCherry+ and mCherry negative (mCherry-) cells; after flow
cytometry quantification of the cells more than 80% were found to be mCherry+
(Representative results for Clonel in Figure 4.4a). mCherry+ cells were further divided into
two populations: mCherry+LOW where the recorded fluorescence was around 102, and
mCherry+HIGH. For each of the clones, the two populations of cells were isolated by
Fluorescence-activated Cell Sorting (FACS) on Day1, and the purity of the mCherry fractions
established by flow cytometry quantification. For both clones, the purity of the isolated
mCherry+LOW and HIGH fractions was below <90% (Figure 4.4b); we could in fact still
detect mCherry- cells, varying from 3.5 to 14.5%. These isolated, unpure mixtures were then
replated in normal culture conditions, with the aim of expanding the mCherry+ population. At
Day9 and Dayl4 the proportion of the different mCherry fractions was tested by flow
cytometry, results are shown in Figure 4.4b for Clonel and Clone2 isolates. In all samples, an
increase in the mCherry- population is observed over the 2-week period, reaching up to 45.5%
of the total cells, with a corresponding decrease of mCherry+HIGH and LOW populations.
These results suggest that mCherry+ cells (supposedly corresponding to Cas9+ cells) were
counter-selected in culture; an alternative explanation is that the expression of the viral vector
becomes extinguished over-time. In the literature, Cas9 transgenic expression in mammalian
cells has been associated with activation of the p53 apoptotic cascade, which could explain
why the mCherry+ cells showed a selective disadvantage in normal cell culture conditions

(Enache et al., 2020).
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Figure 4.4. Proportion of mCherry positive cells in BeWo-1F16-Cas9-mCherry cell lines. a)
Representative results from FACS analysis of mCherry signal in clonel and clone2 populations.
On the left, SSCvsFSC plot showing the gated live BeWo cells; on the right GFPvsmCherry signal plot,
the two gates divide mCherry+ cells in mCherry+LOW population (relative fluorescence ~10%) and
mCherry+HIGH. b) Proportion of mCherry-, mCherry+LOW and mCherryHIGH cells in Clonel

and Clone2 cell lines, over a two-week period. SSC = side scatter, FSC = forward scatter.
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Cas9-P2A-BlasticidinR lentiviral vector.

Since the Cas9-expressing cell line could not have been generated with the Cas9-mCherry
construct, as alternative approach, we tried using a lentiviral vector encoding SpCas9 linked to
a blasticidin resistance cassette. Since the BeWo-IFI6 line used throughout the screen already

carries a blasticidin resistance cassette, a BeWo-WT cell line was used.

After transduction of BeWo-WT cells with this vector, a 2-week antibiotic selection with
blasticidin (2 pg/ml) was carried out and surviving clones pulled together, referred to as BeWo-
Cas9-Blasti cell line. The expression of Cas9 was confirmed by immunofluorescence
(representative image in Figure 4.5, Cas9 stained in red, nuclei in blue). In addition, Cas9
functionality was assessed by Cas9 activity test which showed very limited mutation rates for
both tested sgRNAs, 0% for sgRNA-273 and 3-7% for sgRNA-274 treated samples. Therefore,
the Cas9 expressed by BeWo-Cas9-Blasti cells was deemed not functional, and the cell line

discontinued.

BeWo-WT BeWo-Cas9-Blasti

Figure 4.5. Cas9 expression is confirmed in BeWo-Cas9-Blasti cell line by immunofluorescence.
BeWo-WT cells have been used as negative control (left) and BeWo-Cas9-Blasti (right). Blue signal
corresponds to DAPI staining of nuclei, while red signal corresponds to Alexa495 signal corresponding
to Cas9. A faint background signal (red) can be seen in BeWo-WT sample, while in BeWO-Cas9-Blasti
cell line strong Cas9 signal localised in the cytoplasm and nucleus of most of the cells.

Scale bar = 50 pm.
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Cas9-P2A-HygromycinBR transfection vector.

Given the interest in using the BeWo-IFI6 cell line, we tested a new circular vector encoding
for Cas9 linked with self-cleaving peptide 2A to an Hygromycin B resistance cassette. This
vector is a circular plasmid that can be delivered by standard transfecting agents such as
products based on cationic lipids (e.g. Lipofectamine™, ThermoFisher). BeWo-IFI6 were
transfected and clones carrying the vectors were isolated, after a 1-week selection with
Hygromycin B four different clones could be expanded from this newly created BeWo-IF16-
Cas9Hyg cell line. Clone #3 was not able to expand in cell culture, showing highly impaired

proliferation.

The results of the Cas9 activity test performed on the other three cell lines, Clone#1, Clone#2
and Clone#4 are presented in Table 4.1.

Table 4.1. Cas9 activity test results for BeWo-IF16-Cas9Hyg clones

INDEL % Clonel Clone2 Cloned
SgRNA-273 1 2 1
SgRNA-274 | 63 68 13

We were able to establish that the 273-sgRNA was not functional, also according to other
collaborators. However, mutations at the PIGA intronic locus targeted by sgRNA-274 could
be detected in all tested BeWo-IF16-Cas9Hyg clones, with mutation rates of 63%, 68% and
13% respectively for Clone#1, Clone#2 and Clone#4. Given its highest mutation rate, Clone#2
was selected for further validations and a second Cas9 activity test showed stable Cas9-activity
over-time, reporting an efficiency of 65%. To be more conservative, this value was chosen to
approximate the Cas9-mediated mutation rate in this cell line, which was used in the rest of the

experiments and will be referred to as BeWolF16-Cas9Hyg-CL2.

Figure 4.6 summarises the results from the three different approaches to develop the Cas9-

expressing cell line.
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Step3. Defining Genome-Wide Screen parameters. How many cells do we need?

When performing a Genome-Wide Screen, we need to set defined values for experimental
parameters such as guide representativity and desired multiplicity of infection (MOI). These
parameters, together with Cas9 activity rates will directly impact the number of cells needed to

perform the screen.

The representativity, or coverage, refers to the number of cells that express each sgRNA in the
library. According to previous studies, we have aimed at a representativity of 500x, where
each of the sgRNAs in the Brunello library should be found at least 500 times in our cell
population (Joung et al., 2017; Peng et al., 2015; Shalem et al., 2015). Since the number of
guides in the Brunello library is of approximately 80,000 (77,441), the number of transduced

cells we need to achieve a representativity of 500x is:

Transduced cells (500x) = 80000 - 500 = 40 - 10° cells

This is the minimum number of cells we should ensure to retain throughout the screen in order
to maintain a representativity of 500x. Another critical parameter is the MOI, which
corresponds to the transduction efficiency of the viral library, expressed in values varying from
0 to 1. In other words, the MOI is the percentage of transduced cells obtained with a given
volume of viral library. This measure has been used in genome-wide screens to estimate the
proportion of cells in the transduced population that will carry a unique sgRNA or multiple
sgRNAs, by applying the Poisson Law of probability (Abedon and Bartom, 2013):

n -m

m
P(n) =

‘e
n!

Where P(n) is the probability that n particles of virus are present per cell, m is the effective
number of transduced cells (i.e. MOI), and e is Euler’s number (2.718...). Varying the MOI
we can calculate the probability that cells in the transduced population carry a certain number
of sgRNAs. If MOI = 1, corresponding to 100% of transduced cells, we can estimate the
following:

e Cells containing 1 sgRNA:  P(1) =36.79%

e C(Cells containing 2 sgRNA:  P(2) = 18.39%

e Cells containing 3 sgRNA:  P(3) = 6.13%

181



When the totality of cells in an experiment are transduced, only a small proportion is expected
to carry a single molecule of sgRNA (36.79%), while the rest will carry more than one sgRNAs.
These different sgRNAs present in the cells will mediate Cas9-induced DSB in multiple
locations of the genome, depending on the specific target of each sgRNA. Therefore, since the
mutations occurred in multiple genes, the individual contribution to the phenotype will be
harder to determine. To reduce the proportion of cells that are transduced with multiple
sgRNAs, traditionally, a MOI ~0.3 is used (Joung et al., 2017; Peng et al., 2015; Shalem et al.,
2015). We selected a MOI = 0.5 which corresponds to 30.32% of cells containing a unique
sgRNA, and only 0.07% of cells containing two sgRNAs, since this set-up has previously been
used with the Brunello lentiviral library (DeWeirdt et al., 2020; Sanson et al., 2018).

The number of cells to be used in the screen is then adjusted for the MOI, since the previously
calculated number of transduced cells for a representativity of 500x (Transduced cells(500x))

corresponds only to the 50% of the total population (MOI = 0.5):

Transduced cells(500x)

= . 6
Mol 80 -10° cells

Total number of cells =

This “Total number of cells” needs to be further corrected according to the observed Cas9
activity rate in the Cas9-expressing cell line. In the BeWolF16-Cas9Hyg-CL2 cell line selected
for the screen the Cas9 activity rate is 65%, therefore we would need to plate an additional 35%
of cells in which we do not expect Cas9-mediated mutations to occur. The “Final Total number

of cells” will therefore be:

_ Total number of cells
Final Total number of cells = — =
Cas9 activity rate

Transduced cells(500x)
MOI
Cas9 activity rate

Final Total number of cells = =123 -10° cells

To better be able to estimate the growth of BeWolFI6-Cas9Hyg-CL2 cells, we also defined
their doubling time, which is ~45 hours; considerably slower than BeWo-WT cells, which have
a duplication time of about 36 hours, this could be due to the detrimental effects of Cas9-

expression on cellular fitness.

182



Step4. Optimisation of viral library transduction for the selected MOIL.

In our study, we set out to use the Brunello lentiviral library, specifically optimised for Cas9-
mediated gene knock-out screens, to minimise off-target effects as well as for targeting the
protein-coding region of genes, with multiple non-overlapping sgRNAs (Doench et al., 2016).
This library targets 19,114 human genes, encoding an average of 4 sgRNAs per gene, for a
total of 76,441 guides. Additionally, 1000 non-targeting sgRNAs are included as internal
control (Doench et al., 2016; Sanson et al., 2018).

The aim of this step is to establish the volume of viral library to use in transduction of
BeWolFI6-Cas9Hyg-CL2 cells, during the genome-wide screen, to achieve a MOI of 0.5. This
can be done through library titration experiments, assessing the proportion of successfully
transduced cells for a given volume of viral library. The results presented here are still

preliminary and further optimisations are needed to achieve MOI closer to the set value of 0.5.

Since the lentiviral backbone encodes for a puromycin resistance cassette, to establish which
volume of viral library yields which proportion of transduced cells, we performed a viral library
titration and counted the number of puromycin-resistant cells. A small-scale titration was
performed: for each titration point we transduced two wells of a 6well plate, one well was
treated with puromycin (4 pg/ml) for 6 days (Puro+) and the other without puromycin (Puro-).
At the end of the 6 days, only successful transduced cells in the Puro+ wells survive, and
transduction efficiency, corresponding to the percentage of transduced cells, was calculated as
follow:

Cells in Puro +

Cells in Puro — 100

Transduction ef ficiency =

The different volumes of Brunello library stock tested were (ul): 0, 0.03, 0.1, 0.3, 1, 3 and the
results are shown in Figure 4.7. Increasing transduction efficiencies were observed for
increasing volumes of viral library, with the exception of the highest volume of library (3 pl)
which showed a 50% reduction in transduction efficiency (Figure 4.7a). This is explained by
the fact that at these levels, the lentiviral library causes a drastic reduction in cell viability,
milder detrimental effects are observed also for 1 pl (Figure 4.7b). By looking at the trend of

transduction efficiency in Figure 4.7a, a window of linear correlation between transduction
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viral volume and transduction efficiency can be observed between 0.1 and 0.3 titration points.

Interestingly, the volume of 0.1 pl resulted in a MOI ~ 0.3.

a) Transduction efficiency
100

90

80

70

60

50

40

30

20 I

10

0 I
Q $e) N o) N 0
© Q- Q°
(\Q}\o s 09 Y ©7 Qé\o s (@\0 /
&0 0\\ (\Q (\0 &0 QO
Q & N & Q 32
£9 M Puro+
b) . - M Puro-
Viable Cells (million/ml)
0.7
0.6
0.5
0.4
0.3
0.2
§ I II
0 |
Q %) N > N %
O Q.Q Q- Q- O O
& ©7 Ny N S o
& ) N S & &
& ) )

Figure 4.7. Small-scale Brunello lentiviral library titration results. Different volumes of Brunello
library were tested (ul), 0, 0.03, 0.1, 0.3, 0.1, 3, and the transduced cells were either grown in medium
containing puromycin (4 pg/ml) (Purot), or without (Puro-) a) Transduction efficiency. The
percentage of cells in each Puro+ titration point was calculated in relation to the corresponding number
of cells in the untreated sample (Puro-). b) Viable cells expressed as million/ml. Viability was

assessed by trypan blue staining with automated cell counter Vi-CELL™ XR, after trypan blue staining.

We used this linear range, to define the linear relation between viral volume and transduction
efficiency, to extrapolate the volume of virus needed to achieve a transduction efficiency of
50% (= MOI 0.5). We further corrected this volume to account for a scaling-up in plate

dimensions, in order to perform a second library titration in T150cm? flasks, identifying 3.85
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pl of viral library as the volume needed to achieve a MOI of 0.5. However, the transduction
efficiency observed in this large-scale setting was of 62.4%, rather than the estimated 50%.
Small variations are to be expected between culture containers of different sizes, such as 6well
plates and T150, and additional titrations in T150cm? flasks, around the value of 3.85 ul, are
needed to find the optimal volume for a MOI of 0.5.

StepS. Identification of mutants with impaired ability to undergo CTB
differentiation into STB.

Using negative selection of fusing cells: IF16-Blasticidin approach.

As previously mentioned, we initially set out to perform a positive screen, in which Cas9-
mediated mutants in genes involved in trophoblast fusion should survive over the cells with
unaffected CTB differentiation genes. The premises of this approach are summarised in
Figure 4.8. In this set-up, the BeWo-IFI6-Cas9Hyg-CL2 cells used in the screen, upon

forskolin administration, by differentiating into STB-like cells are expected to have reduced

fitness.
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Figure 4.8. Positive screen experimental approach based on the FSK-driven downregulation of
IFI6-BlasticidinResistance in differentiating BeWo-1F16-Cas9Hyg-CL2. [F16-pro = promoter of the
IF16 gene, FSK = forskolin, CTB = cytotrophoblast.
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This cell line is in fact a derivative of the BeWo-IF16 cell line, previously generated in the
team, in which a blasticidin resistance cassette is under the control of the IF16 promoter, chosen
for its being downregulated upon FSK-treatment. In the context of the genome-wide screen,
the expectation is therefore that Cas9-mediated mutations in genes involved in trophoblast
differentiation should interfere with the ability of BeWo-IFI6 cells to respond to FSK-treatment
and as a result the fitness of these clones in blasticidin medium should remain unaltered. This
would result in the death of FSK-treated, differentiating BeWo cells only, allowing specific
collection of FSK-treated unresponsive clones. The majority of these clones should present

Cas9-sgRNA-mediated mutations targeting genes involved in CTB differentiation into STB.

To test this experimental design, we assessed the mortality rates by monitoring cell confluency
at the light microscope, of BeWo-IFI6-Cas9Hyg-CL2 cells grown in complete medium with
blasticidin (8 pg/ml), treated either with FSK or vehicle control containing dimethyl sulfoxide
alone (DMSO) (since FSK is prepared in DMSO), over a period of 20 days. However, even
though slight differences can be seen up to Day 5, since DMSO-treated cells show increased
confluency over-time with higher rates compared to FSK-treated cells, no detectable selection
is seen in the latter. At Day 16 and 19, even FSK-treated samples showed considerable increase
in cell confluency, indicating the presence of a high proportion of proliferatively active cells in

the population (Figure 4.9).
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Figure 4.9. Bewo-IFI16-Cas9Hyg-CL2 cells are not differentially selected after FSK treatment, in
blasticidin+ or blasticidin- media. FSK = forskolin. White/Black scale bar = 100 pm / 150 pm.

To assess whether higher blasticidin concentrations were needed to negatively select FSK-
treated cells, we repeated the same experiment over a 1-week period for FSK-treated and
DMSO control cells grown in increasing concentrations of blasticidin: 0, 8, 20, 40, 80 and 100
pg/ml. In this case, 20 and 40 pg/ml of blasticidin caused a decrease in proliferation rates in
both FSK and DMSO-treated cells, similarly to 80 and 100 pg/ml where these was even more
pronounced and accompanied by signs of toxicity such as cytoplasmic aggregates. Therefore,
blasticidin concentrations > 20 pug/ml are too elevated and cause toxicity even in the DMSO-
control. However, none of the used concentrations cause differential effects between FSK-
treated and DMSO-treated cells. This prompted us to devise a new experimental strategy to

differentially distinguish between FSK-treated differentiating and unresponsive cells.

187



Harnessing nuclear markers of trophoblast differentiation state: CTB vs STB.

For the purpose of the screen, we wanted to harness specific markers of CTB-like and STB-
like states to isolate these distinct populations in FSK-treated samples. While in DMSO-treated
samples, BeWo cells should retain a CTB-like state characterised by proliferation and cell
growth, in the FSK-treated samples, the activation of the cAMP cascade activates
syncytialisation and the cells can shift towards a STB-like state. However, cells in which key
fusion genes have been knock-out by the Cas9-sgRNA complex should be unable to initiate
the differentiation process and would retain a CTB-like phenotype. We chose the nuclear
transcription factors Ki67, GATA3 and GCMI to distinguish between CTB and STB
respectively. In primary trophoblasts as well as in BeWo, the CTB population is characterised
by high levels of the proliferative marker Ki67 and of trophoblast lineage determinant GATA3
(Apicella & Ruano et al., 2021; Buchrieser et al., 2019; Chiu and Chen, 2016; Cierna et al.,
2016). Therefore, untreated BeWo as well as cells unable to differentiate, that retain a CTB-
like phenotype, are expected to express Ki67 (Ki67+) and GATA3 (GATA3+). On the other
hand, during CTB differentiation into STB, GATA3 and Ki67 downregulation is accompanied
by increase in the nuclear expression levels of fusion transcription factor GCM1 (Chiu and

Chen, 2016); hence, differentiating BeWo cells are proposed to be GCM1+.

To assess the expression levels of these markers in the two populations (DMSOvsFSK), flow
cytometry was used, yet the presence of small syncytia from FSK-treatment poses a limitation
in the use of standard flow cytometry techniques which are based on capillarity and processing
of cells, one by one. To tackle this issue, we opted for a protocol based on the isolation of the
nuclei from the cells, based on the 10XGenomics protocol for nuclei isolation from single cell

suspension, designed for single nuclei RNA-sequencing experiments (10XGenomics, 2021).

Since we needed to first check the validity of this approach, we used BeWo-WT cells, in case
that the expression of IFI6-Blasticidin and Cas9-Hygromycin constructs could alter the
physiology of the cells and complicate the interpretation of the results. We first treated BeWo-
WT cells with DMSO/FSK for 72 hours, then proceeded with the isolation of the nuclei. Once
the nuclei were isolated, they were immune-stained with antibodies against Ki67, GATA3 and
GCM1, and the proportion of CTB-like and STB-like fractions in DMSO/FSK-treated samples

quantified by flow cytometry, according to the relative expression of these nuclear markers. As
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a control for the purity of the samples, to distinguish between debris and intact nuclei, the
expression of the nuclear pore complex Nupl07, expressed on the nuclear membrane, was
quantified and the relative signal of Ki67, GATA3 and GCM1 was acquired only in Nup107+

events.

The results presented here are to be considered as very preliminary, since they originate from
duplicated experiments only. The nuclei isolation protocol has not been fully optimised yet,
even though single nuclei can be obtained in DMSO-treated samples, large clumps are always
detected in FSK-treated samples. The clumping is usually associated with damage to the
nuclear membrane which leads to DNA leakage responsible for the formation of aggregates
(Neely and Bao, 2019). This is reflected in the extensive number of debris visible in the flow
cytometry plots relative to FSK-treated samples (debris are characterised by negative signal for
antibody Mab414, corresponding to low levels of nuclear marker Nup107) (Figure 4.10a).
However, differences in the proportions of debris have not been tested for statistical
significance between FSK and DMSO-treated samples. The putative increase in fragility of
FSK-treated nuclei could be due to changes in the nuclear membrane as a result of the FSK-
induced syncytialisation, hindering our ability to collect the STB-like nuclei. For all tested
markers, no major differences can be seen between DMSO/FSK-treated samples; however, in
FSK-treated cells a small peak of GATA3- cells, suggestive of STB-like state, is detectable

and corresponds to ~10% of the tested nuclei (Figure 4.10b, green circle).
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Figure 4.10. Flow cytometry assessment of nuclear markers: Ki67 and GATA3 as markers of
CTB-like state, GCM1 as marker of STB-like state. a) Flow cytometry plot showing the signal
relative to Mab414 antibody against nuclear membrane marker Nup107 in DMSO and FSK treated
BeWo-WT cells. Mab414+ events correspond to intact nuclei and are identified by the gate, while the
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rest of the events correspond to cellular debris. Only the Mab414+ nuclei have been analysed for the
expression of Ki67, GATA3 and GCM1. b) Flow cytometry plots assessing the proportion of cells
expressing Ki67, GATA3 and GCM1 in DMSO and FSK treated BeWo-WT cells. In the DMSO-
GCMI1 graph in pink, the peak of cells negative for GCM1 corresponds to a population of unstained
nuclei that have been used to spike the sample prior of analysis by flow cytometry, to check whether

the GCM 1 signal was strong enough to be distinguished from the negative population. FSK = forskolin.
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Methods

Collaboration.

This work has been carried out as a collaboration with the CRISPRit platform, Institut Curie,
as part of Dr. Margueron’s Team. In particular, our team has closely collaborated with Dr.
Raphael Margueron, Auréline Boré, Dr Michel Wassef and Camille Fouassier, for expertise,

experimental design, protocols and specialised facilities.

Cell lines, culture conditions, forskolin treatment.

The human choriocarcinoma cell line BeWo was used, available from ATCC (CCL-98). Cells
have been grown according to manufacturer’s instruction, in Ham's F-12 Nutrient Mix,
GlutaMAX™ (Gibco™, REF: 31765, LOT: 2040426), supplemented with 10% heat-
inactivated Fetal Bovine Serum (FBS) (Gibco™, REF: 10500-064, LOT: 2036257K) and
Penicillin-Streptomycin  (Gibco™, REF: 15070-063, LOT: 2009159) used at final
concentration of 100 U/mL. Cells are grown at 37 °C, with 5% CO». For sub-culture, adherent
cells have been grown at densities between 30-90%, trypsin-EDTA (Gibco™) has been used
for gentle detachment, by incubating at 37°C for 1-2 minutes and resuspending detached cells
in complete medium. For induction of cytotrophoblast differentiation in BeWo cell lines, 20
uM of FSK in DMSO was administered in complete medium for 72 hours, changing medium
every second day. Control cells were treated with the vehicle only, equivalent volume of

DMSO in complete medium.

Cas9 vectors, viral transduction, and transfection conditions.

To generate Cas9-expressing cell lines the following vectors have been used:
e lentiviral vector LentiCRISPRv2GFP was a gift from David Feldser (Addgene plasmid
# 82416; http://n2t.net/addgene:82416 ; RRID:Addgene 82416). This vector has been

modified by CRISPRit platform at the Institut Curie, replacing GFP sequence with
mCherry (Walter et al., 2017).
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e lentiviral vector encoding for pSpCas9 and Blasticidin resistance cassette lentiCas9-
Blast was a gift from Feng Zhang (Addgene plasmid # 52962;
http:/n2t.net/addgene:52962 ; RRID:Addgene 52962) (Sanjana et al., 2014).

e circular vector encoding for pSpCas9 and Hygromycin B resistance cassette
pSpCas9(BB)-T2A-HygR was a gift from Jorge Ferrer (Addgene plasmid # 118153;
http:/n2t.net/addgene:118153; RRID:Addgene 118153) (Miguel-Escalada et al.,
2019).

For viral transduction 3 x 10° cells have been plated in each well of a 6well plate the day before
transduction. For transduction, 50 pl of virus have been resuspended in 2 ml of complete
medium with polybrene (Sigma-Aldrich, TR-1003-G, LOT: 3136750) at a final concentration
of 10 pg/ml, and cells incubated with the viral mix at 37°C for 24 hours, then medium has been
replaced with fresh complete medium, containing antibiotics according to the resistance
cassette in the vector (Blasticidin 2 pg/ml (InvivoGen, REF: ant-bl-1), Hygromycin B 75 pg/ml
(Gibco™, REF: 10687010, LOT: H044-51US)).

For plasmid transfection, pSpCas9(BB)-T2A-HygR has been resuspended at a final
concentration of 1 pg/ml in Opti-MEM™ (Gibco™), supplemented with 10% FBS, after
having been pre-incubated with Lipofectamine ™ 2000 (Invitrogen™) according to
manufacturer’s instructions. Cells have been incubated for 24 hours with Opti-MEM™
(Gibco™), supplemented with 10% FBS, and DNA-Lipofectamine mixes at 37°C. Then, the
medium was replaced with complete medium supplemented with 75 pg/ml Hygromycin B
(Gibco™),

Cas9 activity test.

To test the activity of the Cas9 in the Cas9-expressing cell lines produced we performed a
Cas9-activity test, measuring the rate of mutation in cells transduced with control sgRNAs
targeting the control gene PIGA located on chromosome X, coordinates (GRCh38 build)

chrX:15,319,456-15,335,523.

We used two guides gRNA-274 and gRNA-273 cloned in the same lentiviral backbone of the

library, encoding for a puromycin resistance cassette.
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gRNA-274 (TGGTAAACCATGATATGCTG) targets one of the intronic regions and induces
the double-stranded break (DSB) mediated by the Cas9 on position 15,332,254, while gRNA
273 (TGCTCAGGTACATATTTGTT) targets an exonic region, inducing the DSB at in
15,331,580.

For the Cas9 activity test, 3 x 10° Cas9-expressing cells have been plated in each well of 6well
plate, in duplicates for each of the conditions: un-transduced, viral vector gRNA-274, viral
vector gRNA-273. The day after plating, 5 ul of viral vector have been resuspended in 2ml of
complete medium with polybrene (Sigma-Aldrich, TR-1003-G, LOT: 3136750) at final
concentration of 10 pg/ml for transduction of gRNA-274 and gRNA-27 wells, the other two
wells have been left untreated, with the addition of complete medium with polybrene alone.
Cells in 6well plates have been incubated at 37°C for 24 hours. Then, the transduction medium
was replaced with fresh complete medium (Puro-) for half of the wells, and fresh medium
containing puromycin (4 pg/ml) (Puro+) for the other half. Medium has been replaced
accordingly every two days for 6 days. On the morning of the 7" day, when no surviving un-
transduced cells were detected in Puro+ well, cells from all wells were collected by scraping
followed by centrifugation at 0.2 RCF for 5 minutes. Cell pellets were treated for genomic
DNA extraction according to manufacturer’s instruction, with NucleoSpin Tissue kit

(Macherey-Nagel, Ref:740952.50).

To test if the targeted regions were modified by Cas9, they are first amplified by PCR using
primers flanking the targeted locus (Table 4.2), with GoTaq® Flexi DNA Polymerase kit
(Promega), annealing temperature 64 °C. PCR products are run on 2% agarose gel and the

bands are sliced and purified before Sanger sequencing with forward primer.

Table 4.2. PCR primers used to amplify targeted loci for Cas9 activity test.
Primers Sequences
PIGA 274 Forward | GCCATGCTGAGACGGTTTAG
PIGA 274 Reverse AGTTTTGGTGAGGCTGCAAT
PIGA 273 Forward | TGTTTGTAAGCACCGAGCTG
PIGA_273 Reverse ACCGTGCCTCAGCTACACTC

Sequencing results are analysed with the free tool from SYNTHEGO ICE v2 which calculates

for each sample the percentage of INDELS observed in comparison to the untreated cell line,

194



which we use here as a measure of the proportion of cells in the sample that presented a Cas9-

mediated mutation (Hsiau et al., 2019).

Immunostaining for Cas9 cellular expression.

To test the proportion of BeWo-Cas9-Blasti cells that express Cas9, a Cas9 immunostaining
experiment was performed, using BeWo-WT as negative control. In a 24well plate, sterile glass
coverslips were placed at the bottom of each well, and 8 x 10 cells for each cell line plated in
duplicates and grown respectively in complete medium + Blasticidin (2 pg/ml) for BeWo-
Cas9-Blasti, and complete growth medium for BeWo-WT. After 24 hours incubation at 37 °C,
cells were washed in cold PBS four times. For fixation and permeabilization, cells were
incubated at -20°C in 500 pl cold methanol (previously stored at -20°C) for 8 minutes, followed
by four washes in cold PBS. Blocking was performed by 1 hour incubation with cold blocking
buffer (PBS, 1%BSA) at room temperature, followed by overnight staining with primary
antibody Rabbit -aCas9 used at 1:100 dilution (custom antibody developed by the
ANTICORPS THERAPEUTIQUES (TAB-IP) ET ANTICORPS RECOMBINANTS platform
at Institut Curie, REF: A-P-R#56) in blocking buffer, in cold room (4°C). The following
morning, the primary antibody was removed with 4 washes in cold PBS, followed by secondary
antibody incubation in blocking buffer for 45 minutes at room temperature, in the dark: donkey
anti-Rabbit [gG (H+L)-AlexaFluor594 (Invitrogen #A-21207) used at 1:500. After 4 washes
in cold PBS cells were stored in PBS at 4°C in the dark. For imaging, the coverslips coated
with fixed and stained cells were removed from the 24well plate and mounted onto glass slides
using 10-20 pl of DAPI Fluoromount-G® (SouternBiotech), for 5 minutes at room
temperature. Before imaging at the fluorescent microscope, mounted slides were incubated at
4°C for additional minimum 30 minutes to improve fluorescence signal. Fluorescent images

were acquired with epifluorescence microscope.

Viral library, library titration.

The Brunello lentiviral library (Addgene #73178) was used. The library consists of lentiviral
vectors encoding for a total of 77,441 sgRNAs targeting 19,114 human genes, with an average
of 4 guides per gene; the library also includes 1,000 control guides that do not target any gene
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(Doench et al., 2016; Sanson et al., 2018). The viral backbone encodes for a puromycin

resistance cassette.

The small-scale library titration was carried out in 6well plates, in each well 2.2 x 10° BeWo-
IF16-Cas9Hyg-Clone2 cells were plated and incubated for 24 hours at 37°C. Transduction has
been carried out as described above, testing the following volumes of lentiviral library: 0, 3ul,
Tul, 0.3 pl, 0.1 pl, 0.03 pl. After 24 hours at 37°C, the medium was changed to either Puro+
or Puro-, every 2 days for 6 days. On the 6 day, the cells were collected by trypsin-ETDA
treatment for Iminute at 37°C and resuspended in complete medium (300 pl trypsin + 700pl
medium). The number of viable cells in each well was counted with automated cell counter Vi-
CELL™ XR, after trypan blue staining, and transduction efficiency calculated as ration
between the number of cells in Puro+ condition divided by the number of cells in Puro-,
expressed as percentage. Moreover, by plotting the transduction efficiency versus the titration
points, the linear range of library volumes correlating with transduction efficiency was

identified.

The large-scale library titration was carried out in T150cm? cell culture flasks, in each of three
flasks 5.3 x 10° BeWo-IFI6-Cas9Hyg-Clone2, in complete medium (Ham's F-12 Nutrient Mix,
GlutaMAX™ (Gibco™, REF: 31765, LOT: 2040426), supplemented with 10% heat-
inactivated Fetal Bovine Serum (FBS) (Gibco™, REF: 10500-064, LOT: 2036257K) and
Penicillin-Streptomycin  (Gibco™, REF: 15070-063, LOT: 2009159) used at final
concentration of 100 U/mL, blasticidin (2 pg/ml) and hygromycin B (75 ng/ml)) and incubated
overnight at 37°C. The following day, viral library transduction was performed. The volume
of viral library estimated from the linear distribution obtained from the small-scale titration to
correspond to MOI=0.5 was used: 3.85 ul for 20 ml of medium in T150 cm?*flask, resuspended
in growth medium, with polybrene at final concentration of 10 pg/ml. Of the three flasks, two
were transduced with 3.85 pl of viral library and one with polybrene alone. Flasks were
incubated at 37°C for 24hours, then the medium was replaced with complete medium either
with or without puromycin (4 pg/ml), replaced every 2days. The flasks correspond to the three
conditions:

e Virus-PURO+: to check that un-transduced cells have died

e VirustPURO+: number of transduced cells

e Virus+tPURO-: total number of cells
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The proportion between VirustPURO+ and Virus+PURO- was calculated toestimate library
transduction efficiency and effective MOI after 6 days of selection; cells were detached with
trypsin-EDTA and the number of viable cells estblished with automated cell counter Vi-
CELL™ XR, after trypan blue staining.

Antibiotic selection and kill curves.

Optimal blasticidin concentrations and exposure time had been previously determined in the
laboratory, using blasticidin (InvivoGen, REF: ant-bl-1) at a final concentration of 2pg/ml for
two weeks. For puromycin (Gibco™, REF: A11138-02, LOT: 2068873) and Hygromycin B
(Gibco™, REF: 10687010, LOT: H044-51US) kill curves, at Day0, 1.4 x 10° BeWo-WT
cells/well were plated in 12well plates and incubated at 37°C for 24 hours. At Dayl, control
medium was added to each well, supplemented with different concentration of antibiotics, in
duplicate wells. Tested concentrations for puromycin in pg/ml were 0, 1, 1.5,2.5,3,4, 5,6, 7,
8 and 9, while for hygromycin B were 0, 2.5, 5, 10, 20, 30, 50, 75, 100 pg/ml. Cell confluency
was assessed by light microscopy in each well, at days 1, 3, 5 and 7; kill curves were determine

by plotting cell confluency at each time point, for each of the tested concentrations.

Genome-Wide Screen parameters: representativity, MOI, cell numbers,

duplication time.

For the current genome-wide screen, based on existing literature, sgRNA representativity was
set at 500x, aiming for a MOI of 0.5. (DeWeirdt et al., 2020; Joung et al., 2017; Peng et al.,
2015; Sanson et al., 2018; Shalem et al., 2015). These two parameters were used to estimate
the numbers of cells needed for the screen, considering the size of the library as described in
the Results section. Briefly, given that the Brunello library includes approximately 80,000
(77,441) guides, for a representativity of 500x, 40 x 10° cells are needed. Setting the MOI to
0.5, this number was corrected for the MOI by division, estimating the number of cells to 80 x
10° cells. Finally, the Final total number of cells was calculated by correcting further by the
observed Cas9 activity rate in BeWo-IF16-Cas9Hyg-CL2 cells of 0.65. Dividing the Total
number of cells by 0.65, the Final total number of cells needed for the screen is estimated to be

123 x 10% cells. Duplication time for the BeWo-IFI6-Cas9Hyg-CL2 was calculated by
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monitoring cell growth in T75¢cm?, over a 1-week period, counting cell number with Malassez
counting chamber every 2-days:

number of days * log(2)

Doubling Time =
oubung time log(Final Concentration) — log (Initial Concentration)

Testing effects of FSK-treatment on Blasticidin resistance and survival in BeWo-

IFI6-Cas9Hyg-CL2 cells.

On Day0, 2.45 x 10® BeWo-IF16-Cas9Hyg-CL2 cells were plated in each of four T75cm2
flasks, two flasks were grown in complete medium without blasticidin (Blasticidin-), while the
other two in complete medium with blasticidin at 8 pg/ml (Blasticidint); cells were incubated
for 24 hours at 37°C. On Dayl, for each of the two growth conditions, one flask was treated
with 20 uM forskolin, in DMSQO, while the other flask with equivalent volumes of forskolin
only. Cells were grown in these conditions for up to 20 days, changing medium and treatment

every 2-3 days and assessing confluency and survival by light microscopy.

To test different ranges of blasticidin concentrations, a similar experiment was repeated in
6well plates, 2.1 x 10° cells per well; for each tested concentration 2 wells were plated, one to
be treated by FSK and the other by DMSO alone as described above, and confluency and
survival were assessed by light microscopy on Day4, 6 and 7. The blasticidin concentrations

tested were: 0, 8, 20, 40, 80, 100 pg/ml.

Flow cytometry of isolated nuclei.

To assess first the validity of the use of nuclear markers of CTB-like state (Ki67, GATA3) and
STB-like state (GCM 1), we tested the isolation of nuclei and quantification of nuclear markers
protocol in BeWo-WT cells. On Day0, 2.45 x 10° BeWo-WT cells were plated in T75¢cm2
flasks in growth medium, on Day1 half of the flasks were treated with FSK (10uM) diluted in
DMSO and added to fresh growth medium, while the other half was treated with equivalent
volumes of DMSO alone. The treatment was carried out for 72 hours, refreshing the medium
with FSK/DMSO every 48hours. On Day4 cells were harvested by Trypsin-EDTA treatment

as previously described and treated for isolation of nuclei, following the 10XGenomics
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protocol for nuclei isolation from single cell suspension, designed for single nuclei RNA-
sequencing experiments (10XGenomics, 2021). Briefly, cells were centrifuged at 300 rcf for 5
min, removing the supernatant and resuspended in cold Lysis Buffer (10mM Tris-HCI, 10 mM
NaCl, 3 mM MgCly, 0.1% Nonidet P40 Substitute in Nuclease-Free Water, at 4°C), then
incubated on ice for 5-6 minutes for lysis to occur. Lysates were centrifuged for Smin at 700
rcf, at 4°C to precipitate the nuclei. After removing the supernatant, the nuclei were washed in
Wash Buffer (1x PBS with 1% BSA, at 4°C) an thoroughly resuspended by gentle pipetting.
This was step was repeated once by centrifugation, removal of supernatant and additional
resuspension in wash buffer. The nuclei in solution were counted at the Malassez counting
chamber, by staining with trypan blue at 1:10 dilution) and diluted to a final concentration of

10° nuclei/ml.

The nuclei suspensions were then treated for immunostaining. For each condition DMSO-
treated cells/FSK-treated cells, four different samples were prepared by immunostaining with
the following combinations of primary antibodies: Mab414 — Ki67, Mab414 — GATA3,
Mab414 — GCM1, unstained. For each sample 500 pl of nuclei solution, corresponding to 5 x
10° nuclei, were used. Primary antibodies were diluted in 100 ul of Wash Buffer, and samples
incubated on ice for 30 minutes, followed by washing in cold Wash Buffer, centrifugation for
10 min at 700 rcf, at 4°C. Secondary antibodies were added, diluted in 100 pl/sample, and
incubated for 10 minutes on ice in the dark. Then, the conjugated antibodies were added
directly into each of the samples, incubated on ice for a further 15 minutes. For the final wash,
cells were resuspended in 1 ml of Wash Buffer, centrifuged 10 min at 700 rcf, at 4°C; after
removal of the supernatant, the stained nuclei were resuspended in 300 pl of Wash Buffer and

transferred to flow cytometry tubes, with filtered cap.

The complete list of antibodies, with relative working concentrations is found in Table 4.3.
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Table 4.3. Antibodies used for nuclear staining of CTB and STB markers.

Antibody

aGATA3

oRabbit IgG
(H+L) -
AlexaFluor488
oKi67 -
conjugated-
eFluor450
aGCM1

oMouse IgG
(H+L)-
AlexaFluor594
oNupl107 -
conjugated-APC

200

Species

rabbit

donkey

rat

mouse

goat

mous¢

Specifics

monoclonal
(EPR16651)
polyclonal

monoclonal

(SolA15)

monoclonal
(R-06)
polyclonal

monoclonal

(Mab414)

Reference Stock
concentratio
n (mg/ml)

abcam 0.6

#ab199428

Invitrogen 2

#A-32790

eBioiscience 0.2

#48-5698-82

Santa Cruz 0.1

#sc-101173
Invitrogen 2
#A-11032
Covance 1
#MMS-120P

Working

volume/5*1075

nuclei (ng)
0.12

0.5

0.125

2.5



Discussion

Trophoblast syncytialisation and STB renewal are key processes for placental development,
and increasing evidence links STB defects with pregnancy pathologies such as IUGR and PE
(Bastida-Ruiz et al., 2019; Colson et al., 2020; Wang et al., 2019). For these reasons, the focus
of this project was to expand our current knowledge of this phenomenon and identify novel
candidate genes involved in syncytialisation. Here we have for the first time attempted to tackle
the problem of trophoblast fusion from a global perspective, by mean of a genome-wide screen
based on the CRISPR/Cas9 system. Even though we have not yet been able to perform the
screen and identify novel putative markers of syncytialisation, we have succeeded in

overcoming some of the technical hurdles posed by this complex experimental design.

First, we have successfully generated a BeWo cell line that not only stably expresses the Cas9
gene, but also shows functional endonuclease activity, having detected sgRNA-mediated
INDELS at the control gene PIGA in 65% of the cell population. Cas9 has been previously
used in the BeWo cell lines to successfully generate targeted knock-out of specific genes-of-
interest to investigate their role on syncytialisation, like HtrA4, HSPEI and SIK1 (Kovécs et
al., 2019; Mansilla et al., 2021; Msheik et al., 2019). In this study however, we struggled to
generate a functional Cas9-expressing cell line and three different vectors, two lentiviral
vectors and one plasmid DNA, had to be tested. These differences can be explained by the fact
that, during a gene-of-interest knock-out experiment, the goal is to obtain clones in which the
target gene has been successfully modified and detrimental mutations can be detected at the
locus. In this scenario, the experimental procedure consists in delivering the Cas9 gene and the
sgRNA targeting the gene-of-interest to a pool of cells; after the CRISPR/Cas9 system has been
delivered, the cells are treated so to isolate different clones, usually starting from individual
single cells, which will then be tested by sequencing of the targeted region to identify the clones
that carry loss-of-function mutations. In this case, the rate of Cas9 activity in the whole
transfected population is of no interest, since only the outcome is tested, i.e. the presence of a
mutation in any given number of cells. In a genome-wide screen however, the Cas9 expressed
by the cell line needs to be functional in a large proportion of the population since each cell
will receive a different sgRNA targeting one of the genes in the genome, and the assumption
is that all cells will be able to undergo Cas9-mediated gene editing; however, the validity of

such an assumption is strictly dependent on the Cas9 activity rate.
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Essentially, the key difference between the two approaches is the fact that in the targeted
approach we are only looking for a successful outcome, without investigating the qualities of
the Cas9 protein which gave rise to the detected mutation, while in a genome-wide screen we
are aiming for consistency and reproducibility of the Cas9 functional properties across the
population of cells. In the latter case therefore, many parameters will interject in our ability to
produce a satisfactory cell line expressing functional Cas9. Among these factors, the genetic
variability of the cell line might influence the PAM sequence of a specific sgRNA, affecting
the efficiency of the Cas9-sgRNA complex to catalyse the DSB at the locus. Other critical
factors include the cellular localisation of Cas9 which should preferentially be targeted to the
nucleus and in some cellular systems additional nuclear localisation signal sequences have been
found to be beneficial, as well as the relative levels of expression of the Cas9 itself and how

these levels influence the overall cellular fitness (Enache et al., 2020; Lino et al., 2018).

Another important issue that we have encountered is on the matter of the screen design: how
can we select the trophoblasts that carry a mutation that impairs their ability to differentiate
into STB? We have first tried to generate a cell line in which the blasticidin resistance gene is
under control of the promoter of the IF16 gene, found to be deeply downregulated in BeWo
cells after forskolin treatment in the dataset we generated in (Ducat et al., 2020). However,
even with high concentrations of blasticidin (> 40 pg/ml), FSK-treated BeWo-IFI6-Cas9Hyg-
CL2 cells do not die differently than untreated cells. This could be due to insufficient
downregulation of blasticidin gene (previously reported around 4 to 8x), given that wild type

BeWo cells die within 2-weeks exposure from 2pug/ml blasticidin.

Having failed to identify this issue early on during the optimisation of the screen, even though
we would not have been able to harness the [FI6promoter-blasticidin construct, for further
protocol optimisations (e.g. library titration experiments) we kept using the BeWo-IFI6-
Cas9Hyg-CL2 cell line since it successfully expressed the functional Cas9. We then went on
to design a quite innovative strategy based on the isolation of nuclei from FSK/DMSO- treated
cells, and quantification of nuclear markers of CTB-like and STB-like state by flow cytometry;
respectively, proliferation marker Ki67 and trophoblast lineage transcription factor GATAS3,
and fusion transcription factor GCM1 (Buchrieser et al., 2019; Chiu and Chen, 2016; Cierna et
al., 2016). To first test the validity of this approach, we used BeWo-WT cells. While the results

presented here are to be considered as preliminary, since the flow cytometry experiments have
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been carried out only in duplicates, they seem to show a very high proportion of FSK-treated
cells (72 hours) that do not show the expected changes at the protein level, since there were no
differences in ki67 and GCM1 signals, and only 10% of the FSK-treated population showed a
decrease in GATA3 levels.

Even though in BeWo cells drastic changes in response to FSK-treatment have been observed
at the transcriptomic, DNA methylation and histone modification levels, in our and other teams
(Ducat et al., 2020; Shankar et al., 2015; Zheng et al., 2017); our flow cytometry results seem
to suggest that these changes might be occurring only in a small proportion of cells in the
population. This is in contrast with the reports of syncytialisation rates calculated based on
immunofluorescence experiments that assessed the proportion of STB-like BeWo expressing
specific nuclear markers such as GATA3 for CTB-like status, Twistl and GCM1 for STB-like
phenotype, or by the number of nuclei in a single membrane structure. These studies presented
observed fusion rates between 60-90%, in BeWo cell cultures treated with a range of FSK
concentrations (20-100 pM), for an exposure time varying from 48 to 72 hours (Al-Nasiry et
al., 2006; Degrelle and Fournier, 2018; Omata et al., 2013; Shankar et al., 2015; Shao et al.,
2021). However, in the work of Kudo et al. (2003), only 10% of FSK-treated cells is reported
as having taken part in fusion. In this study, the team generated two BeWo cell lines expressing
histone-2B fused to either GFP or DsRed2 fluorescent tags, allowing the differential detection
of the two lines by flow cytometry. The cell lines were grown in co-culture and treated with
FSK (100 pM) for 48 hours, followed by flow cytometry assessment of cellular co-expression
of the fluorescent tags, implying that fused cells would have colocalization of green and red
signals. In this study however, very little technical details are given on the sample preparation
for flow cytometry and is not clear how the issue of the small syncytia has been tackled (Kudo
et al., 2003). Nonetheless, specialised flow cytometry techniques have been developed
especially to deal with large particles in the context of cardiomyocytes and myocytes biology

(Conboy et al., 2010; Kannan et al., 2019).

Interestingly, in the present study we observed GATA3 reduction, associated with a STB-like
phenotype, in only 10% of the FSK-treated cells, suggesting similar fusion rates as observed
by Kudo ef al. (2003). The discrepancy between the syncytialisation rates measured by
fluorescence imaging and flow cytometry could be explained by the large differences in the
number of events that are assessed by the two methods. In fact, while in fluorescence imaging

only a few hundreds of cells are usually analysed at best, and the selection can be user-
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dependent, in flow cytometry we are in the range of thousands, which could explain a rather
over-estimation of fusion rates in experiments that rely solely on microscopy assessments.
Comparative measures from toxicology and diagnostic studies in solid tumours however

showed overall consistency between these two methods (Jung et al., 2010; Szantho et al., 2018).

If the proportion of BeWo FSK-treated cells that indeed shifts from a CTB to a STB-phenotype
is < 20%, this would pose a major limitation in using this cell model for genome-wide
screening, given the rarity of the phenotype of interest — differentiation of the CTB into STB —
and the resulting high signal-to-noise ratio. In this scenario, only 20% of the wild type BeWo
cells undergoes syncytialisation detectable by monitoring the nuclear markers we propose such
as GATA3 downregulation. Therefore, 80% of the cells do not present any detectable changes.
By performing the screen in these conditions, mutant clones in which Cas9-sgRNA has
mediated a knock-out of syncytialisation genes that have an impaired ability to undergo
syncytialisation will have the same phenotype of this unresponsive population of cells (80% of
the total sample), rendering the detection of candidate gene enrichment statistically challenging
if not impossible. Nevertheless, before drawing final conclusions, it is worth to repeat the flow
cytometry experiments we have presented here, testing increasing concentrations of FSK as
well as longer exposure times (e.g. 5 days). Alternatively, the use of iPSc could provide an
additional avenue for genome-wide screening of trophoblast fusion genes, given the
opportunity to specifically differentiate them into trophoblast subtypes and the increasing
resources relative to the use of CRISPR/Cas9 in iPSc (Chen et al., 2013; Thry et al., 2019;
Kojima et al., 2017; Li et al., 2019, 2018; Navarro-Guerrero et al., 2021).
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Final Discussion and Future Perspectives

The scope of this PhD thesis was to increase the current understanding of placenta physiology
at the molecular level, investigating a wide variety of mechanisms. As any other organ,
placental function is regulated at different levels: the genetic sequence in the foetal genome
that resides within the placental cells will contribute to the overall phenotype, transcriptomic
and epigenetic mechanisms of regulation will determine which genes are expressed and at
which level, defining the regulatory networks that orchestrate placental functions at any given
moment during the nine months of gestation. Finally, being a complex organ, the individual
contribution of each cell type will also have a dramatic impact on the overall output of each

placental function.

Even though this project is built upon four main axes of research related in the four chapters,
it encompasses two main themes: the contribution of genetics and transcriptomics (OMICS) to
the placenta in health and disease, and the need to better characterise the syncytiotrophoblast

given its pivotal role in placental function.

OMICS in human placenta
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The issue of the syncytiotrophoblast

In the placenta, the STB is responsible for the exchange of nutrients between maternal and
foetal circulation, the filtering of metabolic waste products from the foetal blood stream and
for the secretion of key hormones that promote foetal growth, expansion of the STB itself,

vascularisation and angiogenesis of the placenta (Regnault et al., 2002).

The STB develops early on during placentation through the fusion of mononucleated CTBs,
which constitute the pool of trophoblast cells in the tissue and through proliferation ensure self-
renewal, while undergoing continuous differentiation to supply the STB with new nuclei. This
continuous flux of CTB nuclei into the multinucleated STB allows for expansion of the STB
necessary to meet the increasing metabolic needs of the developing foetus, as well as the
replacement of aging nuclei (Gude et al., 2004; Guttmacher et al., 2014). Alteration of this
balance, often seen in the form of increased CTB proliferation and reduced syncytialisation,
results in dysfunctional STB characterised by oxidative stress and release of stress molecules.
Morphological and functional alterations in the STB are a feature of pregnancy pathologies
such as PE and IUGR (Mariana A Costa, 2016; Huppertz and Kingdom, 2004; Langbein et al.,
2008; Roland et al., 2016; Sheridan et al., 2012).

Being such an important as well as peculiar aspect of placental development and function, the
process of syncytialisation receives constant research efforts aimed at identifying novel
candidate genes. The majority of studies focus on membrane proteins, kinases and
phosphatases involved in signalling cascades, and transcription factors (M.A. Costa, 2016;
Gerbaud and Pidoux, 2015). Instead, the focus to epigenetic mechanisms of regulation involved
in syncytialisation is virtually non-existent, except for a few studies that showed the role of
various miRs. The angiogenesis miRNA-17 family, including miR-17, 20a and b, has been
found upregulated in preeclamptic placentas, associated with a 40% decrease in
syncytialisation of the BeWo cell line, emblematic in vitro model for CTB differentiation into
STB (Wang and Chen, 2012). miR-92a-1-5p and miR-27b-5p have been found to be strongly
downregulated upon syncytialisation of BeWo cells, appearing to be important to retain the
CTB identity. High levels of these miRs were found associated with downregulation of STB-
specific genes such as hCG, as well as inhibition of syncytialisation rates. This was achieved

through the dampening of cAMP-PKA and WNT2B cascades, respectively (Dubey et al., 2018;
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Verma et al., 2021). Finally, miR-210 has been defined as master regulator of hypoxia-response
genes, and together with HIF-la found to be upregulated in preeclamptic placentas,
characterised by oxidative stress (Muralimanoharan et al., 2012). Recently it was shown how
upregulation of miR-210 and HIF-1a in CTB inhibits syncytialisation; this processed can be
reversed by upregulating cytoplasmic polyadenylation element-binding 2 (CPEB2) (Wang et
al., 2019)

In 2019, we have reviewed epigenetic mechanisms of regulation in the healthy placenta and in
preeclampsia, showing how they play a pivotal role in establishing gene expression patterns.
Interestingly, many IncRNA are often found to be deregulated in preeclamptic placentas.
Nonetheless, these IncRNA are usually investigated in cell models of EVT, characterised by
high proliferative and migratory potential, but not in STB-like cells (Apicella & Ruano et al.,
2019). We contributed significantly to this field by clarifying the role of non-coding RNAs
confirmed deregulated in PE and IUGR, IncRNA UCA1 and miR-193b which play a significant
role in trophoblast syncytialisation. In this study, we analysed transcriptional changes in the
BeWo cell line upon FSK administration, associated with trophoblast differentiation towards

STB, focusing on ncRNAs (Apicella & Ruano et al., 2021).

In FSK-treated cells compared to control, 800 and 1281 total genes were respectively
upregulated and downregulated. Among them, 196 were regulatory ncRNAs, belonging to the
classes of IncRNAs, miRs, circularRNAs, small nuclear RNAs and piRNAs. We then
investigated their putative targets and relative expression in [UGR and PE placentas in our
human placental transcriptomic dataset as well as previously published datasets. miR-193b was
identified as key regulatory hub in differentiating BeWo, with 135 predicted targets, of which
108 downregulated in FSK-treated cells. miR-193b is also found upregulated in disease
placentas, which supports the hypothesis of deregulation of trophoblast syncytialisation in
these pregnancy pathologies. However, the overall effects of this deregulation on

syncytialisation rates are not yet clear and further in vitro studies are needed.

Our major contribution in this work is relative to the role of UCAT1 on syncytialisation. This
IncRNA had been previously found upregulated in preeclamptic placentas and its deregulation
in EVT model showed its role as negative modulator of proliferation and migratory capabilities
of these cells (Liu et al., 2020). Here, we confirmed its upregulation in both PE and [UGR
placentas and characterised its function in STB differentiation. Knock-down of UCAT1 in FSK-
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treated cells deeply altered the transcriptomic profile of these cells, reducing the changes
associated with syncytialisation. This suggests that UCA1 is necessary for a successful
syncytialisation (Apicella & Ruano et al., 2021). In summary, in physiological conditions,
UCA1 upregulation has a negative impact on trophoblast proliferation and migration,
challenging CTB differentiation into EVT, while it promotes CTB syncytialisation and it is
necessary for transcriptional changes that occur during this process (Apicella & Ruano et al.,
2021; Liu et al., 2020). Therefore, the abnormal upregulation of UCA1 in PE and TUGR
placentas would suggest a tipping of the balance towards STB formation, rather than CTB self-

renewal.

In the literature, contrasting evidence has been found regarding the relative placental
composition in CTB and STB in pregnancy pathologies PE and IUGR, and the differences have
been reconducted to the severity of the disease phenotype (Roland et al., 2016; Sheridan et al.,
2012). More often however, an increased CTB proliferation is observed, resulting in STB
morphological abnormalities in PE and IUGR placentas, due to reduced STB renewal and
expansion (M.A. Costa, 2016; Huppertz and Kingdom, 2004). This is accompanied by evidence
that in vitro syncytialisation of primary trophoblasts isolated from PE and IUGR placentas is
impared (Langbein et al., 2008; Pijnenborg et al., 1996; Roland et al., 2016). However,
increased CTB proliferation at the expense of the STB, as well as excessive STB formation
driven by fusion genes upregulation would equally result in defective STB renewal, leading to
an increase in STB senescence and accumulation of syncytial knots. In PE and IUGR placentas,
abnormal accumulation of STB apoptotic and senescence markers has been extensively
reported and supports the hypotesis of early placental aging being a hallmark of pregnancy
pathologies, even though the details on how this outcome is reached are yet to be clarified

(Manna et al., 2019; Roland et al., 2016).

In our work, we observe an increase of UCA1 in diseased placentas and we have shown a role
of this gene in promoting successful STB differentiation; nonetheless, there is no evidence at
this stage that the increased UCAL1 levels correspond to an increase in STB formation. To the
contrary, this finding could support the notion that, in pregnancy pathologies, syncytialisation
is impaired to such a degree that, despite the upregulation of fusion genes such as UCAI, co-
existing faulty mechanisms impede CTB differentiation into STB. In fact, pivotal fusion
proteins Syncytin-1 and 2 as well as fusion transctiption factor GCM1 have been found

downregulated in PE placentas, in previous studies as well as in our own dataset (Chen et al.,
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2006, 2004; Ruebner et al., 2013; Vargas et al., 2011; Zhuang et al., 2014). Experimental
models that investigate the effects of alterations in multiple fusion genes simultaneously could
aid in unravelling the overall effects on syncytialisation and self-renewal rates, as well as

clarifying the temporal sequence of events.

On our quest to increase our understanding of syncytialisation, we set out to design a genome-
wide screen to identify candidate genes with an untargeted approach. We used the
CRISPR/Cas9 technology together with an optimised sgRNA library targeting more than
19,000 protein-coding genes in the human genome (Sanson et al., 2018). We have tested a wide
variety of experimental approaches in order to optimise the genome-wide screen for trophoblast
syncytialisation in the BeWo cell model. However, it is still necessary to find optimal
experimental conditions to best distinguish differentiating cells in the FSK-treated BeWo
population, and non-competent cells in the same sample. It appears that, depending on the
experimental method of detection of differentiating STB, in the BeWo cell model the fusion
and differentiation rates alike vary across different studies (Al-Nasiry et al., 2006; Degrelle et
al., 2017; Kudo et al., 2003; Omata et al., 2013; Shankar et al., 2015; Shao et al., 2021).

While at the transcriptomic level we could detect deep changes between FSK-treated and
control cells, evidenced by our studies in (Apicella & Ruano et al., 2021; Ducat et al., 2020),
we failed to see such wide-spread changes at the protein level in the FSK-treated BeWo
population, being restricted to only ~10% of cells. So how can we reconcile these findings and
justify the use of the BeWo cell model? Changes in the transcript expression levels might be
so profound that are detectable even when only a small proportion of the cells experiences
them, justifying the use of this cell line when addressing the global impact of genetic
perturbations, such as the siRNA-mediated knock-down of UCAL. Instead, if, like in a genome-
wide screen, the aim is to assess the impact of mutations in virtually each cell of the population,
other in vitro approaches might need to be explored, such as iPSc-derived trophoblasts (Chen

et al., 2013; Kojima et al., 2017; Levy-Sakin et al., 2019; Li et al., 2018).
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Conclusion

In these three years of PhD, under the expert and inspiring supervision of Dr. Daniel Vaiman
and Céline Mehats, I have had the chance to explore the different domains of molecular
regulation, by looking at the genetics, the transcriptome, the epigenetic mechanisms such as
the ones mediated by ncRNAs. I did this in the field of reproductive biology, to which I was a
novice, learning of the crucial role of placenta for the health of the foetus, in utero and later in
its adult life. Even though the placenta is the first organ that the embryo meets and that will in
turn meet its nutritional, hormonal, and immune needs for the whole duration of gestation, this
organ still remains widely understudied. The elusive mechanisms that link placental health with

developmental issues and long-term effects are only beginning to being understood.

It has been of great satisfaction to be able to contribute to the progress of knowledge in this
field. Even though we cannot discern the whole picture yet, with this work we have laid a few
pieces in the mosaic of placental function and regulation. Hoping that these findings will
promote further validations and characterisations, and one day foster better understanding of

pregnancy pathologies.

215



216



Bibliography

10XGenomics, 2021. Nuclei isolation from Single Cell Suspensions & Tissues for Single Cell RNA
Sequencing. 10XGenomics Document N.

Abdellah, Z., Ahmadi, A., Ahmed, S., Aimable, M., Ainscough, R., Almeida, J., Almond, C., Ambler, A.,
et al. 2004. Finishing the euchromatic sequence of the human genome. Nature 431, 931-945.
https://doi.org/10.1038/nature03001

Abedon, S.T., Bartom, E., 2013. Multiplicity of Infection. Brenner’s Encycl. Genet. Second Ed. 509—
510. https://doi.org/10.1016/B978-0-12-374984-0.00989-X

Abi Nahed, R., Reynaud, D., Borg, A.J., Traboulsi, W., Wetzel, A., Sapin, V., Brouillet, S., Dieudonné,
M.N., Dakouane-Giudicelli, M., Benharouga, M., Murthi, P., Alfaidy, N., 2019. NLRP7 is
increased in human idiopathic fetal growth restriction and plays a critical role in trophoblast
differentiation. J. Mol. Med. 97, 355-367. https://doi.org/10.1007/s00109-018-01737-x

Aghababaei, M., Hogg, K., Perdu, S., Robinson, W.P., Beristain, A.G., 2015. ADAM12-directed
ectodomain shedding of E-cadherin potentiates trophoblast fusion 22, 1970-1984.
https://doi.org/10.1038/cdd.2015.44

Al-Nasiry, S., Spitz, B., Hanssens, M., Luyten, C., Pijnenborg, R., 2006. Differential effects of inducers
of syncytialization and apoptosis on BeWo and JEG-3 choriocarcinoma cells. Hum. Reprod. 21,
193-201. https://doi.org/10.1093/humrep/dei272

Ali, H., Chandraharan, E., 2021. Etiopathogenesis and risk factors for placental accreta spectrum
disorders. Best Pract. Res. Clin. Obstet. Gynaecol. 72, 4-12.
https://doi.org/10.1016/J.BPOBGYN.2020.07.006

Alzamil, L., Nikolakopoulou, K., Turco, M.Y., 2021. Organoid systems to study the human female
reproductive tract and pregnancy. Cell Death Differ. 28, 35-51.
https://doi.org/10.1038/s41418-020-0565-5

Ananth, C. V., Vintzileos, A.M., 2006. Maternal-fetal conditions necessitating a medical intervention
resulting in preterm birth. Am. J. Obstet. Gynecol. 195, 1557-1563.
https://doi.org/10.1016/J.AJ0G.2006.05.021

Anderson-Bagga, F.M., Sze, A., 2021. Placenta Previa, StatPearls.

Anderson, U.D., Gram, M., Akerstrém, B., Hansson, S.R., 2015. First Trimester Prediction of
Preeclampsia. Curr. Hypertens. Rep. 17, 1-8. https://doi.org/10.1007/511906-015-0584-7

Anzalone, A. V, Randolph, P.B., Davis, J.R., Sousa, A.A., Koblan, LW., Levy, J.M., Chen, P.J., Wilson, C,,
Newby, G.A., Raguram, A., Liu, D.R., 2019. Search-and-replace genome editing without double-
strand breaks or donor DNA. Nature 576, 149. https://doi.org/10.1038/s41586-019-1711-4

Aouache, R., Biquard, L., Vaiman, D., Miralles, F., 2018. Oxidative stress in preeclampsia and
placental diseases. Int. J. Mol. Sci. 19, 1496. https://doi.org/10.3390/ijms19051496

Apicella, C., Ruano, C.S.M., Jacques, S., Gascoin, G., Méhats, C., Vaiman, D., Miralles, F., 2021.
Urothelial Cancer Associated 1 (UCA1) and miR-193 Are Two Non-coding RNAs Involved in
Trophoblast Fusion and Placental Diseases. Front. Cell Dev. Biol. 9, 1-16.
https://doi.org/10.3389/fcell.2021.633937

Apicella, C., Ruano, C.5.M., Méhats, C., Miralles, F., Vaiman, D., 2019. The Role of Epigenetics in
Placental Development and the Etiology of Preeclampsia. Int. J. Mol. Sci. 20, 2837.
https://doi.org/10.3390/ijms20112837

217



Aplin, J.D., 1991. Implantation, trophoblast differentiation and haemochorial placentation:
mechanistic evidence in vivo and in vitro. Artic. J. Cell Sci.

Auton, A., Abecasis, G.R., Altshuler, D.M., Durbin, R.M., Bentley, D.R., Chakravarti, A., Clark, A.G., et
al. 2015. A global reference for human genetic variation. Nature 526, 68—74.
https://doi.org/10.1038/nature15393

Baczyk, D., Drewlo, S., Proctor, L., Dunk, C., Lye, S., Kingdom, J., 2009. Glial cell missing-1
transcription factor is required for the differentiation of the human trophoblast. Cell Death
Differ. 16, 719-727. https://doi.org/10.1038/cdd.2009.1

Balogh, A., Toth, E., Romero, R., Parej, K., Csala, D., Szenasi, N.L., Hajdu, I., Juhasz, K., Kovacs, A.F.,
Meiri, H., Hupuczi, P., Tarca, A.L., Hassan, S.S., Erez, O., Zavodszky, P., Matko, J., Papp, Z., Rossi,
S.W., Hahn, S., Pallinger, E., Than, N.G., 2019. Placental Galectins Are Key Players in Regulating
the Maternal Adaptive Immune Response. Front. Immunol. 10, 1240.
https://doi.org/10.3389/fimmu.2019.01240

Basit, A., Fawwad, A., Qureshi, H., Shera, A.S., 2018. Prevalence of diabetes, pre-diabetes and
associated risk factors: second National Diabetes Survey of Pakistan (NDSP), 2016—2017. BMJ
Open 8, e020961. https://doi.org/10.1136/BMJOPEN-2017-020961

Bastida-Ruiz, D., Yart, L., Wuillemin, C., Ribaux, P., Morris, N., Epiney, M., Martinez de Tejada, B.,
Cohen, M., 2019. The fine-tuning of endoplasmic reticulum stress response and autophagy
activation during trophoblast syncytialization. Cell Death Dis. 2019 109 10, 1-15.
https://doi.org/10.1038/s41419-019-1905-6

Baumann, M.U., Deborde, S., llisley, N.P., 2002. Placental Glucose Transfer and Fetal Growth.
Endocrine 19, 13-22. https://doi.org/10.1385/END0:19:1:13

Beall, M.H., Wang, S., Yang, B., Chaudhri, N., Amidi, F., Ross, M.G., 2007. Placental and Membrane
Aquaporin Water Channels: Correlation with Amniotic Fluid Volume and Composition. Placenta
28, 421-428. https://doi.org/10.1016/J.PLACENTA.2006.06.005

Benirschke, K., Burton, G.J., Baergen, R.N., 2012. Architecture of Normal Villous Trees, in: Pathology
of the Human Placenta. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 101-144,
https://doi.org/10.1007/978-3-642-23941-0_7

Benirschke, K., Kaufmann, P., 2000. Early Development of the Human Placenta, in: Pathology of the
Human Placenta. Springer New York, New York, NY, pp. 42—49. https://doi.org/10.1007/978-1-
4757-4199-5 5

Bissiere, S., Gasnier, M., Alvarez, Y.D., Plachta, N., 2018. Cell Fate Decisions During Preimplantation
Mammalian Development, in: Elsevier. pp. 37-58.
https://doi.org/10.1016/bs.ctdb.2017.11.001

Blanco, F.J., Bernabeu, C., 2011. Alternative splicing factor or splicing factor-2 plays a key role in
intron retention of the endoglin gene during endothelial senescence. Aging Cell 10, 896—907.
https://doi.org/10.1111/).1474-9726.2011.00727.X

Blighe, K., Lun, A., 2021. PCAtools: PCAtools: everything Principal Components Analysis [WWW
Document]. R Packag. version 2.4.0. URL https://github.com/kevinblighe/PCAtools (accessed
9.1.21).

Brown, C.D., Mangravite, L.M., Engelhardt, B.E., 2013. Integrative Modeling of eQTLs and Cis-
Regulatory Elements Suggests Mechanisms Underlying Cell Type Specificity of eQTLs. PLoS
Genet. 9, e1003649. https://doi.org/10.1371/journal.pgen.1003649

218



Brown, M.A., Magee, L.A., Kenny, L.C., Karumanchi, S.A., McCarthy, F.P., Saito, S., Hall, D.R., Warren,
C.E., Adoyi, G., Ishaku, S., 2018. The hypertensive disorders of pregnancy: ISSHP classification,
diagnosis & management recommendations for international practice. Pregnancy Hypertens.
13, 291-310. https://doi.org/10.1016/).PREGHY.2018.05.004

Brubaker, D., Liu, Y., Wang, J., Tan, H., Zhang, G., Jacobsson, B., Muglia, L., Mesiano, S., Chance, M.R,,
2016. Finding lost genes in GWAS via integrative—omics analysis reveals novel sub-networks
associated with preterm birth. Hum. Mol. Genet. 25, 5254-5264.
https://doi.org/10.1093/HMG/DDW325

Buchrieser, J., Degrelle, S.A., Couderc, T., Nevers, Q., Disson, O., Manet, C., Donahue, D.A., Porrot, F.,
Hillion, K.H., Perthame, E., Arroyo, M. V., Souquere, S., Ruigrok, K., Dupressoir, A., Heidmann,
T., Montagutelli, X., Fournier, T., Lecuit, M., Schwartz, O., 2019. IFITM proteins inhibit placental
syncytiotrophoblast formation and promote fetal demise. Science (80-. ). 365, 176—180.
https://doi.org/10.1126/science.aaw7733

Buffat, C., Boubred, F., Mondon, F., Chelbi, S.T., Feuerstein, J.-M., Lelievre-Pégorier, M., Vaiman, D.,
Simeoni, U., 2007. Kidney Gene Expression Analysis in a Rat Model of Intrauterine Growth
Restriction Reveals Massive Alterations of Coagulation Genes. Endocrinology 148, 5549-5557.
https://doi.org/10.1210/EN.2007-0765

Burleigh, D.W., Kendziorski, C.M., Choi, Y.J., Grindle, K.M., Grendell, R.L., Magness, R.R., Golos, T.G.,
2007. Microarray Analysis of BeWo and JEG3 Trophoblast Cell Lines: Identification of
Differentially Expressed Transcripts. Placenta 28, 383—-389.
https://doi.org/10.1016/J.PLACENTA.2006.05.001

Burton, G.J., Fowden, A.L., Thornburg, K.L., 2016. Placental Origins of Chronic Disease. Physiol. Rev.
96, 1509. https://doi.org/10.1152/PHYSREV.00029.2015

Burton, G.J., Woods, A.W., Jauniaux, E., Kingdom, J.C.P., 2009. Rheological and Physiological
Consequences of Conversion of the Maternal Spiral Arteries for Uteroplacental Blood Flow
during Human Pregnancy. Placenta 30, 473-482.
https://doi.org/10.1016/J.PLACENTA.2009.02.009

Byrne, M., Aughwane, R., James, J.L., Hutchinson, J.C., Arthurs, O.J., Sebire, N.J., Ourselin, S., David,
A.L., Melbourne, A., Clark, A.R., 2021. Structure-function relationships in the feto-placental
circulation from in silico interpretation of micro-CT vascular structures. J. Theor. Biol. 517,
110630. https://doi.org/10.1016/j.jtbi.2021.110630

Carlson, B.M., 2014. Placenta and Extraembryonic Membranes, in: Human Embryology and
Developmental Biology. Elsevier, pp. 117-135. https://doi.org/10.1016/B978-1-4557-2794-
0.00007-3

Carrasco-Wong, |., Moller, A., Giachini, F.R., Lima, V. V., Toledo, F., Stojanova, J., Sobrevia, L., San
Martin, S., 2020. Placental structure in gestational diabetes mellitus. Biochim. Biophys. Acta -
Mol. Basis Dis. 1866, 165535. https://doi.org/10.1016/j.bbadis.2019.165535

Castelli, E.C., Moreau, P., Chiromatzo, A.O. e., Mendes-Junior, C.T., Veiga-Castelli, L.C., Yaghi, L.,
Giuliatti, S., Carosella, E.D., Donadi, E.A., 2009. In silico analysis of microRNAS targeting the
HLA-G 3’ untranslated region alleles and haplotypes. Hum. Immunol. 70, 1020-1025.
https://doi.org/10.1016/J.HUMIMM.2009.07.028

Castellucci, M., Kosanke, G., Verdenelli, F., Huppertz, B., Kaufmann, P., 2000. Villous sprouting:
fundamental mechanisms of human placental development. Hum. Reprod. Update 6, 485—494.
https://doi.org/10.1093/humupd/6.5.485

219



Castellucci, M., Schepe, M., Scheffen, I., Celona, A., Kaufmann, P., 1990. The development of the
human placental villous tree. Anat. Embryol. (Berl). 181, 117-128.
https://doi.org/10.1007/BF00198951

Cesar, A.S.M., Regitano, L.C.A., Reecy, J.M., Poleti, M.D., Oliveira, P.S.N., de Oliveira, G.B., Moreira,
G.C.M., Mudadu, M.A,, Tizioto, P.C., Koltes, J.E., Fritz-Waters, E., Kramer, L., Garrick, D., Beiki,
H., Geistlinger, L., Mourdo, G.B., Zerlotini, A., Coutinho, L.L., 2018. Identification of putative
regulatory regions and transcription factors associated with intramuscular fat content traits.
BMC Genomics 19, 499. https://doi.org/10.1186/s12864-018-4871-y

Chabrun, F., Huetz, N., Dieu, X., Rousseau, G., Bouzillé, G., Chao de la Barca, J.M., Procaccio, V.,
Lenaers, G., Blanchet, O., Legendre, G., Mirebeau-Prunier, D., Cuggia, M., Guardiola, P.,
Reynier, P., Gascoin, G., 2019. Data-Mining Approach on Transcriptomics and Methylomics
Placental Analysis Highlights Genes in Fetal Growth Restriction. Front. Genet. 10, 1292.
https://doi.org/10.3389/fgene.2019.01292

Chang, C.-W., Chang, G.-D., Chen, H., 2011. A Novel Cyclic AMP/Epacl1/CaMKI Signaling Cascade
Promotes GCM1 Desumoylation and Placental Cell Fusion. Mol. Cell. Biol. 31, 3820-3831.
https://doi.org/10.1128/MCB.05582-11

Chang, C., Purcell, S., n.d. PLINK 1.9-Manual [WWW Document]. URL https://www.cog-
genomics.org/plink/1.9/ (accessed 9.1.21).

Chang, C.C., Chow, C.C,, Tellier, L.C.A.M., Vattikuti, S., Purcell, S.M., Lee, J.J., 2015. Second-
generation PLINK: Rising to the challenge of larger and richer datasets. Gigascience 4, 1-16.
https://doi.org/10.1186/s13742-015-0047-8

Chelbi, S.T., Mondon, F., Jammes, H., Buffat, C., Mignot, T.-M., Tost, J., Busato, F., Gut, |., Rebourcet,
R., Laissue, P., Tsatsaris, V., Goffinet, F., Rigourd, V., Carbonne, B., Ferré, F., Vaiman, D., 2007.
Expressional and Epigenetic Alterations of Placental Serine Protease Inhibitors. Hypertension
49, 76-83. https://doi.org/10.1161/01.HYP.0000250831.52876.cb

Chen, C.-P., Wang, K.-G., Chen, C.-Y., Yu, C., Chuang, H.-C., Chen, H., 2006. Altered placental syncytin
and its receptor ASCT2 expression in placental development and pre-eclampsia. BJOG An Int. J.
Obstet. Gynaecol. 113, 152-158. https://doi.org/10.1111/j.1471-0528.2005.00843.x

Chen, C.-P.C.-Y., Chen, C.-P.C.-Y., Yang, Y.-C., Su, T.-H., Chen, H., 2004. Decreased Placental GCM1
(Glial Cells Missing) Gene Expression in Pre-eclampsia. Placenta 25, 413-421.
https://doi.org/10.1016/j.placenta.2003.10.014

Chen, C.-Y,, Liu, S.-H., Chen, Chia-Yu, Chen, P.-C., Chen, C.-P., 2015. Human Placenta-Derived
Multipotent Mesenchymal Stromal Cells Involved in Placental Angiogenesis via the PDGF-BB
and STAT3 Pathways1. Biol. Reprod. 93, 103-104.
https://doi.org/10.1095/biolreprod.115.131250

Chen, H., Meng, T, Liu, X., Sun, M., Tong, C,, Liu, J., Wang, H., Du, J., 2015. Long non-coding RNA
MALAT-1 is downregulated in preeclampsia and regulates proliferation, apoptosis, migration
and invasion of JEG-3 trophoblast cells. Int. J. Clin. Exp. Pathol. 8, 12718-27.

Chen, H., Wang, L.-J., Liang, C.-Y., Chen, Y.-H., Chen, C.-P., Chen, L.-F., 2010. GCM1 Regulation of the
Expression of Syncytin 2 and Its Cognate Receptor MFSD2A in Human Placental. Biol. Reprod.
83, 387-395. https://doi.org/10.1095/biolreprod.110.083915

Chen, Y., Wang, K., Chandramouli, G.V.R., Knott, J.G., Leach, R., 2013. Trophoblast lineage cells
derived from human induced pluripotent stem cells. Biochem. Biophys. Res. Commun. 436,
677-684. https://doi.org/10.1016/j.bbrc.2013.06.016

220



Chiarello, D.I., Abad, C., Rojas, D., Toledo, F., Vazquez, C.M., Mate, A., Sobrevia, L., Marin, R., 2020.
Oxidative stress: Normal pregnancy versus preeclampsia. Biochim. Biophys. Acta - Mol. Basis
Dis. 1866, 165354. https://doi.org/10.1016/].bbadis.2018.12.005

Chiu, Y.H., Chen, H., 2016. GATA3 inhibits GCM1 activity and trophoblast cell invasion. Sci. Rep. 6, 1-
10. https://doi.org/10.1038/srep21630

Cierna, Z., Varga, |., Danihel, L., Kuracinova, K., Janegova, A., Danihel, L., 2016. Intermediate
trophoblast—A distinctive, unique and often unrecognized population of trophoblastic cells.
Ann. Anat. - Anat. Anzeiger 204, 45-50. https://doi.org/10.1016/j.aanat.2015.10.003

Cole, L.A., 2010. Biological functions of hCG and hCG-related molecules. Reprod. Biol. Endocrinol. 8,
102. https://doi.org/10.1186/1477-7827-8-102

Colson, A., Depoix, C.L., Baldin, P., Hubinont, C., Sonveaux, P., Debiéve, F., 2020. Hypoxia-inducible
factor 2 alpha impairs human cytotrophoblast syncytialization: New insights into placental
dysfunction and fetal growth restriction. FASEB J. 34, 15222-15235.
https://doi.org/10.1096/FJ.202001681R

Conboy, M.J., Cerletti, M., Wagers, A.J., Conboy, |.M., 2010. Immuno-Analysis and FACS Sorting of
Adult Muscle Fiber-Associated Stem/Precursor Cells, in: Methods in Molecular Biology (Clifton,
N.J.). Humana Press, pp. 165—173. https://doi.org/10.1007/978-1-60761-063-2_11

Corradin, O., Scacheri, P.C., 2014. Enhancer variants: evaluating functions in common disease.
Genome Med. 6, 85. https://doi.org/10.1186/s13073-014-0085-3

Costa, F.F., 2008. Non-coding RNAs, epigenetics and complexity. Gene 410, 9-17.
https://doi.org/10.1016/).GENE.2007.12.008

Costa, Mariana A, 2016. The endocrine function of human placenta: an overview. Reprod. Biomed.
Online 32, 14-43. https://doi.org/10.1016/j.rbmo.2015.10.005

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

Coutifaris, C., Kao, L.C., Sehdev, H.M., Chin, U., Babalola, G.0O., Blaschuk, O.W., Strauss, J.F., 1991. E-
cadherin expression during the differentiation of human trophoblasts. Development 113, 767—
77.

Covella, B., Vinturache, A.E., Cabiddu, G., Attini, R., Gesualdo, L., Versino, E., Piccoli, G.B., 2019. A
systematic review and meta-analysis indicates long-term risk of chronic and end-stage
kidney disease after preeclampsia. Kidney Int. 96, 711-727.
https://doi.org/10.1016/J.KINT.2019.03.033

Cruz-Tapias, P., Castiblanco, J., Anaya, J.-M., 2013. Major histocompatibility complex: Antigen
processing and presentation. El Rosario University Press.

Degrelle, S.A., Fournier, T., 2018. Use of GATA3 and TWIST1 Immunofluorescence Staining to Assess
In Vitro Syncytial Fusion Index. Methods Mol Biol. 1710, 165-171.

Degrelle, S.A., Gerbaud, P., Leconte, L., Ferreira, F., Pidoux, G., 2017. Annexin-A5 organized in 2D-
network at the plasmalemma eases human trophoblast fusion 7, 1-16.
https://doi.org/10.1038/srep42173

Degtyareva, A.O., Antontseva, E. V., Merkulova, T.I., 2021. Regulatory SNPs: Altered Transcription
Factor Binding Sites Implicated in Complex Traits and Diseases. Int. J. Mol. Sci. 22, 6454.
https://doi.org/10.3390/ijms22126454

221



Delahaye, F., Do, C., Kong, Y., Ashkar, R., Salas, M., Tycko, B., Wapner, R., Hughes, F., 2018. Genetic
variants influence on the placenta regulatory landscape. PLOS Genet. 14, e1007785.
https://doi.org/10.1371/journal.pgen.1007785

Delidaki, M., Gu, M., Hein, A., Vatish, M., Grammatopoulos, D.K., 2011. Interplay of cAMP and MAPK
pathways in hCG secretion and fusogenic gene expression in a trophoblast cell line. Mol. Cell.
Endocrinol. 332, 213-220. https://doi.org/10.1016/j.mce.2010.10.013

Demir, R., Kaufmann, P., Castellucci, M., Erbengi, T., Kotowski, A., 1989. Fetal Vasculogenesis and
Angiogenesis in Human Placental Villi. Cells Tissues Organs 136, 190-203.
https://doi.org/10.1159/000146886

Demir, R., Kayisli, U.A., Seval, Y., Celik-Ozenci, C., Korgun, E.T., Demir-Weusten, A.Y., Huppertz, B.,
2004. Sequential Expression of VEGF and its Receptors in Human Placental Villi During Very
Early Pregnancy: Differences Between Placental Vasculogenesis and Angiogenesis. Placenta 25,
560-572. https://doi.org/10.1016/J.PLACENTA.2003.11.011

Deng, D., Xu, C., Sun, P., Wu, J., Yan, C., Hu, M., Yan, N., 2014. Crystal structure of the human glucose
transporter GLUT1. Nature 510, 121-125. https://doi.org/10.1038/NATURE13306

Deshmukh, H., Way, S.S., 2019. Immunological Basis for Recurrent Fetal Loss and Pregnancy
Complications. Annu. Rev. Pathol. Mech. Dis. 14, 185-210. https://doi.org/10.1146/annurev-
pathmechdis-012418-012743

Desoye, G., Hauguel-de Mouzon, S., 2007. The Human Placenta in Gestational Diabetes Mellitus: The
insulin and cytokine network. Diabetes Care 30, S120-5126. https://doi.org/10.2337/dc07-s203

Desoye, G., Mouzon, S.H., 2007. The Human Placenta in Gestational Diabetes Mellitus. Diabetes Care
30, S120-S126. https://doi.org/10.2337/DC07-5203

DeWeirdt, P.C., Sangree, A.K., Hanna, R.E., Sanson, K.R., Hegde, M., Strand, C., Persky, N.S., Doench,
J.G., 2020. Genetic screens in isogenic mammalian cell lines without single cell cloning. Nat.
Commun. 11, 752. https://doi.org/10.1038/s41467-020-14620-6

Doench, J.G., Fusi, N., Sullender, M., Hegde, M., Vaimberg, E.W., Donovan, K.F., Smith, I., Tothova, Z,,
Wilen, C., Orchard, R., Virgin, H.W., Listgarten, J., Root, D.E., 2016. Optimized sgRNA design to
maximize activity and minimize off-target effects of CRISPR-Cas9. Nat. Biotechnol. 34, 184-191.
https://doi.org/10.1038/nbt.3437

Donker, R.B., Mouillet, J.F., Chu, T., Hubel, C.A., Stolz, D.B., Morelli, A.E., Sadovsky, Y., 2012. The
expression profile of C19MC microRNAs in primary human trophoblast cells and exosomes.
Mol. Hum. Reprod. 18, 417-424. https://doi.org/10.1093/molehr/gas013

Doridot, L., Passet, B., Méhats, C., Rigourd, V., Barbaux, S., Ducat, A., Mondon, F., Vilotte, M.,
Castille, J., Breuiller-Fouché, M., Daniel, N., le Provost, F., Bauchet, A.-L., Baudrie, V., Hertig, A,
Buffat, C., Simeoni, U., Germain, G., Vilotte, J.-L., Vaiman, D., 2013. Preeclampsia-Like
Symptoms Induced in Mice by Fetoplacental Expression of STOX1 Are Reversed by Aspirin
Treatment. Hypertension 61, 662—-668.
https://doi.org/10.1161/HYPERTENSIONAHA.111.202994

Dubey, R., Malhotra, S.S., Gupta, S.K., 2018. Forskolin-mediated BeWo cell fusion involves down-
regulation of miR-92a-1-5p that targets dysferlin and protein kinase cAMP-activated catalytic
subunit alpha. Am. J. Reprod. Immunol. 79, e12834. https://doi.org/10.1111/aji.12834

Ducat, A., Couderc, B., Bouter, A., Biquard, L., Aouache, R., Passet, B., Doridot, L., Cohen, M.-B.,
Ribaux, P., Apicella, C., Gaillard, I., Palfray, S., Chen, Y., Vargas, A., Julé, A., Frelin, L., Cocquet, J.,
San Martin, C.R., Jacques, S., Busato, F., Tost, J., Méhats, C., Laissue, P., Vilotte, J.-L., Miralles,

222



F., Vaiman, D., 2020. Molecular Mechanisms of Trophoblast Dysfunction Mediated by
Imbalance between STOX1 Isoforms. iScience 23, 101086.
https://doi.org/10.1016/j.isci.2020.101086

Duley, L., 2009. The global impact of pre-eclampsia and eclampsia. Semin. Perinatol. 33, 130-137.
https://doi.org/10.1053/J.SEMPERI.2009.02.010

Enache, 0.M., Rendo, V., Abdusamad, M., Lam, D., Davison, D., Pal, S., Currimjee, N., Hess, J., Pantel,
S., Nag, A., Thorner, A.R., Doench, J.G., Vazquez, F., Beroukhim, R., Golub, T.R., Ben-David, U.,
2020. Cas9 activates the p53 pathway and selects for p53-inactivating mutations. Nat. Genet.
2020 527 52, 662-668. https://doi.org/10.1038/s41588-020-0623-4

Engel, R.R., Rodkey, F.L., O’Neal, J.D., Collison, H.A., 1969. Relative Affinity of Human Fetal
Hemoglobin for Carbon Monoxide and Oxygen. Blood 33, 37—45.
https://doi.org/10.1182/blood.V33.1.37.37

Fagerberg, L., Hallstrom, B.M., Oksvold, P., Kampf, C., Djureinovic, D., Odeberg, J., Habuka, M.,
Tahmasebpoor, S., Danielsson, A., Edlund, K., Asplund, A., Sjostedt, E., Lundberg, E., Szigyarto,
C.A.-K., Skogs, M., Takanen, J.0., Berling, H., Tegel, H., Mulder, J., Nilsson, P., Schwenk, J.M.,
Lindskog, C., Danielsson, F., Mardinoglu, A., Sivertsson, Asa, Feilitzen, K. von, Forsberg, M.,
Zwahlen, M., Olsson, ., Navani, S., Huss, M., Nielsen, J., Ponten, F., Uhlén, M., 2014. Analysis of
the Human Tissue-specific Expression by Genome-wide Integration of Transcriptomics and
Antibody-based Proteomics. Mol. Cell. Proteomics 13, 397.
https://doi.org/10.1074/MCP.M113.035600

Fan, R., Xiong, M., 2002. High resolution mapping of quantitative trait loci by linkage disequilibrium
analysis. Eur. J. Hum. Genet. 10, 607-615. https://doi.org/10.1038/sj.ejhg.5200843

Fauque, P., Mondon, F., Letourneur, F., Ripoche, M.-A., Journot, L., Barbaux, S., Dandolo, L., Patrat,
C., Wolf, J.-P., Jouannet, P., Jammes, H., Vaiman, D., 2010. In Vitro Fertilization and Embryo
Culture Strongly Impact the Placental Transcriptome in the Mouse Model. PLoS One 5, €9218.
https://doi.org/10.1371/JOURNAL.PONE.0009218

Ferguson, C.J., 2015. An effect size primer: A guide for clinicians and researchers. Methodol. issues
Strateg. Clin. Res. (4th ed.). 301-310. https://doi.org/10.1037/14805-020

Ferreira, L.M.R., Meissner, T.B., Tilburgs, T., Strominger, J.L., 2017. HLA-G: At the Interface of
Maternal-Fetal Tolerance. Trends Immunol. 38, 272-286.
https://doi.org/10.1016/J.1T.2017.01.009

Ferreira, R.C., Fragoso, M.B.T., Bueno, N.B., Goulart, M.O.F., de Oliveira, A.C.M., 2020. Oxidative
stress markers in preeclamptic placentas: A systematic review with meta-analysis. Placenta 99,
89-100. https://doi.org/10.1016/).PLACENTA.2020.07.023

Fitzgerald, J.S., Poehlmann, T.G., Schleussner, E., Markert, U.R., 2008. Trophoblast invasion: the role
of intracellular cytokine signalling via signal transducer and activator of transcription 3 (STAT3).
Hum. Reprod. Update 14, 335-344. https://doi.org/10.1093/humupd/dmn010

Fleiss, B., Wong, F., Brownfoot, F., Shearer, |.K., Baud, O., Walker, D.W., Gressens, P., Tolcos, M.,
2019. Knowledge gaps and emerging research areas in intrauterine growth restriction-
associated brain injury. Front. Endocrinol. (Lausanne). 10, 188.
https://doi.org/10.3389/FEND0.2019.00188/BIBTEX

Forbes, K., Westwood, M., 2008. The IGF Axis and Placental Function. Horm. Res. Paediatr. 69, 129—
137. https://doi.org/10.1159/000112585

Ford, H.B., Schust, D.J., 2009. Recurrent pregnancy loss: etiology, diagnosis, and therapy. Rev.

223



Obstet. Gynecol. 2, 76-83.

Fu, J., Li, C., Gou, W,, Lee, A,, Li, X., Chen, Q., 2019. Expectant or outpatient management of
preeclampsia before 34 weeks: safe for mother but associated with increased stillbirth risk. J.
Hum. Hypertens. 33, 664—670. https://doi.org/10.1038/s41371-019-0175-1

Gascoin-Lachambre, G., Buffat, C., Rebourcet, R., Chelbi, S.T., Rigourd, V., Mondon, F., Mignot, T.-M.,
Legras, E., Simeoni, U., Vaiman, D., Barbaux, S., 2010. Cullins in Human Intra-Uterine Growth
Restriction: Expressional and Epigenetic Alterations. Placenta 31, 151-157.
https://doi.org/10.1016/j.placenta.2009.11.008

Geldenhuys, J., Rossouw, T.M., Lombaard, H.A., Ehlers, M.M., Kock, M.M., 2018. Disruption in the
Regulation of Immune Responses in the Placental Subtype of Preeclampsia. Front. Immunol. 9,
1659. https://doi.org/10.3389/fimmu.2018.01659

Genbacev, 0., Zhou, Y., Ludlow, J.W,, Fisher, S.J., 1997. Regulation of Human Placental Development
by Oxygen Tension. Science (80-. ). 277, 1669-1672.
https://doi.org/10.1126/science.277.5332.1669

Georgiadou, D., Boussata, S., Keijser, R., Janssen, D.A.M., Afink, G.B., Dijk, M. van, 2021. Knockdown
of Splicing Complex Protein PCBP2 Reduces Extravillous Trophoblast Differentiation Through
Transcript Switching. Front. Cell Dev. Biol. 9. https://doi.org/10.3389/FCELL.2021.671806

Gerbaud, P., Pidoux, G., 2015. Review : An overview of molecular events occurring in human
trophoblast fusion. Placenta 36, S35-542. https://doi.org/10.1016/j.placenta.2014.12.015

Gerbaud, P., Taskén, K., Pidoux, G., 2015. Spatiotemporal regulation of cAMP signaling controls the
human trophoblast fusion. Front. Pharmacol. 6, 1-14.
https://doi.org/10.3389/fphar.2015.00202

Ghulmiyyabh, L., Sibai, B., 2012. Maternal Mortality From Preeclampsia/Eclampsia. Semin. Perinatol.
36, 56-59. https://doi.org/10.1053/).SEMPERI.2011.09.011

Gingrich, J., Pu, Y., Roberts, J., Karthikraj, R., Kannan, K., Ehrhardt, R., Veiga-Lopez, A., 2018.
Gestational bisphenol S impairs placental endocrine function and the fusogenic trophoblast
signaling pathway. Arch. Toxicol. 92, 1-16. https://doi.org/10.1007/500204-018-2191-
2/FIGURES/6

Gingrich, J., Ticiani, E., Veiga-Lopez, A., 2020. Placenta Disrupted: Endocrine Disrupting Chemicals
and Pregnancy. Trends Endocrinol. Metab. 31, 508-524.
https://doi.org/10.1016/j.tem.2020.03.003

Glass, H.C., Costarino, A.T., Stayer, S.A., Brett, C.M., Cladis, F., Davis, P.J., 2015. Outcomes for
Extremely Premature Infants. Anesth. Analg. 120, 1337-1351.
https://doi.org/10.1213/ANE.0000000000000705

Gluckman, P.D., Hanson, M.A., Cooper, C., Thornburg, K.L., 2008. Effect of In Utero and Early-Life
Conditions on Adult Health and Disease. N. Engl. J. Med. 359, 61-73.
https://doi.org/10.1056/NEJMra0708473

Goldstein, D.B., 2001. Islands of linkage disequilibrium. Nat. Genet. 2001 292 29, 109-111.
https://doi.org/10.1038/ng1001-109

Gong, S., Gaccioli, F., Dopierala, J., Sovio, U., Cook, E., Volders, P.-J., Martens, L., Kirk, P.D.W.,
Richardson, S., Smith, G.C.S., Charnock-Jones, D.S., 2021. The RNA landscape of the human
placenta in health and disease. Nat. Commun. 2021 121 12, 1-17.
https://doi.org/10.1038/s41467-021-22695-y

224



Gormley, M., Ona, K., Kapidzic, M., Garrido-Gomez, T., Zdravkovic, T., Fisher, S.J., 2017.
Preeclampsia: novel insights from global RNA profiling of trophoblast subpopulations. Am. J.
Obstet. Gynecol. 217, 200.e1-200.e17. https://doi.org/10.1016/j.ajog.2017.03.017

Granger, J.P., Alexander, B.T., Llinas, M.T., Bennett, W.A., Khalil, R.A., 2001. Pathophysiology of
Hypertension During Preeclampsia Linking Placental Ischemia With Endothelial Dysfunction.
Hypertension 38, 718-722. https://doi.org/10.1161/01.HYP.38.3.718

GTEx Consortium, 2015. The Genotype-Tissue Expression (GTEx) pilot analysis: Multitissue gene
regulation in humans. Science (80-. ). 348, 648. https://doi.org/10.1126/SCIENCE.1262110

Gude, N.M., Roberts, C.T., Kalionis, B., King, R.G., 2004. Growth and function of the normal human
placenta. Thromb. Res. 114, 397-407. https://doi.org/10.1016/j.thromres.2004.06.038

Guerrero, B., Hassouneh, F., Delgado, E., Casado, J.G., Tarazona, R., 2020. Natural killer cells in
recurrent miscarriage: An overview. J. Reprod. Immunol. 142, 103209.
https://doi.org/10.1016/].jri.2020.103209

Gunnarsson, R., Akerstrém, B., Hansson, S.R., Gram, M., 2017. Recombinant alpha-1-microglobulin: a
potential treatment for preeclampsia. Drug Discov. Today 22, 736-743.
https://doi.org/10.1016/).DRUDIS.2016.12.005

Guttmacher, A.E., Maddox, Y.T., Spong, C.Y., 2014. The Human Placenta Project: Placental structure,
development, and function in real time. Placenta 35, 303—304.
https://doi.org/10.1016/j.placenta.2014.02.012

Handwerger, S., Freemark, M., 2000. The Roles of Placental Growth Hormone and Placental
Lactogen in the Regulation of Human Fetal Growth and Development. J. Pediatr. Endocrinol.
Metab. 13, 343-356. https://doi.org/10.1515/JPEM.2000.13.4.343

Harmon, Q.E., Huang, L., Umbach, D.M., Klungsegyr, K., Engel, S.M., Magnus, P., Skjerven, R., Zhang,
J., Wilcox, A.J., 2015. Risk of Fetal Death With Preeclampsia. Obstet. Gynecol. 125, 628—635.
https://doi.org/10.1097/A0G.0000000000000696

Herrera, E., Amusquivar, E., Lépez-Soldado, I., Ortega, H., 2006. Maternal Lipid Metabolism and
Placental Lipid Transfer. Horm. Res. Paediatr. 65, 59-64. https://doi.org/10.1159/000091507

Hombach, S., Kretz, M., 2016. Non-coding RNAs: Classification, Biology and Functioning. Adv. Exp.
Med. Biol. 937, 3-17. https://doi.org/10.1007/978-3-319-42059-2_1

Hormozdiari, F., van de Bunt, M., Segre, A. V., Li, X., Joo, J.W.J., Bilow, M., Sul, J.H., Sankararaman, S.,
Pasaniuc, B., Eskin, E., 2016. Colocalization of GWAS and eQTL Signals Detects Target Genes.
Am. J. Hum. Genet. 99, 1245-1260. https://doi.org/10.1016/).AJHG.2016.10.003

Hsiau, T., Conant, D., Rossi, N., Maures, T., Waite, K., Yang, J., Joshi, S., Kelso, R., Holden, K.,
Enzmann, B.L., Stoner, R., 2019. Inference of CRISPR Edits from Sanger Trace Data. bioRxiv
251082. https://doi.org/10.1101/251082

Huang, Q.Q., Ritchie, S.C., Brozynska, M., Inouye, M., 2018. Power, false discovery rate and Winner’s
Curse in eQTL studies. Nucleic Acids Res. 46. https://doi.org/10.1093/nar/gky780

Hunt, J.S., Petroff, M.G., Mclintire, R.H., Ober, C., 2005. HLA-G and immune tolerance in pregnancy.
FASEB J. 19, 681-693. https://doi.org/10.1096/fj.04-2078rev

Huppertz, B., 2008. Placental Origins of Preeclampsia. Hypertension 51, 970-975.
https://doi.org/10.1161/HYPERTENSIONAHA.107.107607

Huppertz, B., Ghosh, D., Sengupta, J., 2014a. An integrative view on the physiology of human early

225



placental villi. Prog. Biophys. Mol. Biol. 114, 33-48.
https://doi.org/10.1016/j.pbiomolbio.2013.11.007

Huppertz, B., Kingdom, J.C.P., 2004. Apoptosis in the trophoblast - Role of apoptosis in placental
morphogenesis. J. Soc. Gynecol. Investig. 11, 353-362.
https://doi.org/10.1016/).J5SGI1.2004.06.002

Huppertz, B., Weiss, G., Moser, G., 2014b. Trophoblast invasion and oxygenation of the placenta:
measurements versus presumptions. J. Reprod. Immunol. 101-102, 74-79.
https://doi.org/10.1016/J.JRI1.2013.04.003

Ihry, R.J., Salick, M.R., Ho, D.J., Sondey, M., Kommineni, S., Paula, S., Raymond, J., Henry, B., Frias, E.,
Wang, Q., Worringer, K.A,, Ye, C., Russ, C., Reece-Hoyes, J.S., Altshuler, R.C., Randhawa, R.,
Yang, Z., McAllister, G., Hoffman, G.R., Dolmetsch, R., Kaykas, A., 2019. Genome-Scale CRISPR
Screens ldentify Human Pluripotency-Specific Genes. Cell Rep. 27, 616-630.e6.
https://doi.org/10.1016/j.celrep.2019.03.043

Inno, R., Kikas, T., Lillepea, K., Laan, M., 2021. Coordinated Expressional Landscape of the Human
Placental miRNome and Transcriptome. Front. Cell Dev. Biol. 9.
https://doi.org/10.3389/fcell.2021.697947

Irizarry, R.A., Hobbs, B., Collin, F., Beazer-Barclay, Y.D., Antonellis, K.J., Scherf, U., Speed, T.P., 2003.
Exploration, normalization, and summaries of high density oligonucleotide array probe level
data. Biostatistics 4, 249-264.

Ishigaki, K., 2021. Beyond GWAS: from simple associations to functional insights. Semin.
Immunopathol. 1-12. https://doi.org/10.1007/s00281-021-00894-5

Ives, C.W., Sinkey, R., Rajapreyar, |., Tita, A.T.N., Oparil, S., 2020. Preeclampsia—Pathophysiology
and Clinical Presentations. J. Am. Coll. Cardiol. 76, 1690-1702.
https://doi.org/10.1016/j.jacc.2020.08.014

Jaju Bhattad, G., Jeyarajah, M.J., McGill, M.G., Dumeaux, V., Okae, H., Arima, T., Lajoie, P., Bérubé,
N.G., Renaud, S.J., 2020. Histone deacetylase 1 and 2 drive differentiation and fusion of
progenitor cells in human placental trophoblasts. Cell Death Dis. 2020 115 11, 1-17.
https://doi.org/10.1038/s41419-020-2500-6

James, J.L., Stone, P.R., Chamley, L.W., 2006. The regulation of trophoblast differentiation by oxygen
in the first trimester of pregnancy. Hum. Reprod. Update 12, 137-144.
https://doi.org/10.1093/humupd/dmi043

Jansson, T., 2001. Amino Acid Transporters in the Human Placenta. Pediatr. Res. 49, 141-147.
https://doi.org/10.1203/00006450-200102000-00003

Jarvela, LY., Ruokonen, A., Tekay, A., 2008. Effect of rising hCG levels on the human corpus luteum
during early pregnancy. Hum. Reprod. 23, 2775-2781.
https://doi.org/10.1093/humrep/den299

Jinek, M., Chylinski, K., Fonfara, |., Hauer, M., Doudna, J.A., Charpentier, E., 2012. A Programmable
Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity. Science (80-. ). 337, 816—
821. https://doi.org/10.1126/science.1225829

Johnson, M.P., Brennecke, S.P., East, C.E., Goring, H.H.H., Jr, JW.K,, Dyer, T.D., Said, J.M., Roten, L.T.,
Iversen, A.-C., Abraham, L.J., Heinonen, S., Kajantie, E., Kere, J., Kivinen, K., Pouta, A., Laivuori,
H., Group, for the F.S., Austgulen, R., Blangero, J., Moses, E.K., 2012. Genome-Wide
Association Scan Identifies a Risk Locus for Preeclampsia on 2q14, Near the Inhibin, Beta B
Gene. PLoS One 7, e33666. https://doi.org/10.1371/JOURNAL.PONE.0033666

226



Jones, R.E., Lopez, K.H., 2013. Human reproductive biology, 4th Editio. ed. Academic Press.

Joung, J., Konermann, S., Gootenberg, J.S., Abudayyeh, 0.0., Platt, R.J., Brigham, M.D., Sanjana, N.E.,
Zhang, F., 2017. Genome-scale CRISPR-Cas9 knockout and transcriptional activation screening.
Nat. Protoc. 12, 828-863. https://doi.org/10.1038/nprot.2017.016

Jung, K.-M., Bae, I.-H., Kim, B.-H., Kim, W.-K., Chung, J.-H., Park, Y.-H., Lim, K.-M., 2010. Comparison
of flow cytometry and immunohistochemistry in non-radioisotopic murine lymph node assay
using bromodeoxyuridine. Toxicol. Lett. 192, 229-237.
https://doi.org/10.1016/j.toxlet.2009.10.024

Kaikkonen, M.U., Lam, M.T.Y., Glass, C.K., 2011. Non-coding RNAs as regulators of gene expression
and epigenetics. Cardiovasc. Res. 90, 430-440. https://doi.org/10.1093/CVR/CVR097

Kakogawa, J., Sumimoto, K., Kawamura, T., Minoura, S., Kanayama, N., 2010. Noninvasive
Monitoring of Placental Oxygenation by Near-Infrared Spectroscopy. Am. J. Perinatol. 27, 463—
468. https://doi.org/10.1055/5-0030-1247600

Kamran, M.Z., Patil, P., Gude, R.P., 2013. Role of STAT3 in Cancer Metastasis and Translational
Advances. Biomed Res. Int. 2013, 1-15. https://doi.org/10.1155/2013/421821

Kannan, S., Miyamoto, M., Lin, B.L., Zhu, R., Murphy, S., Kass, D.A., Andersen, P., Kwon, C., 2019.
Large Particle Fluorescence-Activated Cell Sorting Enables High-Quality Single-Cell RNA
Sequencing and Functional Analysis of Adult Cardiomyocytes. Circ. Res. 125, 567-569.
https://doi.org/10.1161/CIRCRESAHA.119.315493

Kaufmann, P., Luckhardt, M., Leiser, R., 1988. Three-Dimensional Representation of the Fetal Vessel
System in the Human Placenta, in: Placental Vascularization and Blood Flow. Springer US,
Boston, MA, pp. 113-137. https://doi.org/10.1007/978-1-4615-8109-3 9

Kent, W.J., Sugnet, C.W., Furey, T.S., Roskin, K.M., Pringle, T.H., Zahler, A.M., Haussler, and D., 2002.
The Human Genome Browser at UCSC. Genome Res. 12, 996-1006.
https://doi.org/10.1101/GR.229102

Kikas, T., Inno, R., Ratnik, K., Rull, K., Laan, M., 2020. C-allele of rs4769613 Near FLT1 Represents a
High-Confidence Placental Risk Factor for Preeclampsia. Hypertension 76, 884—-891.
https://doi.org/10.1161/HYPERTENSIONAHA.120.15346

Kikas, T., Laan, M., Kasak, L., 2021. Current knowledge on genetic variants shaping placental
transcriptome and their link to gestational and postnatal health. Placenta.
https://doi.org/10.1016/J.PLACENTA.2021.02.009

Kikas, T., Rull, K., Beaumont, R.N., Freathy, R.M., Laan, M., 2019. The Effect of Genetic Variation on
the Placental Transcriptome in Humans 10. https://doi.org/10.3389/fgene.2019.00550

Kim, J., Zhao, K., Jiang, P., Lu, Z., Wang, J., Murray, J.C., Xing, Y., 2012. Transcriptome landscape of
the human placenta. BMC Genomics 2012 131 13, 1-21. https://doi.org/10.1186/1471-2164-
13-115

Kim, L.H., Cheng, Y.W., Delaney, S., Jelin, A.C., Caughey, A.B., 2010. Is preeclampsia associated with
an increased risk of cesarean delivery if labor is induced? J. Matern. Neonatal Med. 23, 383—
388. https://doi.org/10.3109/14767050903168432

King, A., Thomas, L., Bischof, P., 2000. Cell Culture Models of Trophoblast II: Trophoblast Cell Lines—
A Workshop Report. Placenta 21, S113-5119. https://doi.org/10.1053/plac.1999.0526

Kingdom, J., Huppertz, B., Seaward, G., Kaufmann, P., 2000. Development of the placental villous
tree and its consequences for fetal growth. Eur. J. Obstet. Gynecol. Reprod. Biol. 92, 35-43.

227



https://doi.org/10.1016/50301-2115(00)00423-1

Kojima, J., Fukuda, A., Taira, H., Kawasaki, T., Ito, H., Kuji, N., Isaka, K., Umezawa, A., Akutsu, H.,
2017. Efficient production of trophoblast lineage cells from human induced pluripotent stem
cells. Lab. Investig. 97, 1188—1200. https://doi.org/10.1038/labinvest.2016.159

Kolahi, K.S., Valent, A.M., Thornburg, K.L., 2017. Cytotrophoblast, Not Syncytiotrophoblast,
Dominates Glycolysis and Oxidative Phosphorylation in Human Term Placenta. Sci. Rep. 7,
42941. https://doi.org/10.1038/srep42941

Kovécs, A.F., Fekete, N., Turidk, L., Acs, A., K6hidai, L., Buzas, E.1., Pallinger, E., 2019. Unravelling the
Role of Trophoblastic-Derived Extracellular Vesicles in Regulatory T Cell Differentiation. Int. J.
Mol. Sci. 20, 3457. https://doi.org/10.3390/ijms20143457

Kudo, Y., Boyd, C.A.R., Kimura, H., Cook, P.R., Redman, C.W.G., Sargent, I.L., 2003. Quantifying the
syncytialisation of human placental trophoblast BeWo cells grown in vitro. Biochim. Biophys.
Acta - Mol. Cell Res. 1640, 25-31. https://doi.org/10.1016/50167-4889(03)00004-1

Laivuori, H., 2013. Pitfalls in setting up genetic studies on preeclampsia. Pregnancy Hypertens. An
Int. J. Women'’s Cardiovasc. Heal. 3, 60. https://doi.org/10.1016/J.PREGHY.2013.04.010

Lamale-Smith, L.M., Gumina, D.L., Kramer, A.W., Browne, V.A., Toledo-Jaldin, L., Julian, C.G., Winn,
V.D., Moore, L.G., 2020. Uteroplacental Ischemia Is Associated with Increased PAPP-A2.
Reprod. Sci. 27, 529-536. https://doi.org/10.1007/s43032-019-00050-3

Langbein, M., Strick, R., Strissel, P.L., Vogt, N., Parsch, H., Beckmann, M.W., Schild, R.L., 2008.
Impaired cytotrophoblast cell—cell fusion is associated with reduced Syncytin and increased
apoptosis in patients with placental dysfunction. Mol. Reprod. Dev. 75, 175-183.
https://doi.org/10.1002/mrd.20729

Leavey, K., Benton, S.J., Grynspan, D., Kingdom, J.C., Bainbridge, S.A., Cox, B.J., 2016. Unsupervised
Placental Gene Expression Profiling Identifies Clinically Relevant Subclasses of Human
Preeclampsia. Hypertension 68, 137-147.
https://doi.org/10.1161/HYPERTENSIONAHA.116.07293

Lee, J., Ouh, Y.T., Ahn, K.H., Hong, S.C., Oh, M.J., Kim, H.J., Cho, G.J., 2017. Preeclampsia: A risk factor
for gestational diabetes mellitus in subsequent pregnancy. PLoS One 12, e0178150.
https://doi.org/10.1371/JOURNAL.PONE.0178150

Lee, Y., Rio, D.C., 2015. Mechanisms and Regulation of Alternative Pre-mRNA Splicing HHS Public
Access. Annu Rev Biochem 84, 291-323. https://doi.org/10.1146/annurev-biochem-060614-
034316

Leek, J.T., Johnson, W.E., Parker, H.S., Jaffe, A.E., Storey, J.D., 2012. The SVA package for removing
batch effects and other unwanted variation in high-throughput experiments. Bioinformatics 28,
882-883. https://doi.org/10.1093/bioinformatics/bts034

Levy-Sakin, M., Pastor, S., Mostovoy, Y., Li, L., Leung, A.K.Y., McCaffrey, J., Young, E., Lam, E.T.,
Hastie, A.R., Wong, K.H.Y., Chung, C.Y.L., Ma, W., Sibert, J., Rajagopalan, R., Jin, N., Chow,
E.Y.C., Chu, C., Poon, A,, Lin, C., Naguib, A., Wang, W.P., Cao, H., Chan, T.F., Yip, K.Y., Xiao, M.,
Kwok, P.Y., 2019. Genome maps across 26 human populations reveal population-specific
patterns of structural variation. Nat. Commun. 10, 1-14. https://doi.org/10.1038/s41467-019-
08992-7

Lewis, R.M.,, Cleal, J.K., Sengers, B.G., 2020. Placental perfusion and mathematical modelling.
Placenta 93, 43-48. https://doi.org/10.1016/j.placenta.2020.02.015

228



Li, J., Wang, Y., Fan, X., Mo, X., Wang, Z., Li, Y., Yin, Z., Deng, Y., Luo, N., Zhu, C,, Liu, M., Ma, Q.,
Ocorr, K., Yuan, W., Wu, X., 2007. ZNF307, a novel zinc finger gene suppresses p53 and p21
pathway. Biochem. Biophys. Res. Commun. 363, 895-900.
https://doi.org/10.1016/j.bbrc.2007.08.180

Li, X., Song, Y., Liu, F., Liu, D., Miao, H., Ren, J., Xu, J., Ding, L., Hu, Y., Wang, Z., Hou, Y., Zhao, G.,
2017. Long Non-Coding RNA MALAT1 Promotes Proliferation, Angiogenesis, and
Immunosuppressive Properties of Mesenchymal Stem Cells by Inducing VEGF and IDO. J. Cell.
Biochem. 118, 2780-2791. https://doi.org/10.1002/jcb.25927

Li, Y.1., van de Geijn, B., Raj, A., Knowles, D.A., Petti, A.A., Golan, D., Gilad, Y., Pritchard, J.K., 2016.
RNA splicing is a primary link between genetic variation and disease. Science (80-. ). 352, 600—
604. https://doi.org/10.1126/science.aad9417

Li, Z., Kurosawa, O., Iwata, H., 2019. Establishment of human trophoblast stem cells from human
induced pluripotent stem cell-derived cystic cells under micromesh culture. Stem Cell Res.
Ther. 2019 101 10, 1-14. https://doi.org/10.1186/513287-019-1339-1

Li, Z., Kurosawa, O., lwata, H., 2018. Development of trophoblast cystic structures from human
induced pluripotent stem cells in limited-area cell culture. Biochem. Biophys. Res. Commun.
505, 671-676. https://doi.org/10.1016/j.bbrc.2018.09.181

Lin, F.-Y., Chang, C.-W., Cheong, M.-L., Chen, H.-C., Lee, D.-Y., Chang, G.-D., Chen, H., 2011. Dual-
specificity phosphatase 23 mediates GCM1 dephosphorylation and activation. Nucleic Acids
Res. 39, 848-861. https://doi.org/10.1093/nar/gkq838

Lino, C.A., Harper, J.C., Carney, J.P., Timlin, J.A., 2018. Delivering CRISPR: a review of the challenges
and approaches. Drug Deliv. 25, 1234-1257. https://doi.org/10.1080/10717544.2018.1474964

Lisonkova, S., Joseph, K.S., 2013. Incidence of preeclampsia: risk factors and outcomes associated
with early- versus late-onset disease. Am. J. Obstet. Gynecol. 209, 544.e1-544.e12.
https://doi.org/10.1016/J.AJ0G.2013.08.019

Listgarten, J., Kadie, C., Schadt, E.E., Heckerman, D., 2010. Correction for hidden confounders in the
genetic analysis of gene expression. Proc. Natl. Acad. Sci. U. S. A. 107, 16465.
https://doi.org/10.1073/PNAS.1002425107

Liu, H., Koukoulas, I., Ross, M.C., Wang, S., Wintour, E.M., 2004. Quantitative Comparison of
Placental Expression of Three Aquaporin Genes. Placenta 25, 475-478.
https://doi.org/10.1016/j.placenta.2003.10.008

Liu, J., Luo, C., Zhang, C., Cai, Q, Lin, J., Zhu, T., Huang, X., 2020. Upregulated IncRNA UCA1 inhibits
trophoblast cell invasion and proliferation by downregulating JAK2. J. Cell. Physiol. 235, 7410—
7419. https://doi.org/10.1002/jcp.29643

Liu, Y., Fan, X., Wang, R, Lu, X., Dang, Y.-L.L., Wang, H.H., Lin, H.-Y.Y., Zhu, C., Ge, H., Cross, J.C.,
Wang, H.H., 2018. Single-cell RNA-seq reveals the diversity of trophoblast subtypes and
patterns of differentiation in the human placenta. Cell Res. 28, 819-832.
https://doi.org/10.1038/s41422-018-0066-y

Lonsdale, J., Thomas, J., Salvatore, M., Phillips, R., Lo, E., Shad, S., Hasz, R., Walters, G., Garcia, F.,
Young, N., Foster, B., Moser, M., Karasik, E., Gillard, B., Ramsey, K., Sullivan, S., Bridge, J.,
Magazine, H., Syron, J., Fleming, J., Siminoff, L., Traino, H., Mosavel, M., Barker, L., Jewell, S.,
Rohrer, D., Maxim, D., Filkins, D., Harbach, P., Cortadillo, E., Berghuis, B., Turner, L., Hudson, E.,
Feenstra, K., Sobin, L., Robb, J., Branton, P., Korzeniewski, G., Shive, C., Tabor, D., Qj, L., Groch,
K., Nampally, S., Buia, S., Zimmerman, A., Smith, A., Burges, R., Robinson, K., Valentino, K.,

229



Bradbury, D., Cosentino, M., Diaz-Mayoral, N., Kennedy, M., Engel, T., Williams, P., Erickson, K.,
Ardlie, K., Winckler, W., Getz, G., DelLuca, D., MacArthur, D., Kellis, M., Thomson, A., Young, T.,
Gelfand, E., Donovan, M., Meng, Y., Grant, G., Mash, D., Marcus, Y., Basile, M., Liu, J., Zhu, J.,
Tu, Z., Cox, N.J., Nicolae, D.L., Gamazon, E.R., Im, H.K., Konkashbaev, A., Pritchard, J., Stevens,
M., Flutre, T., Wen, X., Dermitzakis, E.T., Lappalainen, T., Guigo, R., Monlong, J., Sammeth, M.,
Koller, D., Battle, A., Mostafavi, S., McCarthy, M., Rivas, M., Maller, J., Rusyn, ., Nobel, A.,
Wright, F., Shabalin, A., Feolo, M., Sharopova, N., Sturcke, A., Paschal, J., Anderson, J.M.,
Wilder, E.L., Derr, L.K., Green, E.D., Struewing, J.P., Temple, G., Volpi, S., Boyer, J.T., Thomson,
E.J., Guyer, M.S., Ng, C., Abdallah, A., Colantuoni, D., Insel, T.R., Koester, S.E., Little, A.R.,
Bender, P.K., Lehner, T., Yao, Y., Compton, C.C., Vaught, J.B., Sawyer, S., Lockhart, N.C.,
Demchok, J., Moore, H.F., 2013. The Genotype-Tissue Expression (GTEx) project. Nat. Genet.
2013 456 45, 580-585. https://doi.org/10.1038/ng.2653

Loukeris, K., Sela, R., Baergen, R.N., 2010. Syncytial Knots as a Reflection of Placental Maturity:
Reference Values for 20 to 40 Weeks’ Gestational Age. Pediatr. Dev. Pathol. 13, 305-309.
https://doi.org/10.2350/09-08-0692-0A.1

Lu, X., He, Y., Zhu, C., Wang, H., Chen, S., Lin, H., 2016. Twist1 is involved in trophoblast
syncytialization by regulating GCM1. Placenta 39, 45-54.
https://doi.org/10.1016/j.placenta.2016.01.008

Lupattelli, A., Wood, M.E., Nordeng, H., 2019. Analyzing Missing Data in Perinatal
Pharmacoepidemiology Research: Methodological Considerations to Limit the Risk of Bias. Clin.
Ther. 41, 2477-2487. https://doi.org/10.1016/).CLINTHERA.2019.11.003

Macintire, K., Tuohey, L., Ye, L., Palmer, K., Gantier, M., Tong, S., Kaitu’u-Lino, T.J., 2014. PAPPA2 is
increased in severe early onset pre-eclampsia and upregulated with hypoxia. Reprod. Fertil.
Dev. 26, 351. https://doi.org/10.1071/RD12384

Man, J., Hutchinson, J.C., Heazell, A.E., Ashworth, M., Jeffrey, I., Sebire, N.J., 2016. Stillbirth and
intrauterine fetal death: role of routine histopathological placental findings to determine cause
of death. Ultrasound Obstet. Gynecol. 48, 579-584. https://doi.org/10.1002/u0g.16019

Mandric, I., Schwarz, T., Majumdar, A., Hou, K., Briscoe, L., Perez, R., Subramaniam, M., Hafemeister,
C., Satija, R., Ye, C.J., Pasaniuc, B., Halperin, E., 2020. Optimized design of single-cell RNA
sequencing experiments for cell-type-specific eQTL analysis. Nat. Commun. 2020 111 11, 1-9.
https://doi.org/10.1038/s41467-020-19365-w

Mandruzzato, G., Antsaklis, A., Botet, F., Chervenak, F.A., Figueras, F., Grunebaum, A., Puerto, B.,
Skupski, D., Stanojevic, M., 2008. Intrauterine restriction (IUGR). J. Perinat. Med. 36, 277-281.
https://doi.org/10.1515/JPM.2008.050

Mann, S.E., Ricke, E.A., Yang, B.A., Verkman, A.S., Taylor, R.N., 2002. Expression and localization of
aquaporin 1 and 3 in human fetal membranes. Am. J. Obstet. Gynecol. 187, 902-907.
https://doi.org/10.1067/mob.2002.127168

Manna, S., McCarthy, C., McCarthy, F.P., 2019. Placental Ageing in Adverse Pregnancy Outcomes:
Telomere Shortening, Cell Senescence, and Mitochondrial Dysfunction. Oxid. Med. Cell. Longev.
2019. https://doi.org/10.1155/2019/3095383

Manocha, A., Ravikumar, G., Crasta, J., 2019. Placenta in intrauterine fetal demise (IUFD): a
comprehensive study from a tertiary care hospital. J. Matern. Neonatal Med. 32, 3939-3947.
https://doi.org/10.1080/14767058.2018.1479390

Mansilla, M., Wang, Y., Lim, R., Palmer, K., Nie, G., 2021. HtrA4 is up-regulated during trophoblast
syncytialization and BeWo cells fail to syncytialize without HtrA4. Sci. Reports 2021 111 11, 1-

230



14. https://doi.org/10.1038/s41598-021-93520-1

Mao, Z., Bozzella, M., Seluanov, A., Gorbunova, V., 2008. Comparison of nonhomologous end joining
and homologous recombination in human cells. DNA Repair (Amst). 7, 1765-1771.
https://doi.org/10.1016/j.dnarep.2008.06.018

Matijevic, R., Johnston, T., 1999. In vivo assessment of failed trophoblastic invasion of the spiral
arteries in pre-eclampsia. An Int. J. Obstet. Gynaecol. 106, 78-82.
https://doi.org/10.1111/).1471-0528.1999.TB08089.X

Maynard, S.E., Min, J.-Y., Merchan, J., Lim, K.-H., Li, J., Mondal, S., Libermann, T.A., Morgan, J.P.,
Sellke, F.W., Stillman, I.E., Epstein, F.H., Sukhatme, V.P., Karumanchi, S.A., 2003. Excess
placental soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction,
hypertension, and proteinuria in preeclampsia. J. Clin. Invest. 111, 649—-658.
https://doi.org/10.1172/JCI117189

Mayrink, J., Souza, R.T., Feitosa, F.E., Rocha Filho, E.A,, Leite, D.F., Vettorazzi, J., Calderon, I.M.,
Sousa, M.H., Costa, M.L., Baker, P.N., Cecatti, J.G., 2019. Incidence and risk factors for
Preeclampsia in a cohort of healthy nulliparous pregnant women: a nested case-control study.
Sci. Reports 2019 91 9, 1-9. https://doi.org/10.1038/s41598-019-46011-3

McGinnis, R., Steinthorsdottir, V., Williams, N.O., Thorleifsson, G., Shooter, S., Hjartardottir, S.,
Bumpstead, S., Stefansdottir, L., Hildyard, L., Sigurdsson, J.K., Kemp, J.P., Silva, G.B., Thomsen,
L.C. V, Jaaskeldinen, T., Kajantie, E., Chappell, S., Kalsheker, N., Moffett, A., Hiby, S., Lee, W.K,,
Padmanabhan, S., Simpson, N.A.B., Dolby, V.A., Staines-Urias, E., Engel, S.M., Haugan, A.,
Trogstad, L., Svyatova, G., Zakhidova, N., Najmutdinova, D., Dominiczak, A.F., Gjessing, H.K.,
Casas, J.P., Dudbridge, F., Walker, J.J., Pipkin, F.B., Thorsteinsdottir, U., Geirsson, R.T., Lawlor,
D.A,, Iversen, A.-C., Magnus, P., Laivuori, H., Stefansson, K., Morgan, L., 2017. Variants in the
fetal genome near FLT1 are associated with risk of preeclampsia. Nat. Genet. 2017 498 49,
1255-1260. https://doi.org/10.1038/ng.3895

Medina-Bastidas, D., Guzman-Huerta, M., Borboa-Olivares, H., Ruiz-Cruz, C., Parra-Hernandez, S.,
Flores-Pliego, A., Salido-Guadarrama, |., Camargo-Marin, L., Arambula-Meraz, E., Estrada-
Gutierrez, G., 2020. Placental Microarray Profiling Reveals Common mRNA and IncRNA
Expression Patterns in Preeclampsia and Intrauterine Growth Restriction. Int. J. Mol. Sci. 21,
3597. https://doi.org/10.3390/ijms21103597

Melchiorre, K., Giorgione, V., Thilaganathan, B., 2021. The placenta and preeclampsia: villain or
victim? Am. J. Obstet. Gynecol. https://doi.org/10.1016/J.AJ0G.2020.10.024

Melé, M., Ferreira, P.G., Reverter, F., DeLuca, D.S., Monlong, J., Sammeth, M., Young, T.R.,
Goldmann, J.M., Pervouchine, D.D., Sullivan, T.J., Johnson, R., Segre, A. V., Djebali, S., Niarchou,
A., Consortium, T.Gte., Wright, F.A., Lappalainen, T., Calvo, M., Getz, G., Dermitzakis, E.T.,
Ardlie, K.G., Guigd, R., 2015. The human transcriptome across tissues and individuals. Science
348, 660. https://doi.org/10.1126/SCIENCE.AAA0355

Mi, S., Lee, X,, Li, X., Veldman, G.M., Finnerty, H., Racie, L., LaVallie, E., Tang, X.-Y., Edouard, P.,
Howes, S., Keith, J.C., McCoy, J.M., 2000. Syncytin is a captive retroviral envelope protein
involved in human placental morphogenesis. Nature 403, 785-789.
https://doi.org/10.1038/35001608

Miguel-Escalada, I., Bonas-Guarch, S., Cebola, I., Ponsa-Cobas, J., Mendieta-Esteban, J., Atla, G.,
Javierre, B.M., Rolando, D.M.Y., Farabella, I., Morgan, C.C., Garcia-Hurtado, J., Beucher, A.,
Moran, ., Pasquali, L., Ramos-Rodriguez, M., Appel, E.V.R., Linneberg, A., Gjesing, A.P., Witte,
D.R., Pedersen, O., Grarup, N., Ravassard, P., Torrents, D., Mercader, J.M., Piemonti, L., Berney,
T., de Koning, E.J.P., Kerr-Conte, J., Pattou, F., Fedko, I.O., Groop, L., Prokopenko, I., Hansen, T.,

231



Marti-Renom, M.A,, Fraser, P., Ferrer, J., 2019. Human pancreatic islet three-dimensional
chromatin architecture provides insights into the genetics of type 2 diabetes. Nat. Genet. 2019
517 51, 1137-1148. https://doi.org/10.1038/s41588-019-0457-0

Milano-Foster, J., Ray, S., Home, P., Ganguly, A., Bhattacharya, B., Bajpai, S., Pal, A., Mason, C.W.,
Paul, S., 2019. Regulation of human trophoblast syncytialization by histone demethylase LSD1.
J. Biol. Chem. 294, 17301-17313.
https://doi.org/10.1074/JBC.RA119.010518/ATTACHMENT/0A664DC3-E247-4737-BECA-
A932B1FBBB73/MMC1.PDF

Miralles, F., Collinot, H., Boumerdassi, Y., Ducat, A., Duché, A., Renault, G., Marchiol, C., Lagoutte, I.,
Bertholle, C., Andrieu, M., Jacques, S., Méhats, C., Vaiman, D., 2019. Long-term cardiovascular
disorders in the STOX1 mouse model of preeclampsia. Sci. Rep. 9, 11918.
https://doi.org/10.1038/s41598-019-48427-3

Moen, G.-H., LeBlanc, M., Sommer, C., Prasad, R.B., Lekva, T., Normann, K.R., Qvigstad, E., Groop, L.,
Birkeland, K.I., Evans, D.M., Frgslie, K.F., 2018. Genetic determinants of glucose levels in
pregnancy: genetic risk scores analysis and GWAS in the Norwegian STORK cohort. Eur. J.
Endocrinol. 179, 363-372. https://doi.org/10.1530/EJE-18-0478

Moros, G., Boutsikou, T., Fotakis, C., lliodromiti, Z., Sokou, R., Katsila, T., Xanthos, T., lacovidou, N.,
Zoumpoulakis, P., 2021. Insights into intrauterine growth restriction based on maternal and
umbilical cord blood metabolomics. Sci. Rep. 11, 7824. https://doi.org/10.1038/s41598-021-
87323-7

Msheik, H., Azar, J., El Sabeh, M., Abou-Kheir, W., Daoud, G., 2020. HTR-8/SVneo: A model for
epithelial to mesenchymal transition in the human placenta. Placenta 90, 90-97.
https://doi.org/10.1016/j.placenta.2019.12.013

Msheik, H., El Hayek, S., Bari, M.F., Azar, J., Abou-Kheir, W., Kobeissy, F., Vatish, M., Daoud, G., 2019.
Transcriptomic profiling of trophoblast fusion using BeWo and JEG-3 cell lines. Mol. Hum.
Reprod. 25, 811-824. https://doi.org/10.1093/molehr/gaz061

Muralimanoharan, S., Maloyan, A., Mele, J., Guo, C., Myatt, L.G., Myatt, L., 2012. MIR-210 modulates
mitochondrial respiration in placenta with preeclampsia. Placenta 33, 816—-823.
https://doi.org/10.1016/j.placenta.2012.07.002

Murdoch, C., iPlacenta consortium, Khalil, A., Lanz, H., Ng, C., Bussolati, B., de Windt, L., Vaiman, D.,
McCarthy, C., Wolkenhauer, O., van der Merwe, H., Deprest, J., Wang, K., Bircsak, K.,
Thilaganathan, B., Krstajic, N., McCarthy, F., 2021. iPlacenta - A PhD program to drive
innovation in modelling placenta for Maternal and Fetal Health. Placenta 112, e2.
https://doi.org/10.1016/j.placenta.2021.07.006

Murugan, K., Babu, K., Sundaresan, R., Rajan, R., Sashital, D.G., 2017. The Revolution Continues:
Newly Discovered Systems Expand the CRISPR-Cas Toolkit. Mol. Cell 68, 15-25.
https://doi.org/10.1016/j.molcel.2017.09.007

Navarro-Guerrero, E., Tay, C., Whalley, J.P., Cowley, S.A., Davies, B., Knight, J.C., Ebner, D., 2021.
Genome-wide CRISPR/Cas9-knockout in human induced Pluripotent Stem Cell (iPSC)-derived
macrophages. Sci. Rep. 11, 4245. https://doi.org/10.1038/s41598-021-82137-z

Neely, A.E., Bao, X., 2019. Nuclei Isolation Staining (NIS) Method for Imaging Chromatin-Associated
Proteins in Difficult Cell Types. Curr. Protoc. Cell Biol. 84, €94. https://doi.org/10.1002/cpch.94

Nerenberg, K.A., Johnson, J.A,, Leung, B., Savu, A., Ryan, E.A., Chik, C.L., Kaul, P., 2013. Risks of
Gestational Diabetes and Preeclampsia Over the Last Decade in a Cohort of Alberta Women. J.

232



Obstet. Gynaecol. Canada 35, 986-994. https://doi.org/10.1016/51701-2163(15)30786-6

Nye, G.A., Ingram, E., Johnstone, E.D., Jensen, O.E., Schneider, H., Lewis, R.M., Chernyavsky, I.L.,
Brownbill, P., 2018. Human placental oxygenation in late gestation: experimental and
theoretical approaches. J. Physiol. 596, 5523-5534. https://doi.org/10.1113/JP275633

Ogoh, H., Yamagata, K., Nakao, T., Sandell, L.L., Yamamoto, A., Yamashita, A., Tanga, N., Suzuki, M.,
Abe, T., Kitabayashi, I., Watanabe, T., Sakai, D., 2017. MIIt10 knockout mouse model reveals
critical role of Af10-dependent H3K79 methylation in midfacial development. Sci. Rep. 7.
https://doi.org/10.1038/541598-017-11745-5

Okada, H., Tsuzuki, T., Murata, H., 2018. Decidualization of the human endometrium. Reprod. Med.
Biol. 17, 220-227. https://doi.org/10.1002/rmb2.12088

Omata, W., Ackerman IV, W.E., Vandre, D.D., Robinson, J.M., 2013. Trophoblast cell fusion and
differentiation are mediated by both the protein kinase C and A pathways. PLoS One 8, 1-12.
https://doi.org/10.1371/journal.pone.0081003

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

Osungbade, K.O., Ige, 0.K., 2011. Public Health Perspectives of Preeclampsia in Developing
Countries: Implication for Health System Strengthening. J. Pregnancy 2011, 481095.
https://doi.org/10.1155/2011/481095

Ottanelli, S., Napoli, A., Festa, C., Clemenza, S., Mecacci, F., 2020. Hypertension and Preeclampsia in
Pregnancy Complicated by Diabetes. Front. Diabetes 28, 171-182.
https://doi.org/10.1159/000480173

Palei, A.C., Spradley, F.T., Warrington, J.P., George, E.M., Granger, J.P., 2013. Pathophysiology of
hypertension in pre-eclampsia: a lesson in integrative physiology. Acta Physiol. 208, 224-233.
https://doi.org/10.1111/apha.12106

Palmer, K.R., Kaitu’u-Lino, T.J., Hastie, R., Hannan, N.J., Ye, L., Binder, N., Cannon, P., Tuohey, L.,
Johns, T.G., Shub, A,, Tong, S., 2015. Placental-Specific sFLT-1 e15a Protein Is Increased in
Preeclampsia, Antagonizes Vascular Endothelial Growth Factor Signaling, and Has
Antiangiogenic Activity. Hypertension 66, 1251-1259.
https://doi.org/10.1161/HYPERTENSIONAHA.115.05883

Pavlicev, M., Wagner, G.P., Chavan, A.R., Owens, K., Maziarz, J., Dunn-Fletcher, C., Kallapur, S.G.,
Muglia, L., Jones, H., 2017. Single-cell transcriptomics of the human placenta: inferring the cell
communication network of the maternal-fetal interface. Genome Res. 27, 349-361.
https://doi.org/10.1101/GR.207597.116

Peng, J., Zhou, Y., Zhu, S., Wei, W., 2015. High-throughput screens in mammalian cells using the
CRISPR-Cas9 system. FEBS J. 282, 2089-2096. https://doi.org/10.1111/febs.13251

Peng, S., Deyssenroth, M.A., Di Narzo, A.F., Cheng, H., Zhang, Z., Lambertini, L., Ruusalepp, A.,
Kovacic, J.C., Bjorkegren, J.L.M., Marsit, C.J., Chen, J., Hao, K., 2018. Genetic regulation of the
placental transcriptome underlies birth weight and risk of childhood obesity 1-15.

Peng, S., Deyssenroth, M.A., Narzo, A.F. Di, Lambertini, L., Marsit, C.J., Chen, J., Hao, K., 2017.
Expression quantitative trait loci ( eQTLs ) in human placentas suggest developmental origins of
complex diseases 26, 3432—3441. https://doi.org/10.1093/hmg/ddx265

Pennington, K.A., Schlitt, J.M., Jackson, D.L., Schulz, L.C., Schust, D.J., 2012. Preeclampsia: multiple

233



approaches for a multifactorial disease. Dis. Model. Mech. 5, 9-18.
https://doi.org/10.1242/DMM.008516

Peterson, L.S., Stelzer, I.A., Tsai, A.S., Ghaemi, M.S., Han, X., Ando, K., Winn, V.D., Martinez, N.R.,
Contrepois, K., Moufarrej, M.N., Quake, S., Relman, D.A., Snyder, M.P., Shaw, G.M., Stevenson,
D.K., Wong, R.J., Arck, P., Angst, M.S., Aghaeepour, N., Gaudilliere, B., 2020. Multiomic immune
clockworks of pregnancy. Semin. Immunopathol. 42, 397-412.
https://doi.org/10.1007/500281-019-00772-1/FIGURES/5

Pijnenborg, R., 1990. Trophoblast Invasion and Placentation in the Human: Morphological Aspects,
in: Trophoblast Invasion and Endometrial Receptivity. Springer US, Boston, MA, pp. 33-47.
https://doi.org/10.1007/978-1-4613-0615-3_2

Pijnenborg, R., Luyten, C., Vercruysse, L., Van Assche, F.A., 1996. Attachment and differentiation in
vitro of trophoblast from normal and preeclamptic human placentas. Am. J. Obstet. Gynecol.
175, 30-36. https://doi.org/10.1016/5S0002-9378(96)70246-6

Pineles, B.L., Romero, R., Montenegro, D., Tarca, A.L., Han, Y.M., Kim, Y.M., Draghici, S., Espinoza, J.,
Kusanovic, J.P., Mittal, P., Hassan, S.S., Kim, C.J., 2007. Distinct subsets of microRNAs are
expressed differentially in the human placentas of patients with preeclampsia. Am. J. Obstet.
Gynecol. 196, 261.e1-261.e6. https://doi.org/10.1016/j.ajog.2007.01.008

Pique-Regi, R., Romero, R., Tarca, A.L., Sendler, E.D., Xu, Y., Garcia-Flores, V., Leng, Y., Luca, F.,
Hassan, S.S., Gomez-Lopez, N., 2019. Single cell transcriptional signatures of the human
placenta in term and preterm parturition. Elife 8. https://doi.org/10.7554/ELIFE.52004

Poidatz, D., Dos Santos, E., Gronier, H., Vialard, F., Maury, B., De Mazancourt, P., Dieudonne, M.-N.,
2015. Trophoblast syncytialisation necessitates mitochondrial function through estrogen-
related receptor- activation. Mol. Hum. Reprod. 21, 206-216.
https://doi.org/10.1093/molehr/gau102

Pradeepa, M.M., Grimes, G.R., Kumar, Y., Olley, G., Taylor, G.C.A., Schneider, R., Bickmore, W.A.,
2016. Histone H3 globular domain acetylation identifies a new class of enhancers. Nat. Genet.
2016 486 48, 681-686. https://doi.org/10.1038/ng.3550

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M.A.R., Bender, D., Maller, J., Sklar, P., De
Bakker, P.1.W., Daly, M.J., Sham, P.C., 2007. PLINK: A tool set for whole-genome association and
population-based linkage analyses. Am. J. Hum. Genet. 81, 559-575.
https://doi.org/10.1086/519795

Qiu, X., Wu, H., Hu, R., 2013. The impact of quantile and rank normalization procedures on the
testing power of gene differential expression analysis. BMC Bioinforma. 2013 141 14, 1-10.
https://doi.org/10.1186/1471-2105-14-124

Raisner, R., Kharbanda, S., Jin, L., Jeng, E., Chan, E., Merchant, M., Haverty, P.M., Bainer, R., Cheung,
T., Arnott, D., Flynn, E.M., Romero, F.A., Magnuson, S., Gascoigne, K.E., 2018. Enhancer Activity
Requires CBP/P300 Bromodomain-Dependent Histone H3K27 Acetylation. Cell Rep. 24, 1722—-
1729. https://doi.org/10.1016/).CELREP.2018.07.041

Ran, F.A., Hsu, P.D., Wright, J., Agarwala, V., Scott, D.A., Zhang, F., 2013. Genome engineering using
the CRISPR-Cas9 system. Nat. Protoc. 8, 2281-2308. https://doi.org/10.1038/nprot.2013.143

Rana, S., Lemoine, E., Granger, J.P., Karumanchi, S.A., 2019. Preeclampsia. Circ. Res. 124, 1094-1112.
https://doi.org/10.1161/CIRCRESAHA.118.313276

Rao, C. V., Li, X., Manna, S.K., Lei, Z.M., Aggarwal, B.B., 2004. Human Chorionic Gonadotropin
Decreases Proliferation and Invasion of Breast Cancer MCF-7 Cells by Inhibiting NF-kB and AP-1

234



Activation. J. Biol. Chem. 279, 25503-25510. https://doi.org/10.1074/jbc.M400683200

Raymond, D., Peterson, E., 2011. A critical review of early-onset and late-onset preeclampsia.
Obstet. Gynecol. Surv. 66, 497-506. https://doi.org/10.1097/0GX.0B013E3182331028

Red-Horse, K., Zhou, Y., Genbacev, O., Prakobphol, A., Foulk, R., McMaster, M., Fisher, S.J., 2004.
Trophoblast differentiation during embryo implantation and formation of the maternal-fetal
interface. J. Clin. Invest. 114, 744-754. https://doi.org/10.1172/)CI22991

Regnault, T.R.H., Galan, H.L., Parker, T.A., Anthony, R.V., 2002. Placental Development in Normal and
Compromised Pregnancies— A Review. Placenta 23, S119-5129.
https://doi.org/10.1053/plac.2002.0792

Ren, G.-X., Guo, X.-P., Sun, Y.-C., 2017. Regulatory 3’ Untranslated Regions of Bacterial mRNAs.
Front. Microbiol. 8. https://doi.org/10.3389/FMICB.2017.01276

Rivals, I., Personnaz, L., Taing, L., Potier, M.-C., 2007. Enrichment or depletion of a GO category
within a class of genes: which test? Bioinformatics 23, 401-407.
https://doi.org/10.1093/bioinformatics/btl633

Roberts, D.J., Post, M.D., 2008. The placenta in pre-eclampsia and intrauterine growth restriction. J.
Clin. Pathol. 61, 1254-1260. https://doi.org/10.1136/jcp.2008.055236

Roberts, J.M., Rajakumar, A., 2009. Preeclampsia and Soluble fms-Like Tyrosine Kinase 1. J. Clin.
Endocrinol. Metab. 94, 2252-2254. https://doi.org/10.1210/JC.2009-0945

Roberts, R.M., Green, J.A., Schulz, L.C., 2016. The evolution of the placenta. Reproduction 152,
R179-R189. https://doi.org/10.1530/REP-16-0325

Robertson, S.A., Care, A.S., Moldenhauer, L.M., 2018. Regulatory T cells in embryo implantation and
the immune response to pregnancy. J. Clin. Invest. 128, 4224-4235.
https://doi.org/10.1172/)C1122182

Roland, C.S., Hu, J., Ren, C.-E., Chen, H., Li, J., Varvoutis, M.S., Leaphart, L.W., Byck, D.B., Zhu, X.,
Jiang, S.-W., 2016. Morphological changes of placental syncytium and their implications for the
pathogenesis of preeclampsia. Cell. Mol. Life Sci. 73, 365-376. https://doi.org/10.1007/s00018-
015-2069-x

Rosenberg, T., Pariente, G., Sergienko, R., Wiznitzer, A., Sheiner, E., 2011. Critical analysis of risk
factors and outcome of placenta previa. Arch. Gynecol. Obstet. 284, 47-51.
https://doi.org/10.1007/500404-010-1598-7/TABLES/5

Roskoski, R., 2014. The ErbB/HER family of protein-tyrosine kinases and cancer. Pharmacol. Res. 79,
34-74. https://doi.org/10.1016/j.phrs.2013.11.002

Rouhani, F., Kumasaka, N., Brito, M.C. de, Bradley, A., Vallier, L., Gaffney, D., 2014. Genetic
Background Drives Transcriptional Variation in Human Induced Pluripotent Stem Cells. PLoS
Genet. 10. https://doi.org/10.1371/JOURNAL.PGEN.1004432

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

Ruebner, M., Strissel, P.L., Ekici, A.B., Stiegler, E., Dammer, U., Goecke, T.W., Faschingbauer, F.,
Fahlbusch, F.B., Beckmann, M.W,, Strick, R., 2013. Reduced Syncytin-1 Expression Levels in
Placental Syndromes Correlates with Epigenetic Hypermethylation of the ERVW-1 Promoter
Region. PLoS One 8, e56145. https://doi.org/10.1371/journal.pone.0056145

235



Ryan, K., Bauer, D.L. V, 2008. Finishing touches: post-translational modification of protein factors
involved in mammalian pre-mRNA 3’ end formation. Int. J. Biochem. Cell Biol. 40, 2384-2396.
https://doi.org/10.1016/).BIOCEL.2008.03.016

Sachidanandam, R., Weissman, D., Schmidt, S.C., Kakol, J.M., Stein, L.D., Marth, G., Sherry, S.,
Mullikin, J.C., Mortimore, B.J., Willey, D.L., Hunt, S.E., Cole, C.G., Coggill, P.C., Rice, C.M., Ning,
Z., Rogers, J., Bentley, D.R., Kwok, P.-Y., Mardis, E.R., Yeh, R.T., Schultz, B., Cook, L., Davenport,
R., Dante, M., Fulton, L., Hillier, L., Waterston, R.H., McPherson, J.D., Gilman, B., Schaffner, S.,
Etten, W.J. Van, Reich, D., Higgins, J., Daly, M.J., Blumenstiel, B., Baldwin, J., Stange-Thomann,
N., Zody, M.C,, Linton, L., Lander, E.S., Altshuler, D., 2001. A map of human genome sequence
variation containing 1.42 million single nucleotide polymorphisms. Nature 409, 928-933.
https://doi.org/10.1038/35057149

Saei, H., Govahi, A., Abiri, A., Eghbali, M., Abiri, M., 2021. Comprehensive transcriptome mining
identified the gene expression signature and differentially regulated pathways of the late-onset
preeclampsia. Pregnancy Hypertens. 25, 91-102.
https://doi.org/10.1016/J.PREGHY.2021.05.007

Sagrillo-Fagundes, L., Laurent, L., Bienvenue-Pariseault, J., Vaillancourt, C., 2018. In Vitro Induction of
Hypoxia/Reoxygenation on Placental Cells: A Suitable Model for Understanding Placental
Diseases, Methods in Molecular Biology. Humana Press, New York, NY.
https://doi.org/10.1007/978-1-4939-7498-6 21

Samarage, C.R., White, M.D., Alvarez, Y.D., Fierro-Gonzalez, J.C., Henon, Y., Jesudason, E.C., Bissiere,
S., Fouras, A., Plachta, N., 2015. Cortical Tension Allocates the First Inner Cells of the
Mammalian Embryo. Dev. Cell 34, 435-447. https://doi.org/10.1016/j.devcel.2015.07.004

Sanchez-Aranguren, L.C., Prada, C.E., Riafo-Medina, C.E., Lopez, M., 2014. Endothelial dysfunction
and preeclampsia: Role of oxidative stress. Front. Physiol. 5, 1-11.
https://doi.org/10.3389/fphys.2014.00372

Sanjana, N.E., Shalem, O., Zhang, F., 2014. Improved vectors and genome-wide libraries for CRISPR
screening. Nat. Methods 11, 783. https://doi.org/10.1038/NMETH.3047

Sanson, K.R., Hanna, R.E., Hegde, M., Donovan, K.F., Strand, C., Sullender, M.E., Vaimberg, E.W.,
Goodale, A., Root, D.E., Piccioni, F., Doench, J.G., 2018. Optimized libraries for CRISPR-Cas9
genetic screens with multiple modalities. Nat. Commun. 9, 1-15.
https://doi.org/10.1038/s41467-018-07901-8

Senner, C.E., Hemberger, M., 2010. Regulation of early trophoblast differentiation — Lessons from
the mouse. Placenta 31, 944-950. https://doi.org/10.1016/).PLACENTA.2010.07.013

Shabalin, A.A., 2012. Matrix eQTL: Ultra fast eQTL analysis via large matrix operations. Bioinformatics
28, 1353-1358. https://doi.org/10.1093/bioinformatics/bts163

Shalem, O., Sanjana, N.E., Zhang, F., 2015. High-throughput functional genomics using CRISPR—Cas9.
Nat. Rev. Genet. 2015 165 16, 299-311. https://doi.org/10.1038/nrg3899

Shankar, K., Kang, P., Zhong, Y., Borengasser, S.J., Wingfield, C., Saben, J., Gomez-Acevedo, H.,
Thakali, K.M., Wing, C., Saben, J., Gomez-Acevedo, H., Thakali, K.M., Wingfield, C., Saben, J.,
Gomez-Acevedo, H., Thakali, K.M., 2015. Transcriptomic and epigenomic landscapes during cell
fusion in BeWo trophoblast cells. Placenta 36, 1342-1351.
https://doi.org/10.1016/j.placenta.2015.10.010

Shao, X., Cao, G., Chen, D, Liu, J., Yu, B., Liu, M., Li, Y.-X., Cao, B., Sadovsky, Y., Wang, Y.-L., 2021.
Placental trophoblast syncytialization potentiates macropinocytosis via mTOR signaling to

236



adapt to reduced amino acid supply. Proc. Natl. Acad. Sci. 118.
https://doi.org/10.1073/PNAS.2017092118

Sharma, D., Farahbakhsh, N., Shastri, S., Sharma, P., 2016. Intrauterine growth restriction — part 2. J.
Matern. Neonatal Med. 29, 4037-4048. https://doi.org/10.3109/14767058.2016.1154525

Shen, L., Li, Y., Li, R., Diao, Z., Yany, M., Wu, M., Sun, H., Yan, G., Hu, Y., 2018. Placenta-associated
serum exosomal miR-155 derived from patients with preeclampsia inhibits eNOS expression in
human umbilical vein endothelial cells. Int. J. Mol. Med. 41, 1731-1739.
https://doi.org/10.3892/ijmm.2018.3367

Sheridan, M.A.,, Fernando, R.C., Gardner, L., Hollinshead, M.S., Burton, G.J., Moffett, A., Turco, M.Y.,
2020. Establishment and differentiation of long-term trophoblast organoid cultures from the
human placenta. Nat. Protoc. 15, 3441-3463. https://doi.org/10.1038/s41596-020-0381-x

Sheridan, R.M., Stanek, J., Khoury, J., Handwerger, S., 2012. Abnormal expression of transcription
factor activator protein-2a in pathologic placentas. Hum. Pathol. 43, 1866-1874.
https://doi.org/10.1016/j.humpath.2012.01.011

Shifman, S., Kuypers, J., Kokoris, M., Yakir, B., Darvasi, A., 2003. Linkage disequilibrium patterns of
the human genome across populations. Hum. Mol. Genet. 12, 771-776.
https://doi.org/10.1093/HMG/DDG088

Shiraishi, S., Nakagawa, K., Kinukawa, N., Nakano, H., Sueishi, K., 1996. Immunohistochemical
localization of vascular endothelial growth factor in the human placenta. Placenta 17, 111-121.
https://doi.org/10.1016/50143-4004(96)80004-X

Shore, V.H., Wang, T.-H., Wang, C.-L., Torry, R.J., Caudle, M.R., Torry, D.S., 1997. Vascular endothelial
growth factor, placenta growth factor and their receptors in isolated human trophoblast.
Placenta 18, 657—665. https://doi.org/10.1016/50143-4004(97)90007-2

Shrivastav, M., De Haro, L.P., Nickoloff, J.A., 2008. Regulation of DNA double-strand break repair
pathway choice. Cell Res. 18, 134-147. https://doi.org/10.1038/cr.2007.111

Shu, X., Shaner, N.C., Yarbrough, C.A., Tsien, R.Y., Remington, S.J., 2006. Novel Chromophores and
Buried Charges Control Color in mFruits ,. Biochemistry 45, 9639-9647.
https://doi.org/10.1021/bi060773|

Singh, I., 2018. Human Embryology, Human Embryology. Jaypee Brothers Medical.

Sober, S., Reiman, M., Kikas, T., Rull, K., Inno, R., Vaas, P., Teesalu, P., Marti, J.M.L., Mattila, P., Laan,
M., 2015. Extensive shift in placental transcriptome profile in preeclampsia and placental origin
of adverse pregnancy outcomes. Sci. Rep. 5, 13336. https://doi.org/10.1038/srep13336

See, K., Andersen, T.L., Hobolt-Pedersen, A.-S., Bjerregaard, B., Larsson, L.-I., Delaissé, J.-M., 2011.
Involvement of human endogenous retroviral syncytin-1 in human osteoclast fusion. Bone 48,
837-846. https://doi.org/10.1016/j.bone.2010.11.011

Soleimani, F., Zaheri, F., Abdi, F., 2014. Long-Term Neurodevelopmental Outcome s After Preterm
Birth. Iran. Red Crescent Med. J. 16, 17965. https://doi.org/10.5812/ircmj.17965

Soltanifar, S., Russell, R., 2012. The National Institute for Health and Clinical Excellence (NICE)
guidelines for caesarean section, 2011 update: implications for the anaesthetist. Int. J. Obstet.
Anesth. 21, 264-272. https://doi.org/10.1016/j.ijoa.2012.03.004

Song, X., Luo, X., Gao, Quansheng, Wang, Y., Gao, Qing, Long, W., 2017. Dysregulation of LncRNAs in
Placenta and Pathogenesis of Preeclampsia. Curr. Drug Targets 18, 1165-1170.
https://doi.org/10.2174/1389450118666170404160000

237



Souders, C.A., Maynard, S.E., Yan, J., Wang, Y., Boatright, N.K., Sedan, J., Balyozian, D., Cheslock, P.S.,
Molrine, D.C., Simas, T.A.M., 2015. Circulating Levels of sFlt1 Splice Variants as Predictive
Markers for the Development of Preeclampsia. Int. J. Mol. Sci. 2015, Vol. 16, Pages 12436-
12453 16, 12436-12453. https://doi.org/10.3390/1JMS160612436

Stacey, T., Tennant, P., McCowan, L., Mitchell, E., Budd, J., Li, M., Thompson, J., Martin, B., Roberts,
D., Heazell, A., 2019. Gestational diabetes and the risk of late stillbirth: a case—control study
from England, UK. BJOG An Int. J. Obstet. Gynaecol. 126, 1471-0528.15659.
https://doi.org/10.1111/1471-0528.15659

Stirrat, L.1., Sengers, B.G., Norman, J.E., Homer, N.Z.M., Andrew, R., Lewis, R.M., Reynolds, R.M.,
2018. Transfer and Metabolism of Cortisol by the Isolated Perfused Human Placenta. J. Clin.
Endocrinol. Metab. 103, 640—-648. https://doi.org/10.1210/jc.2017-02140

Sudmant, P.H., Rausch, T., Gardner, E.J., Handsaker, R.E., Abyzov, A., Huddleston, J., Zhang, Y., Ye, K.,
Jun, G., Fritz, M.H.Y., Konkel, M.K., Malhotra, A., Stlitz, A.M., Shi, X., Casale, F.P., Chen, J.,
Hormozdiari, F., Dayama, G., Chen, K., Malig, M., Chaisson, M.J.P., Walter, K., Meiers, S.,
Kashin, S., Garrison, E., Auton, A., Lam, H.Y.K., Mu, X.J., Alkan, C., Antaki, D., Bae, T., Cerveira,
E., Chines, P., Chong, Z., Clarke, L., Dal, E., Ding, L., Emery, S., Fan, X., Gujral, M., Kahveci, F.,
Kidd, J.M., Kong, Y., Lameijer, E.W., McCarthy, S., Flicek, P., Gibbs, R.A., Marth, G., Mason, C.E.,
Menelaou, A., Muzny, D.M., Nelson, B.J., Noor, A., Parrish, N.F., Pendleton, M., Quitadamo, A.,
Raeder, B., Schadt, E.E., Romanovitch, M., Schlattl, A., Sebra, R., Shabalin, A.A., Untergasser, A.,
Walker, J.A., Wang, M., Yu, F., Zhang, C., Zhang, J., Zheng-Bradley, X., Zhou, W., Zichner, T.,
Sebat, J., Batzer, M.A., McCarroll, S.A., Mills, R.E., Gerstein, M.B., Bashir, A., Stegle, O., Devine,
S.E., Lee, C., Eichler, E.E., Korbel, J.0., 2015. An integrated map of structural variation in 2,504
human genomes. Nature 526, 75—-81. https://doi.org/10.1038/nature15394

Suidan, J., Wasserman, J., Young, B., 1984. Placental Contribution to Lactate Production by the
Human Fetoplacental Unit. Am. J. Perinatol. 1, 306—309. https://doi.org/10.1055/s-2007-
1000027

Sullivan, G.M., Feinn, R., 2012. Using Effect Size—or Why the P Value Is Not Enough. J. Grad. Med.
Educ. 4, 279-282. https://doi.org/10.4300/JGME-D-12-00156.1

Sun, N., Qin, S., Zhang, L., Liu, S., 2021. Roles of noncoding RNAs in preeclampsia. Reprod. Biol.
Endocrinol. 19, 100. https://doi.org/10.1186/s12958-021-00783-4

Szanthé, E., Karai, B., Ivady, G., Bedekovics, J., Szegedi, I., Petrds, M., Ujj, G., Ujfalusi, A., Kiss, C.,
Kappelmayer, J., Hevessy, Z., 2018. Comparative Analysis of Multicolor Flow Cytometry and
Immunohistochemistry for the Detection of Disseminated Tumor Cells. Appl.
Immunohistochem. Mol. Morphol. 26, 305-315.
https://doi.org/10.1097/PAl.0000000000000519

Tabachnick, B.G., Fidell, L.S., 2019. Using Multivariate Statistics, 7th ed. Pearson, Boston.

Tam, V., Patel, N., Turcotte, M., Bossé, Y., Paré, G., Meyre, D., 2019. Benefits and limitations of
genome-wide association studies. Nat. Rev. Genet. 20, 467-484.
https://doi.org/10.1038/s41576-019-0127-1

Tan, H.X,, Yang, S.L., Li, M.Q., Wang, H.Y., 2020. Autophagy suppression of trophoblast cells induces
pregnancy loss by activating decidual NK cytotoxicity and inhibiting trophoblast invasion. Cell
Commun. Signal. 18, 1-16. https://doi.org/10.1186/512964-020-00579-W/FIGURES/8

Tang, Z.-R., Xu, X.-L., Deng, S.-L., Lian, Z.-X., Yu, K., 2020. Oestrogenic Endocrine Disruptors in the
Placenta and the Fetus. Int. J. Mol. Sci. 21, 1519. https://doi.org/10.3390/ijms21041519

238



Tekola-Ayele, F., Zhang, C., Wu, J., Grantz, K.L., Rahman, M.L., Shrestha, D., Ouidir, M.,
Workalemahu, T., Tsai, M.Y., 2020. Trans-ethnic meta-analysis of genome-wide association
studies identifies maternal ITPR1 as a novel locus influencing fetal growth during sensitive
periods in pregnancy. PLOS Genet. 16, e1008747.
https://doi.org/10.1371/JOURNAL.PGEN.1008747

The ENCODE Project Consortium, 2012. An integrated encyclopedia of DNA elements in the human
genome. Nature 489, 57-74. https://doi.org/10.1038/NATURE11247

ThermoFisher Scientific, 2019. Transcriptome Analysis Console (TAC) 4.0.2 USER GUIDE Publication
Number 703150 Revision 8 Legal entity. ThermoFisher Sci.

Thomas, C., Andrews, J., Raikwar, N., Kelley, E., Herse, F., Dechend, R., Golos, T., Liu, K., 2009. A
recently evolved novel trophoblast-enriched secreted form of fms-like tyrosine kinase-1 variant
is up-regulated in hypoxia and preeclampsia. J. Clin. Endocrinol. Metab. 94, 2524-2530.
https://doi.org/10.1210/JC.2009-0017

Tiensuu, H., Haapalainen, A.M., Karjalainen, M.K., Pasanen, A., Huusko, J.M., Marttila, R., Ojaniemi,
M., Muglia, L.J., Hallman, M., Ramet, M., 2019. Risk of spontaneous preterm birth and fetal
growth associates with fetal SLIT2. PLOS Genet. 15, e1008107.
https://doi.org/10.1371/JOURNAL.PGEN.1008107

Tseng, J., Hsieh, Y., Hsu, S., Chou, M., 2009. Metastasis associated lung adenocarcinoma transcript 1
is up-regulated in placenta previa increta / percreta and strongly associated with trophoblast-
like cell invasion in vitro 15, 725-731. https://doi.org/10.1093/molehr/gap071

Turbeville, H.R., Sasser, J.M., 2020. Preeclampsia beyond pregnancy: long-term consequences for
mother and child. Am. J. Physiol. Physiol. 318, F1315-F1326.
https://doi.org/10.1152/ajprenal.00071.2020

Turco, M.Y., Gardner, L., Kay, R.G., Hamilton, R.S., Prater, M., Hollinshead, M.S., McWhinnie, A.,
Esposito, L., Fernando, R., Skelton, H., Reimann, F., Gribble, F.M., Sharkey, A., Marsh, S.G.E.,
O’rahilly, S., Hemberger, M., Burton, G.J., Moffett, A., O’Rahilly, S., Hemberger, M., Burton, G.J.,
Moffett, A., 2018. Trophoblast organoids as a model for maternal-fetal interactions during
human placentation. Nature 564, 263—-267. https://doi.org/10.1038/s41586-018-0753-3

Uhlén, M., Fagerberg, L., Hallstrom, B.M., Lindskog, C., Oksvold, P., Mardinoglu, A., Sivertsson, A,
Kampf, C., Sjostedt, E., Asplund, A., Olsson, I.M., Edlund, K., Lundberg, E., Navani, S., Szigyarto,
C.AK., Odeberg, J., Djureinovic, D., Takanen, J.0., Hober, S., Alm, T., Edqvist, P.H., Berling, H.,
Tegel, H., Mulder, J., Rockberg, J., Nilsson, P., Schwenk, J.M., Hamsten, M., Von Feilitzen, K.,
Forsberg, M., Persson, L., Johansson, F., Zwahlen, M., Von Heijne, G., Nielsen, J., Pontén, F.,
2015. Tissue-based map of the human proteome. Science (80-. ). 347.
https://doi.org/10.1126/SCIENCE.1260419

Uhlen, M., Zhang, C., Lee, S., Sjostedt, E., Fagerberg, L., Bidkhori, G., Benfeitas, R., Arif, M., Liu, Z.,
Edfors, F., Sanli, K., Von Feilitzen, K., Oksvold, P., Lundberg, E., Hober, S., Nilsson, P., Mattsson,
J., Schwenk, J.M., Brunnstrom, H., Glimelius, B., Sjéblom, T., Edqvist, P.H., Djureinovic, D.,
Micke, P., Lindskog, C., Mardinoglu, A., Ponten, F., 2017. A pathology atlas of the human cancer
transcriptome. Science (80-. ). 357. https://doi.org/10.1126/SCIENCE.AAN2507

Uygur, B., Leikina, E., Melikov, K., Villasmil, R., Verma, S.K., Vary, C.P.H., Chernomordik, L. V, 2019.
Tumor Microenvironment and Immunobiology Interactions with Muscle Cells Boost Fusion,
Stemness, and Drug Resistance of Prostate Cancer Cells. https://doi.org/10.1158/1541-
7786.MCR-18-0500

Vaiman, D., Calicchio, R., Miralles, F., 2013. Landscape of Transcriptional Deregulations in the

239



Preeclamptic Placenta. PLoS One 8, 65498. https://doi.org/10.1371/journal.pone.0065498

Vaiman, D., Miralles, F., 2016. An integrative analysis of preeclampsia based on the construction of
an extended composite network featuring protein-protein physical interactions and
transcriptional relationships. PLoS One 11, 1-16.
https://doi.org/10.1371/journal.pone.0165849

Valencia-Ortega, J., Zérate, A., Saucedo, R., Hernandez-Valencia, M., Cruz, J.G., Puello, E., 2019.
Placental Proinflammatory State and Maternal Endothelial Dysfunction in Preeclampsia.
Gynecol. Obstet. Invest. 84, 12-19. https://doi.org/10.1159/000491087

van Dijk, M., Mulders, J., Poutsma, A., Kdnst, A.A.M., Lachmeijer, A.M.A., Dekker, G.A., Blankenstein,
M.A., Oudejans, C.B.M., 2005. Maternal segregation of the Dutch preeclampsia locus at 10922
with a new member of the winged helix gene family. Nat. Genet. 37, 514-519.
https://doi.org/10.1038/ng1541

Vargas, A., Toufaily, C., LeBellego, F., Rassart, E., Lafond, J., Barbeau, B., 2011. Reduced Expression of
Both Syncytin 1 and Syncytin 2 Correlates With Severity of Preeclampsia. Reprod. Sci. 18, 1085—
1091. https://doi.org/10.1177/1933719111404608

Veerbeek, J.H.W., Hermes, W., Breimer, A.Y., Rijn, B.B. van, Koenen, S. V., Mol, B.W., Franx, A.,
Groot, C.J.M. de, Koster, M.P.H., 2015. Cardiovascular Disease Risk Factors After Early-Onset
Preeclampsia, Late-Onset Preeclampsia, and Pregnancy-Induced Hypertension. Hypertension
65, 600-606. https://doi.org/10.1161/HYPERTENSIONAHA.114.04850

Venkatesha, S., Toporsian, M., Lam, C., Hanai, J., Mammoto, T., Kim, Y.M., Bdolah, Y., Lim, K.-H.,
Yuan, H.-T., Libermann, T.A,, Stillman, I.E., Roberts, D., D’Amore, P.A., Epstein, F.H., Sellke,
F.W., Romero, R., Sukhatme, V.P., Letarte, M., Karumanchi, S.A., 2006. Soluble endoglin
contributes to the pathogenesis of preeclampsia. Nat. Med. 2006 126 12, 642—649.
https://doi.org/10.1038/nm1429

Vennou, K.E., Kontou, P.l., Braliou, G.G., Bagos, P.G., 2020. Meta-analysis of gene expression profiles
in preeclampsia. Pregnancy Hypertens. 19, 52-60.
https://doi.org/10.1016/j.preghy.2019.12.007

Venter, J.C., Adams, M.D., Myers, E.W., Li, P.W., Mural, R.J., Sutton, G.G., Smith, H.O., Yandell, M.,
Evans, C.A., Holt, R.A., Gocayne, J.D., Amanatides, P., Ballew, R.M., Huson, D.H., Wortman, J.R.,
Zhang, Q., Kodira, C.D., Zheng, X.H., Chen, L., Skupski, M., Subramanian, G., Thomas, P.D.,
Zhang, J., Gabor Miklos, G.L., Nelson, C., Broder, S., Clark, A.G., Nadeau, J., McKusick, V.A.,
Zinder, N., Levine, A.J., Roberts, R.J., Simon, M., Slayman, C., Hunkapiller, M., Bolanos, R.,
Delcher, A., Dew, I., Fasulo, D., Flanigan, M., Florea, L., Halpern, A., Hannenhalli, S., Kravitz, S.,
Levy, S., Mobarry, C., Reinert, K., Remington, K., Abu-Threideh, J., Beasley, E., Biddick, K.,
Bonazzi, V., Brandon, R., Cargill, M., Chandramouliswaran, I., Charlab, R., Chaturvedi, K., Deng,
Z., Francesco, V. Di, Dunn, P., Eilbeck, K., Evangelista, C., Gabrielian, A.E., Gan, W., Ge, W.,
Gong, F., Gu, Z., Guan, P., Heiman, T.J., Higgins, M.E., Ji, R.-R., Ke, Z., Ketchum, K.A., Lai, Z., Lei,
Y., L, Z., Li, )., Liang, Y., Lin, X., Lu, F., Merkulov, G. V., Milshina, N., Moore, H.M., Naik, A.K.,
Narayan, V.A., Neelam, B., Nusskern, D., Rusch, D.B., Salzberg, S., Shao, W., Shue, B., Sun, J.,
Wang, Z.Y., Wang, A., Wang, X., Wang, J., Wei, M.-H., Wides, R., Xiao, C., Yan, C,, Yao, A., Ye, J.,
Zhan, M., Zhang, W., Zhang, H., Zhao, Q., Zheng, L., Zhong, F., Zhong, W., Zhu, S.C., Zhao, S.,
Gilbert, D., Baumhueter, S., Spier, G., Carter, C., Cravchik, A., Woodage, T., Ali, F., An, H., Awe,
A., Baldwin, D., Baden, H., Barnstead, M., Barrow, I., Beeson, K., Busam, D., Carver, A., Center,
A., Cheng, M.L., Curry, L., Danaher, S., Davenport, L., Desilets, R., Dietz, S., Dodson, K., Doup, L.,
Ferriera, S., Garg, N., Gluecksmann, A., Hart, B., Haynes, J., Haynes, C., Heiner, C., Hladun, S.,
Hostin, D., Houck, J., Howland, T., Ibegwam, C., Johnson, J., Kalush, F., Kline, L., Koduru, S.,
Love, A., Mann, F., May, D., McCawley, S., MclIntosh, T., McMullen, I., Moy, M., Moy, L.,

240



Murphy, B., Nelson, K., Pfannkoch, C., Pratts, E., Puri, V., Qureshi, H., Reardon, M., Rodriguez,
R., Rogers, Y.-H., Romblad, D., Ruhfel, B., Scott, R., Sitter, C., Smallwood, M., Stewart, E., Strong,
R., Suh, E., Thomas, R., Tint, N.N., Tse, S., Vech, C., Wang, G., Wetter, J., Williams, S., Williams,
M., Windsor, S., Winn-Deen, E., Wolfe, K., Zaveri, J., Zaveri, K., Abril, J.F., Guigo, R., Campbell,
M.J., Sjolander, K. V., Karlak, B., Kejariwal, A., Mi, H., Lazareva, B., Hatton, T., Narechania, A.,
Diemer, K., Muruganujan, A., Guo, N., Sato, S., Bafna, V., Istrail, S., Lippert, R., Schwartz, R.,
Walenz, B., Yooseph, S., Allen, D., Basu, A., Baxendale, J., Blick, L., Caminha, M., Carnes-Stine, J.,
Caulk, P., Chiang, Y.-H., Coyne, M., Dahlke, C., Mays, A.D., Dombroski, M., Donnelly, M., Ely, D.,
Esparham, S., Fosler, C., Gire, H., Glanowski, S., Glasser, K., Glodek, A., Gorokhov, M., Graham,
K., Gropman, B., Harris, M., Heil, J., Henderson, S., Hoover, J., Jennings, D., Jordan, C., Jordan, J.,
Kasha, J., Kagan, L., Kraft, C., Levitsky, A., Lewis, M., Liu, X., Lopez, J., Ma, D., Majoros, W.,
McDaniel, J., Murphy, S., Newman, M., Nguyen, T., Nguyen, N., Nodell, M., Pan, S., Peck, J.,
Peterson, M., Rowe, W., Sanders, R., Scott, J., Simpson, M., Smith, T., Sprague, A., Stockwell, T.,
Turner, R., Venter, E., Wang, M., Wen, M., Wu, D., Wu, M., Xia, A., Zandieh, A., Zhu, X., 2001.
The Sequence of the Human Genome. Science (80-. ). 291, 1304-1351.
https://doi.org/10.1126/science.1058040

Verkman, A.S., Mitra, A.K., 2000. Structure and function of aquaporin water channels. Am. J. Physiol.
Physiol. 278, F13—F28. https://doi.org/10.1152/ajprenal.2000.278.1.F13

Verma, S., Mishra, R., Malik, A., Chaudhary, P., Malhotra, S.S., Panda, A.K., Gupta, S.K., 2021. miR-
27b-5p inhibits BeWo cells fusion by regulating WNT2B and enzyme involved in progesterone
synthesis. Am. J. Reprod. Immunol. 86, e13409. https://doi.org/10.1111/aji.13409

Vigano, P., Mangioni, S., Pompei, F., Chiodo, I., 2003. Maternal-conceptus Cross Talk—A Review.
Placenta 24, S56-S61. https://doi.org/10.1016/50143-4004(03)00137-1

von Boehmer, H., Kisielow, P., 1990. Self-nonself discrimination by T cells. Science (80-. ). 248, 1369—
1373. https://doi.org/10.1126/science.1972594

Wagner, P.K., Otomo, A., Christians, J.K., 2011. Regulation of pregnancy-associated plasma protein
A2 (PAPPA2) in a human placental trophoblast cell line (BeWo). Reprod. Biol. Endocrinol. 9, 1-
7. https://doi.org/10.1186/1477-7827-9-48/FIGURES/1

Wainberg, M., Sinnott-Armstrong, N., Mancuso, N., Barbeira, A.N., Knowles, D.A., Golan, D., Ermel,
R., Ruusalepp, A., Quertermous, T., Hao, K., Bjorkegren, J.L.M., Im, H.K., Pasaniuc, B., Rivas,
M.A.,, Kundaje, A., 2019. Opportunities and challenges for transcriptome-wide association
studies. Nat. Genet. 2019 514 51, 592-599. https://doi.org/10.1038/s41588-019-0385-z

Walter, D.M., Venancio, O.S., Buza, E.L., Tobias, J.W., Deshpande, C., Gudiel, A.A., Kim-Kiselak, C.,
Cicchini, M., Yates, T.J., Feldser, D.M., 2017. Systematic in vivo inactivation of chromatin
regulating enzymes identifies Setd2 as a potent tumor suppressor in lung adenocarcinoma.
Cancer Res. 77, 1719-1729. https://doi.org/10.1158/0008-5472.CAN-16-2159

Wang, C., Zhan, X., Bragg-Gresham, J., Kang, H.M., Stambolian, D., Chew, E.Y., Branham, K.E.,
Heckenlively, J., Fulton, R., Wilson, R.K., Mardis, E.R., Lin, X., Swaroop, A., ZolIner, S., Abecasis,
G.R., 2014. Ancestry estimation and control of population stratification for sequence-based
association studies. Nat. Genet. 2014 464 46, 409—-415. https://doi.org/10.1038/ng.2924

Wang, H., Zhao, Y., Luo, R., Bian, X., Wang, Y., Shao, X., Li, Y., Liu, M., Wang, Y.-L., 2019. A positive
feedback self-regulatory loop between miR-210 and HIF-1a mediated by CPEB2 is involved in
trophoblast syncytiolization: implication of trophoblast malfunction in preeclampsia. Biol.
Reprod. https://doi.org/10.1093/biolre/ioz196

Wang, S., Kallichanda, N., Song, W., Ramirez, B.A., Ross, M.G., 2001. Expression of aquaporin-8 in
human placenta and chorioamniotic membranes: Evidence of molecular mechanism for

241



intramembranous amniotic fluid resorption. Am. J. Obstet. Gynecol. 185, 1226-1231.
https://doi.org/10.1067/mob.2001.117971

Wang, W., Chen, D., 2012. Angiogenesis-Associated MicroRNA-17 Family (17, 20a and 20b) Regulate
Trophoblast Differentiation by Targeting Ephrin-b2 and EPHBA4. Biol. Reprod. 87, 382-382.
https://doi.org/10.1093/biolreprod/87.s1.382

Wang, W., Xie, X., Yuan, T., Wang, Y., Zhao, F., Zhou, Z., Zhang, H., 2021. Epidemiological trends of
maternal hypertensive disorders of pregnancy at the global, regional, and national levels: a
population-based study. BMC Pregnancy Childbirth 2021 211 21, 1-10.
https://doi.org/10.1186/512884-021-03809-2

Wang, Y., Zhao, S., 2010. Vascular Biology of the Placenta, Vascular Biology of the Placenta. Morgan
& Claypool Life Sciences.

Weedon-Fekjar, M.S., Taskén, K., 2012. Review: Spatiotemporal dynamics of hCG/cAMP signaling
and regulation of placental function. Placenta 33, S87-591.
https://doi.org/10.1016/j.placenta.2011.11.003

Westra, H.J., Franke, L., 2014. From genome to function by studying eQTLs. Biochim. Biophys. Acta -
Mol. Basis Dis. 1842, 1896-1902. https://doi.org/10.1016/).BBADIS.2014.04.024

Wickens, M., Anderson, P., Jackson, R.J., 1997. Life and death in the cytoplasm: messages from the 3’
end. Curr. Opin. Genet. Dev. 7, 220-232. https://doi.org/10.1016/50959-437X(97)80132-3

Wilkie, G.S., Dickson, K.S., Gray, N.K., 2003. Regulation of mRNA translation by 5’- and 3’-UTR-
binding factors. Trends Biochem. Sci. 28, 182-188. https://doi.org/10.1016/50968-
0004(03)00051-3

Willyard, C., 2018. Expanded human gene tally reignites debate. Nature 558, 354—-355.
https://doi.org/10.1038/d41586-018-05462-w

Wu, M., Zhang, R., Zou, Q., Chen, Y., Zhou, M., Li, X., Ran, R., Chen, Q., 2018. Comparison of the
Biological Characteristics of Mesenchymal Stem Cells Derived from the Human Placenta and
Umbilical Cord. Sci. Rep. 8, 5014. https://doi.org/10.1038/s41598-018-23396-1

Xie, L., Mouillet, J.-F., Chu, T., Parks, W.T., Sadovsky, E., Knofler, M., Sadovsky, Y., 2014. C19MC
MicroRNAs Regulate the Migration of Human Trophoblasts. Endocrinology 155, 4975-4985.
https://doi.org/10.1210/en.2014-1501

Xing, A.Y., Challier, J.C., Lepercq, J., Calizac, M., Charron, M.J., Girard, J., Hauguel-de Mouzon, S.,
1998. Unexpected Expression of Glucose Transporter 4 in Villous Stromal Cells of Human
Placenta 1. J. Clin. Endocrinol. Metab. 83, 4097-4101.
https://doi.org/10.1210/jcem.83.11.5290

Xu, Y., Ge, Z., Zhang, E., Zuo, Q., Huang, S., Yang, N., Wu, D., Zhang, Y., Chen, Y., Xu, H., Huang, H.,
Jiang, Z., Sun, L., Y, X.,Z,G.,E, Z.,,Q,Z,,S,H,N,Y.,D,W.,,Y,Z.,Y,C,H,X,H,H,ZJ, LS., 2017.
The IncRNA TUG1 modulates proliferation in trophoblast cells via epigenetic suppression of
RND3. Cell Death Dis. 8, 1-10. https://doi.org/10.1038/cddis.2017.503

Yang, X., Zhang, J., Ding, Y., 2017. Association of microRNA-155, interleukin 17A, and proteinuria in
preeclampsia. Med. (United States) 96, 1-8. https://doi.org/10.1097/MD.0000000000006509

Yang, Y., Ray, l. Le, Zhu, J., Zhang, J., Hua, J., Reilly, M., 2021. Preeclampsia Prevalence, Risk Factors,
and Pregnancy Outcomes in Sweden and China. JAMA Netw. Open 4, e218401-e218401.
https://doi.org/10.1001/JAMANETWORKOPEN.2021.8401

Yu, C.-H., Lipika, R.P., Moult, J., 2016. Consensus Genome-Wide Expression Quantitative Trait Loci

242



and Their Relationship with Human Complex Trait Disease. https://home.liebertpub.com/omi
20, 400-414. https://doi.org/10.1089/0MI.2016.0063

Yu, N.Y.-L., Hallstrém, B.M., Fagerberg, L., Ponten, F., Kawaji, H., Carninci, P., Forrest, A.R.R.,
FANTOM Consortium, T., Hayashizaki, Y., Uhlén, M., Daub, C.0., 2015. Complementing tissue
characterization by integrating transcriptome profiling from the Human Protein Atlas and from
the FANTOMS5 consortium. Nucleic Acids Res. 43, 6787—-6798.
https://doi.org/10.1093/NAR/GKV608

Yuen, R.K., Pefiaherrera, M.S., von Dadelszen, P., McFadden, D.E., Robinson, W.P., 2010. DNA
methylation profiling of human placentas reveals promoter hypomethylation of multiple genes
in early-onset preeclampsia. Eur. J. Hum. Genet. 18, 1006—1012.
https://doi.org/10.1038/ejhg.2010.63

Zhang, Y., Zou, Y., Wang, W., Zuo, Q., Jiang, Z., Sun, M., De, W., Sun, L., Y,Z2.2.,Y,2.Z., W, W.,Q, Z,, Z,
J,M,S., W, D, L,S., 2015. Down-Regulated Long Non-Coding RNA MEG3 and its Effect on
Promoting Apoptosis and Suppressing Migration of Trophoblast Cells, Journal of Cellular
Biochemistry. J Cell Biochem. https://doi.org/10.1002/jcb.25004

Zhao, H., Nyholt, D.R., Yang, Yuanhao, Wang, J., Yang, Yuedong, 2017. Improving the detection of
pathways in genome-wide association studies by combined effects of SNPs from Linkage
Disequilibrium blocks. Sci. Rep. 7, 1-8. https://doi.org/10.1038/s41598-017-03826-2

Zhao, L., Triche, E.W., Walsh, K.M., Bracken, M.B., Saftlas, A.F., Hoh, J., Dewan, A.T., 2012. Genome-
wide association study identifies a maternal copy-number deletion in PSG11 enriched among
preeclampsia patients. BMC Pregnancy Childbirth 2012 121 12, 1-10.
https://doi.org/10.1186/1471-2393-12-61

Zhao, M., Wang, L.T,, Liang, G.P., Zhang, P., Deng, X.J., Tang, Q., Zhai, H.Y., Chang, C.C., Su, Y.W.,, Lu,
Q.J., 2014. Up-regulation of microRNA-210 induces immune dysfunction via targeting FOXP3 in
CD4(+) T cells of psoriasis vulgaris. Clin. Immunol. 150, 22-30.
https://doi.org/10.1016/j.clim.2013.10.009.

Zhao, R,, Jiang, S., Zhang, L., Yu, Z., 2019. Mitochondrial electron transport chain, ROS generation
and uncoupling (Review). Int. J. Mol. Med. 44, 3-15. https://doi.org/10.3892/1JMM.2019.4188

Zhao, Y., Wong, L., Goh, W.W. Bin, 2020. How to do quantile normalization correctly for gene
expression data analyses. Sci. Reports 2020 101 10, 1-11. https://doi.org/10.1038/s41598-020-
72664-6

Zheng, R, Li, Y., Sun, H., Lu, X., Sun, B.-F., Wang, R., Cui, L., Zhu, C., Lin, H.-Y., Wang, H., 2017. Deep
RNA sequencing analysis of syncytialization-related genes during BeWo cell fusion.
Reproduction 153, 35-48. https://doi.org/10.1530/REP-16-0343

Zhu, Z., Zhang, F., Hu, H., Bakshi, A., Robinson, M.R., Powell, J.E., Montgomery, G.W., Goddard, M.E.,
Wray, N.R., Visscher, P.M., Yang, J., 2016. Integration of summary data from GWAS and eQTL
studies predicts complex trait gene targets. Nat. Genet. 2016 485 48, 481-487.
https://doi.org/10.1038/ng.3538

Zhuang, X.-W.,, Li, J., Brost, B., Xia, X.-Y., Chen, H., Wang, C.-X., Jiang, S.-W., 2014. Decreased
Expression and Altered Methylation of Syncytin-1 Gene in Human Placentas Associated with
Preeclampsia. Curr. Pharm. Des. 20, 1796-1802.
https://doi.org/10.2174/13816128113199990541

Ziadie, M.S., 2011. Pathology Outlines - Anatomy & histology-placenta & umbilical cord [WWW
Document]. Pathol. website. URL

243



https://www.pathologyoutlines.com/topic/placentanormalhistology.html (accessed 10.3.21).

Zygmunt, M., Herr, F., Miinstedt, K., Lang, U., Liang, O.D., 2003. Angiogenesis and vasculogenesis in
pregnancy. Eur. J. Obstet. Gynecol. Reprod. Biol. 110, S$10-518. https://doi.org/10.1016/S0301-
2115(03)00168-4

244



Annexes

Annex 1

Genome Browser panels relative to Chapter 1 results

eSNPs on chromosome 6 and 11 mapped to regions associated with Histone modification

marks relative to enhancer-like activity.

To preliminary investigate the potential mechanisms behind the correlation of cis-eQTLs
observed on chromosome 6 and 11 with neighbouring genes, the location of eSNPs in relation
to the genes in questions (TOB2P1 and ZSCAN9, LOC646029 and AQP11, CARD17 and
CASP1P2) and to annotated histone modification marks was assessed by navigating the UCSC
Genome Browser (Kent et al., 2002). As visualisation parameters for the map, the gene
expression levels of the displayed genes are relative to the GTEx database, for 54 tissues, the
Histone modification mark levels H3K26Ac associated with enhancer activity are from
ENCODE database, relative to different cell models: Ilymphoblastoid cell line GM12878,
human embryonic stem cells (H1-hESC), Human Skeletal Muscle Myoblasts (HSMM), Human
umbilical vein endothelial cells (HUVEC), erythroleukemia (K562), neonatal Human
Epidermal Keratinocyte (NHEK) and neonatal human lung fibroblast (NHLF). Candidate Cis-
Regulatory Elements (cCREs) resulting from combination of ENCODE data from the different
cell lines are displayed along the tracks as coloured boxes: red= promoter-like signature, orange
= proximal enhancer-like, yellow = distal enhancer-like, pink = DNase-H3K4me3 relative to
promoter-like features beyond 200bp from Transcription Start Site (TSS) and blue for CTCF
binding site (The ENCODE Project Consortium, 2012). Finally, the common SNPs in the
regions are annotated from the dbSNP dataset, release 153. The SNPs of interest have been
highlighted in yellow, and their relative position along the tracks is defined with a vertical cyan
line. The SNPs are colour-coded based on their functional annotations: in red protein-altering
variants and splice site variants, synonymous codon variants in green and non-coding transcript

or Untranslated Region (UT) variants in blue.

The 24 common eSNPs correlating with TOB2P1 and ZSCAN9 expression levels span a region

of over 189kb and for visualisation purposes they have been displayed in three windows for
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UCSC Genome Browser (Figure Al.1, Figure Al.2a). While many variants are upstream of
both genes and do not colocalise with annotated regulatory regions, rs1225618 colocalise with
the beginning of ZNF192P1 gene, at the core of a region with annotated high levels of
H3K26Ac, with highest peaks corresponding to HUVEC signal. Additionally, this variant
colocalises with promoter-like signature region (Figure Al.la). Between TOB2P1 and
ZSCAND9 sequences, enhancer H3K26Ac signature is high in K562 and NHEK, marked by
multiple putative cCREs as identified from all cell types (ENCODE), rs1726891 colocalises
within this region. Interestingly, labelled in blue, rs7206 is annotated as being 3°-UT variant
for ZSCANO itself. The rest of the variants in this region localises within the promoters of
neighbouring genes ZKSCAN4 and NKAPL, rs12000 is annotated as a missense variant
(Figure Al.1b).

Both genes are expressed at relatively low levels, with average level of fluorescence (LOG2)
4.55 and 4.59 respectively. In terms of residual variance, NKAPL presented a RV of 0.47 after
modelling the expression levels by the 23 covariates; while for ZKSCAN4 this is considerably
higher, with a value of 0.74. No ZSCAN4 significant eQTLs were found in the cis-eQTL RVO0.7
dataset, but this could be due to the location of the probe that is used to assess global levels of
expression of the gene. Further downstream we find the last 9 eSNPs (Figure A1.2a), of these,
3 fall within the region encoding for the transposase PiggyBac Transposable Element Derived
1 (PGBD1). This gene is highly expressed in the brain, however it is also found expressed at
lower levels in many other human tissues, including the placenta at medium levels (Fagerberg
et al., 2014). Rs1150724 overlaps with H3K26Ac marks, close to the promoter region of the
gene, in between cCREs associated with putative enhancer function and promoter-like DNase-
H3K4me3 signature. Rs2142730 and rs1997660 are located progressively closer to the end of
the gene and rs1997660, labelled in red, is annotated as being a missense variant. In our dataset,
PGBD1 mean fluorescence levels (LOG2) is 6.03, with a residual variance of 0.45, hence it

has not been tested for potential correlation with the genotype dataset.

Of the 10 common eSNPs associated with gene expression levels of LOC646029 and AQP11,
we can observe the relative location along the genome of 7 variants in a window of approximate
50kb (Figure A1.2b). The remaining three variants are located upstream (rs7943742) and
downstream (rs10899397, rs12286317) of the window and did not overlap with annotated
regulatory features. The first three variants rs7129556, rs10793257 and rs4945185, are located
within the AQP11 gene: rs7129556 is close to the beginning of the gene, upstream of annotated
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histone mark H3K26Ac peaks, rs10793257 overlaps with cCREs characterised as distal
enhancer-like signature. All variants fall within the CLNS1A gene sequence, found on the

antisense strand.
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151654774 A/G | rs12257|oT/oG| rs9380056 C/T| rs1904840 C/T| 159393894 A/G | 52622321 C/T|  rs62620226 A/G|  rs6928131 G/C|  rs9357065 T/C|  rs9393899 G/C| rs4713152 G/A|  rs8180562 G/A| rs1619221 C/T|
4 40 G/A rs4713141 G/C|  rs16893699 A/G|  rs1871695 A/G|  rs115870904 A/G | 59468297 G/T 151150666 T/C| rs9393896 C/T| rs9368557 T/C|  rs9283884 G/C|  rs1150676 G/A | 59468301 T/C|  rs9295761 A/G|
151233784 AT | rs35111391 G/T|  rs1480646 G/A | 4713146 AT | rs4713148 G/A|  rs2622318 G/A|  rs13205911 C/T|  rs77531795 A/G|  rs77184650 T/C| rs4713150 G/A| rs16893741 T/C|  rs58909320 G/T|  rs1225591 G/A
576681363 G/A | rs72851179 G/A| rs3757187 T/C|  rs1416997 A/G | 16910942 C/G | 56908414 A/G | 59348706 A/G| rs59910759 C/G|  rs6929550 T/C| rs9380063 A/G| rs35706476 /C|  rs11426024 C/CC |
51947863 G/A/C 151225709 T/C|  rs3757186 C/T | rs9468295 T/C | 1562620225 C/T | $12206007 AT | 1512333002 C/T| rs1150669 A/G|  rs1150674 A/G| rs115651187 C/G|  rs1233696 T/A/C|  rs9468305 G/T|
rs1225711 T/C| 1s1340004 C/T|  rs3757185 T/A| 59357064 A/C| 152622322 C/A/G|  rs116789390 G/A/T | 511552219 C/T|  rs1150671 G/A|  rs80168551 C/A | 1513217984 AT | 59380065 A/G |
1577031664 delins | 1578846853 G/T|  rs77860604 A/C| 51225715 A/G/T|  rs9348794 TIA/G| 1512199860 T/G | 159468300 C/T|  rs9368556 T/A/C| 14713151 G/A| 15117758602 A/G|  rs35781323 T/C|
1510684909 T/TGT| 151947862 C/T|  rs9368555 T/C | 159468296 A/G| 1572846780 T/C| 159295759 C/T| 1513197175 C/T|  rs34505829 A'T| rs113341838 T/C| 1574589840 A/G | 151233667 A/T |
2 (A)11/(A)9/(A)10/(A)12 rs75571045 G/T|  1s9393893 T/C|  rs1225716 A/C/G | rs77155680 A/C | 15149314147 GG/GGG|  rs113676978 G/A | rs9393901 A/G| rs67207533 G/A/T|  rs142333421 G/A |
15137863564 C/T|  rs6941992 T/C| rs868987 C/T | 1572846777 C/T 1559181828 -/A/AA/G | 1s9380058 T/C|  rs74571529 C/T | rs3173443 T/A/IC/G|  rs12332979 T/IA/G | 159295760 G/A |
1534130214 C/G/T| 154713142 T/G|  rs1890809 A/G|  rs35749575 G/T 1517712613 TIAC| 159393895 T/A/C| 151150672 C/T| 1572846794 G/A | 151150678 C/T| 159885721 G/Al
1571743574 delins | rs72851182 G/T|  rs2791333 A/IC/G|  rsa711164 C/T| 152622319 G/C | 159393897 G/A/CIT| 177779601 T/C| 15371968847 T/C | 1567878650 G/C| 15144344058 G/T
59461434 A/C/G | 154713143 A/IC| 1559249466 G/A | rs9295758 C/G | rs76655036 T/A|  rs145396379 A/G | 159348797 G/C| 59348798 G/A | rs62401437 G/A |
15146817945 AAA/AAAA| 15116464398 C/T | 152791334 A/C/T | 19348795 T/C | 5114326924 G/A| 159380059 A/C/G | 159380062 G/A | 159380064 A/G | 173400532 C/T |
159380057 G/T|  rs2791332 C/G/T| 1577851971 C/A | 1513197176 C/T| | rs9368558 A/G|  rs9393902 A/G | 1573400525 G/A'T |
15113958277 G/T|  rs75420757 AIG | 154711165 T/G | 150468208 AGT| 15138119418 T/C| 573400515 G/ATT|  rs74980997 G/A | 559678548 (AGJ3/AGAG |
154713144 C/G | 152622320 T/A/C/G | 156932313 T/C| 5114627468 A/C/G | rs35098436 T/C| r$10609351 delins |
154713145 T/C| 154713147 A/IG/T | 151225618 A/C| o (A)H!(A)IO/(A)!Z/(A)‘S |
15139020340 T/-|  rs146516680 AGGATAAGGA/AGGA | rs1150668 T/G | rs74640079 C/T |
153757188 T/AC| 15200182974 delins | 159357066 T/C| 1571546602 GG/GGG |
151904841 C/G/T | rs34205915 -/AA | 513201308 C/T| rs67904133 TATTAT/TAT |
1575543204 C/ATT | 516893731 G/A |
1357091298 delins | 1577679854 C/G|
s C/GT| 1$9393898 G/T |
15200685507 (C)8/(C)7/(C)9/(C)10| 1572087025 GAGGAG/GAG |
1579718538 A/C | rs34765154 G/AT |
1534778634 delins | 151150670 A/G |
rs57484227 G/A |
1572846788 A/G |
15140671934 G/A |
rs11406424 delins |
rs77020333 G/A/T |
151564442 G/A |
159380060 G/A |
1535227624 A/G
152021826 G/A/C
hr6:28,128,502-28,180,974 e 70|
: - 139380061 T/C
C r6' 8’ 8’50 8’ 80’97 rs35272790 (CTC)3/CTCCTC|
1572846792 C/T |
15148257955 (AT)J/ATAT |
15141107931 GCAGA/GCAGAAGCAGA |
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rs1736893 C/A/G/T |  rs993619 G/C|  rs1233712 G/A/C|  rs17776284 G/Ar rs1679723 G/T|  rs66487884 C/G | 1575723495 AIT| 1577365919 A/G|  rs41269287 G/A/C| rs113080624 C/T|  rs79867499 G/A | 59468321 A/G| 112000 A/G |
151736892 T/C | 159393008 T/A| 131150705 T/G| rs2299031 T 157206 AIG/T| 1511431027 G/IGG | 1511758148 A/C| 15967005 C/T|  rs67734300 delins | ~ rs68141011 G/AT|  rs79405774 G/C | 15140272569 C/T |
151736891 CA | rs118167068 C/A | rs1132343 G/T| st 150707 cr| rs6917759 A/G|  rs11752073 G/T|  rs1150710 G/C| 579949269 A/G|  rs17720293 C/T| rs13200462 A/C|  rs1679732 G/A | rs1225589 C/G |
72849214 G/AT | 59366717 C/T | 1578793798 A/G | rs34024998 G/C|  rs6918043 C/A/G/T s9366718 A/GIT|  rs1150711 T/C|  rs75876212 A/G | r$1233710 C/T|  rs146286490 C/T | 572850298 G/A|  rs140619608 A/G |
rs75043119 A/C. | rs35656932 G/T | 159461443 A'T| 1534787248 C/T | 1513204012 G/A | rs76133270 T/C/G |  rs9368563 A/G | 157757215 C/A| 152235359 T/G | 151736904 G/A | 152185955 A/G|  rs145676979 T/C|
rs35001169 T/G. | rs76071172 C/T| [ 173400590 T/C| rs148292813 TGTG/TG | rs112421400 C/T|  rs9295768 G/A | rs13408 G/A/C|  rs73402513 A/C| s9986596 G/A/T | 57750106 C/A|  rs1531681 G/A
1573740587 A/G | 573400580 T/C| r AG|  rs9468317 T/C| rs72849222 G/T | rs1150708 G/A | r1s7769054 C/G|  rs116630754 A/G|  rs2235358 A/G | s62638680 G/A | rs72850200 T/C|  rs72850300 C/G
1576429394 T/A/C. | 153757183 T/C| r$1150706 C/A|  rs11967137 A/G|  rs13205211 T/G| r$80136959 A/T | 159357067 C/G | 15182022782 GA/T\ rs115815993 G/T|  rs76100403 G/A | 1513208096 C/G |
1511967622 G/A | rs139268432 T/-| 1534477097 C/T | 15141083857 GTTGT/GT|  rs116285091 G/ATT|  rs9468318 T/A | 157740487 C/G/T| 151736895 GIA/C| 112214383 TIAIC|  rs41260289 G/C |
579615215 G/A | rs9468316 T/C/G | 1516893827 T/C| 1576248972 C/T | 1$9393909 C/T|  rs3085840 delins | | rs78465420 G/A | 510456362 A/G | 110708573 CCC/CC|
151778469 G/C | 1576974121 G/A/C| r$12201260 A/G | 159380069 A/G | 51150709 T/C| 15116237214 A/G | 1513888754! delins|  rs76574137 G/A|  rs114113380 G/A/T| rs61737338 C/T|
1579742430 delins 15734 A 5112991339 A/G/T | r$115409976 G/A | 1556057304 A/G| 60913498 T/A/C| 15112688333 A/G | 1579880617 T/A | 15111310846 TGTTAT/T|
rs1736890 A/C/G | rs150716918 TTT/TT| 15148551916 A/G | 1573740597 A/G | 159393910 C/G|  rs145380951 A/G | 557481919 T/C/G|  rs147550448 C/A/G | r$10537472 delins |
1577793619 C/A/G/T | 15142884396 G/A | 1$542356808 GTTTATTACTTGTTTA/GTTTA| rs35330207 (A)7/(A)8/(A)9|  rs149446784 G/-|  rs113072715 A/G |
1534243448 C/A/G/T 1576542212 C/T | 1535482715 AT/ATCAT | 15374027640 (T)13/(T)12/(T)14/(T)15 | 15147799099 AACAAG/(AACAAG)2 |
rs150702877 GAGAATATCCAGAG/GAG | 15144788194 (T)9/(T)&/(T)10| 15112863641 C/T|
151233713 A/G | 1573740600 A/C/G | 1571303501 AA/(A)S/AAAGAA |
1578526066 G/A/C | 13565023255 delins 15144128934 C/G/T|
152299030 T/C| rs151173103 (C)8/(C)7/(C)9/(C)10 | 1574409018 G/C|
15116289313 C/T | 1572850297 C/ATT |
52299029 G/A | rs141611922 TATA/(TA)4 |
Chr6:28,218,776-28,259,658 i 1|
r$142255256 T/C|
rs11962305 G/A/C |
rs76158636 G/A/C |

15112206159 TAGTCTA/TA/(TAGTC)2TA |

Figure Al1.1. UCSC Genome Browser Panels for eSNPs associated with ZSCAN9 and TOB2P1.
a) Chromosomal coordinates Chr6:28,128,502-28,180,974. b) Chromosomal coordinates Chr6:28,218,776-28,259,65
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152179174 AIG/T|  rs78765006 C/T | 156920512 G/A|  rs2142731 A/G | rs16901846 T/C| 1s111311112 A/G| 151150716 T/G|  rs73742514 T/C|  rs6456811 C/G| rs114124258 C/T|  rsd713158 C/A/T|  rs55817398 A/G|  rs6936644 CIT|
52394049 A/G 151150725 G/C|  rs79355918 AIG|  rs6901575 G/A|  rs1150721 G/A/C| 15114972842 AIG|  rs1150714 T/C|  rs143736838 AA/A | 157767897 T/C| 1575426794 A/G | 1$34950484 G/A | rs853693 G/A |
576463649 AG | 5153 C/-| 1534878803 T/C| 1s1150722 A/G| rs1150718 C/A| rs1233660 T/A|  rs75911870 A/G|  rs73742515 A/G| rs9468333 C/T | 59468335 T/G|  rs6932394 G/A/T| rs145130687 T/G |
1516893892 A/C/G | rs57399500 (T)7/(T)6/(T)8 | rs1150724 C/T | 1573385806 A/G | rs11757730 G/A|  rs1150713 A/C| 574830143 C/T|  rs2799081 T/C|  rs115041649 G/C| 15853694 A/T|  rs79258401 A/G |
r$11965538 G/A/T | 1534506993 delins | rs9468325 C/T | rs11755032 C/T | 151150717 T/C|  rs55831267 C/A|  rs56053755 C/T|  rs16893929 C/T| 1147955086 G/A | rs60005089 G/T|  rs7759855 A/G |
1511965542 G/A/C/T | rs1778478 AIT|  rs41269291 A/G | rs73385807 T/A | rs11758337 C/A/G | r$3800324 G/A | r$1936365 G/C | 516893937 G/A|  rs76825012 C/T|  rs6938961 G/A|  rs4713159 G/A |
1573402536 C/A | 572854503 A/G| rs1150723 TIA/G | 151150720 A/G | rs79093134 C/G/T | rs3800325 C/G | 52281043 C/T| 59468334 T/C|  rs7752415 G/A/C| 154711166 T/A|  rs853692 G/A |
51778484 A/IG | 77 AIT|  rs72854506 T/C| 1573385810 A/T| rs34481509 A/G|  rs3800326 C/T | 533932084 A/G | 15116420641 G/A | rs78521938 G/A | rs853691 A/G |
rs1778483 T/G | 15139771184 (ACAA)2A/ACAAA | rs78007034 G/A/C| rs77986494 A/G|  rs3800327 G/C| 1516893917 G/A | rs1936364 T/A | 15145574459 T/-| 1516893947 A/G |
rs1778482 G/A/C | 534396849 A/C | rs1150719 G/A | 156905368 G/C | 574984315 C/T| rs1339899 T/C| rs112068397 C/T|  rs79567170 C/T | 1572854521 T/A|
52743555 G/A | 1575696680 T/G | 1574478410 G/T | rs6905391 G/A | 15138538481 C/T| rs56189111 C/A/G | rs150027890 G/A|  rs72854515 T/C| 111856806 delins |
157741443 A/G/T | 34279830 delins | 113211507 T/C| 151150715 G/A | 15142592282 A/C| 15150088944 (GGTTT)2G/GGTTTG|  rs10579860 AG/-| 15853690 G/A
rs11412535 delins | rs11756111 T/C| 57744788 A/G | r$139144133 C/G/T | r$115944880 A/C | r$36005309 TTT/TT | r$35072899 C/T |
1572850302 A/G | r$191812139 G/C| 1534691223 C/A/G | rs142780970 TTT/T | rs3215466 (T)7/(T)6/(T)8 | rs13191786 T/A/G | rs74967533 C/T |
157767244 A/G | 1556360909 AAATAAA/AAA | rs115871162 C/T| 51997660 A/G | 15112148779 A/C/G | rs138609964 C/T |
511441808 delins. | 1555039853 delins | rs9461448 T/A/G | 59461449 T/A | rs148273242 TCT/T|
151419183 AC| 15140713549 AAAA/AAA | 1573385818 C/A | 159468331 G/A| 159468337 C/G/T |
rs1150726 G/A/C| 15200523085 (A)S/AAAA | rs75621300 A/G | r$1062169 G/A | 1573385839 T/A |
15139491133 (A)9/(A)8/(A)10 | 152799080 G/C | 15115301752 C/T | 1534661125 G/A |
159468328 C/T | 1146249461 T/C | 5138230477 AA/A |
5142064620 A/- |
rs6923170 G/ATT |
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1513207345 C/TlI
. _ 152743554 A/G/T
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Common (1000 Genomes Phase 3 MAF >= 1%) Short Genetic Variants from dbSNP Release 153
rs111889388 C/T | 15146111440 G/A|  rs1540178 G/A | 1511237236 G/A | rs115330421 G/A | 1358720932 G/A | 1579950774 A/T|  rs4944173 G/A | 52013296 C/A| 157946637 C/T| rs4945191 G/C|  rs75616623 G/CIT |
15139727372 C/G | 15191175328 C/T| 1511237234 G/T| 15713083 G/A| 17106659 C/T|  rs6592737 AICIT | 15113946527 G/A | rs3781616 AIC/G | 111237246 G/A| 1574589322 C/T|  1s7117344 AIG|  rs4945192 GVA|
15113377845 AG | 1559581090 T/C | 1510793257 T/C| 157930885 A/G|  rsd944169 T/A| 11237240 G/A| 15138601187 C/T|  rs34842951 G/-|  rs78504730 A/C| 1576970163 C/T| 157926252 C/T|  rs79717780 A/G |
rs116663756 /AT | 156592735 A/G | 512801662 C/G | 157930988 A/G|  rs4945185 G/A | rs6592738 G/A/C | 5117535657 G/A | rs11237243 G/A | 57934977 T/G|  rs77342956 C/A/G/T|  rs12418929 G/A |
1s57588070 G/A | 1512577552 G/A | 17109398 G/A/C|  rs9634032 C/T| rs57805854 T/C|  rs12807030 C/A | 5111290291 AA/A| 15116552749 C/T | 160929773 A/G | 1511237252 G/A/C|  rs68013767 T/C|
15146562562 delins | 156592736 C/T| 1535426110 delins | 151970749 T/C| 154944171 T/C| 1561358482 T/G| 1575346522 A/C| 151540179 G/A | 1567807487 C/T| 1512366072 A/G/T|  rs66684353 G/C |
15113808240 G/A | 157112330 C/T|  rs72945566 CIT| 1558608947 A/G | 15143428428 C/T|  rs60952853 (T)6/(T)5|  rsd945189 A/G | 157131169 A/C|  rs11237249 G/A | 1572945586 C/G | 1510466710 A/G|
111237230 C/T 1 rs151184104 C/T|  rs11603537 C/T | 66504136 C/A | r$10793258 A/C/G | 154945190 A/C| rs59832115 G/C|  rs7109527 G/A | 15145244360 C/T|  rs185642207 T/A/G|
157129556 C/T | 15140295342 C/T | 1560132034 C/T | rs4944170 AT | 153087668 G/A | rs$145417958 C/T | 157131298 A/G | 159459776 T/C| r$11237253 C/G|  rs117694312 G/ATT|
15115265674 T/G | 1511606465 A/T | 1555810326 A/G | 154945186 C/A | 1561901849 A/G| 15149208596 G/A/C | 15182863395 G/A| 1576276974 GIA| 157942838 T/C|
157115612 A/G | 510899393 A/G/T | 5114758204 A/G | 154945187 C/A/G | 5142893498 C/T | rs118096942 C/T | 15191501170 G/A|  rs34924092 C/A/T | rs112467372 T/A |
54486654 C/A | rs180863060 T/A | 152032395 A/G | rs4945188 A/G/T | 171854653 delins | 15184448430 AT | rs61468764 C/A/G|  rs78689103 G/A |
rs113419462 G/C | rs114108168 A/G | 159061258 delins | 111319196 delins | 113252652 G/A | 1575613352 T/A/C| 1145306013 G/- |
154301811 G/A/T. | 528421376 C/IT | r$11326964 delins | 511348337 TTT/TT| s C/A| rs7128881 C/G | 1576619612 G/C/T |
45090302 CGCGC/CGC | rs28730304 G/A/C | 510899394 A/G | rs12225695 G/A | rs36112856 (T)10/(T)8/(T)9/(T)11 | r$59446017 delins |
151554975704 delins | rs565069988 T/A | 1511822502 A/G|  rs142135302 (A)7/(A)a/(A)sTGAAAAAAA| r$191021858 C/T|
52276415 G/A | 15144037763 (A)6/(A)7 | rs115055334 C/T | rs115786252 A/G | r$59765258 C/G/T |
52276416 C/T | 559969402 T/C/GIl 511237244 A/G | rs111440233 T/C I[
1510899392 G/C. 15140408135 T/A . 15142648312 (AAT)S/(AAT)4 15115139837 C/T
512576652 Gr'cll 1$377403792 A/C | Chl'1 1 7715891003-77y640,100 1534394062 (T)13/(T)1 |/(T)||2/m|4| 15145234726 G/C |
5649632 TGT/TTGTGT 1558042100 TCTATC/(TCTA)2TC | 15113013355 (T)&/(T)9/(T) 10| 15113158303 C/G/T |
(TTGRTTT/TTTGTIT

1534702940 (A)11/(A)9/(A)10/(A)12|

Figure A1.2. UCSC Genome Browser Panels for eSNPs associated with multiple eGenes. a) eSNPS
correlating with ZSCAN9 and TOB2P1. Chromosomal coordinates Chr6:28,271,191-28,317,705 b)
eSNPS correlating with LOC646029 and AQP11.Chromosomainates Chr11:77,589,003-77,640,100.

249



LOC646029 is not displayed in the depicted window, it is upstream of AQP11 andl coord would be

found scrolling left-wise.

Only 3 eSNPs are in common between CASP1P2 and CARDI17, considering that only 3
significant cis-eQTLs were found associated with CARD17. These are located in a window of
55kb that spans both genes. While enhancer-like H3K26Ac histone marks are found between
the two genes, markedly from HUVEC, no variants colocalise in the region. Rs562441 and
1s7934144 are at the very edge at the displayed window, in regions relatively desert of
regulatory signals, however the latter is downstream of an enhancer-like ¢cCRE. Being
CARDI17 on the antisense strand, both variant and enhancer signature are located upstream of
the promoter. The last common eSNP rs1623342, labelled in blue is annotated, as 3’-UT variant
for CARD17 itself; this same variant colocalises with strong histone H3K26Ac peaks in
NHEK.
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AENRNEAEE RN L L bl d ENRNERFY (REN] ANEERNE -  CENE"GNNNRENEERNRY
Common (1000 Genomes Phase 3 MAF >= 1%) Short Genetic Variants from m doSNP Release 153
rs562441 C/T|  rs4638280 T/C|  rs79977540 A/T| rs521912 G/T|  rs509287 G/T|  rs571589 C/T|  rs535566 A/C/T| 1s567303 T/G| rs1785866 A/G|  rs5794380-/C| 57932543 G/T| rs78247282 G/A | 1510895770 A/G|  rs1503386 T/C|
rs563562 G/T |  rs1785888 G/A | 1529809 A/C|  rs520060 A/C|  rs508337 G/T|  rs7943897 C/T| rs34105770 G/T| rs1847301 A/T|  rs1792758 AIG | rs112706051 A'T|  rs1792765 T/A/C|  rs1792770 C/T| 1535136587 C/T|  rs1847293 G/A |
rs12800151 C/T | rs2500651 T/C|  rs76822283 G/T|  rs5794377 delins| rsd78900 G/IC|  rsd94250 T/C| rsd77328 C/T| rs71484389 T/A|  rs1690081 G/A|  rs1785878 T/C| rs1792766 G/A| rs1792771 C/T|  rs114269883 G/C|
r$12798696 G/A/C | 1792752 G/A|  rs505226 A/G | 15489867 A/G | rs571731 G/A|  rs7945199 T/A| rs537014 A/C/T|  rs79387733 A/G|  rs1699078 A/C| 1512420557 A/G | rs525363 C/T | 7117532 AG |
5474484 T/AC | 152511323 C/G|  rs505144 G/A|  rs489753 A/IC/T|  rs182263628 T/C| rs77488171 C/A| 51699095 A/G|  rs148877303 G/-| rs1792762 C/G/T|  rs112018026 C/T | 524565 G/A | r$72988710 C/T |
15484345 G/A | rs2455782 AT|  rs520168 C/T|  rs1792755 G/T| 151200948 T/C|  rs487128 G/A| 15531580 C/T|  rs77650471 C/A| 151792763 C/T| 1550801167 C/A/T | rs34491690 C/AT | 15116406168 G/A |
15557371 TIAIC | rs1699087 C/A|  rs502569 GIA|  rs145122625 AT | 151200949 A'T|  rs508149 AIC/G|  s535199 G/A|  rs1785865 A/G| rs112505170 C/T | 151699080 T/C|  rs74329143 G/T | 1566537559 delins |
rs553960 G/A/C. | rs504275 T/C| 15472886 T/C|  rs538943 C/T| 1534146979 T/A|  rs4755067 A/T|  rs76909015 CT/-| 1512273474 AIC|  rs111489217 A/G| 1534255114 C/T|  rs1785873 G/A | 1114127059 G/T |
rs551049 G/A/T | rs1792753 T/C| rs486123 G/A|  rs1630085 C/G | 155794378 delins | rs4755068 G/C|  rs75101290 C/G/T|  rs1785867 G/A|  rs199918268 ins|  rs76742873 AIG| 15112022652 T/A | 5112787494 A/G |
rs146117249 T/- | rs482608 A/G| rs11226604 G/IC|  rs1785869 T/C| 151792777 C/G|  rs478159 T/A/C|  rs145856816 A/G | 51792759 CIT| 51623342 C/T| 15114965248 C/T|  rs1785874 A/G | 154534547 C/A |
15512763 AIC/G | rs497874 GIT| 15485175 C/T|  rs117327493 G/A| 1512797290 G/A/T|  rs75650610 G/T| 151699082 G/A|  rs188345262 CIT| 152155817 A/G| 151628434 C/T| 1511226613 T/A| 154456230 A/G |
15149656165 (T)5/(T)6 | 5794376 G/-|  1s572717 G/A|  rs1212544 C/A | rs543112 G/A | 1481926 A/G|  rs1699083 A/C|  rs376522432 C/A | 15373653346 AT/-|  rs1503400 A/C| rs2852987 G/T| 154356193 G/A |
15514573 T/G | 15472038 AIC/IGIT| 1512417050 AIG| 15515725 A/G | 1558207132 A/C|  rs1818162C/T|  rs1699084 AC|  rs1792760 AGIT | 1572486012 T/A| 151699088 A/G| 15117754083 G/C |
151785884 G/A | 15477043 T/C|  1s552134 AIG/T|  rs576094808 T/A| 152511326 C/G/T|  rs145820386 A/G |  rs5794379 A/AA |  rs12788143 CIT| 1577015258 A/C|  rs470159 T/A/C| 15139978669 G/A |
1512801987 C/A/T | rs471101 TIC/G| 151785870 G/A | rs1792756 G/A | rs571801 C/A|  rs75482595 G/A | rs1699085 C/T|  rs150850112 G/A | 151503399 A/T| 15569337776 G/A | 15118061148 T/A |
1521869 G/A/C | s579663 T/C|  rs1792754 C/G/T| rs1785876 T/A/C| s573440 A/C/G |  rs532462 T/A/C| 1512792067 C/G/T| rs113599394 C/T | rs1785872 T/A/C| 57936753 T/AC|
15542226 G/C | 59804566 C/T|  rs11226605 T/A/C|  rs530009 G/A | 15146187064 C/T|  rs533436 G/A/C/T|  rs34462129 C/G/T|  rs1792764 A/C/G | 15114908792 G/A | 15200024159 CACA/CA |
rs77690660 G/A | rs75872256 A/G | rs11226606 G/A|  rs79888734 CIT| rs188978088 G/A/C|  rs75308712 TIA/G|  rs35292523 ATAT/(AT)3 | 15111577530 T/C/G | 157934144 A/C/G
r$1792750 T/A/C | rs9804585 CIT| rs11226608 G/T | 15533628 G/T| rs7935149 C/T | 510895769 A/C | rs114184737 AT | rs28567909 T/A/G |
rs1785885 C/A/T | rs1699086 G/T| rs76597587 T/IC|  rs67824473 GGGG/GGG | rs490824 C/A/T 575659256 T/A | 151580895 T/A/C| 15114176714 A/C|
rs1785886 G/A|  rs12417470 G/ATT| rs116181121 A/IC| rs59198459 (T)10/(T)11/(T)12| rs34819285 G/A/C | rs11226611 T/C| rs113062671 G/A | 1512806837 G/A |
151792751 T/A/C| 1s503323 T/C/G | 15538152 A/G/T | rs492519 A/IC/G | 512420601 A/G | rs76837658 C/A | 5115239439 A/IC/G/T |
15560444857 G/T|  rs1785871 G/A/CT | 15143730291 A/G | rs113972349 AT | 15114676590 G/C| rs4755071 CIG/T | rs111274235 C/G/T |
1555811822 delins | rs17103670 C/A/T| rs537727 G/A/CIT | 112787184 G/C| 512419220 C/T| rs114581284 A/C| 177208579 C/G/T |
1561893982 A/C/G | 15572864 CIA/G|  rs117527815 T/G | 15111958327 C/G/T| 151785864 A/C/G | 1557418238 C/G/T | 2966 G/AIT |
1571469003 delins | 15115223989 G/A | rs546860107 A/T | 15112226308 G/T | 15377446073 C/ATT | 1534437303 C/A/GIT | 151792773 C/AT |
152455781 C/A/T| 15150439626 AGAG/AG |  rs58825719 delins | 1578137424 T/C| 15145217356 A/C/G | rs111824382 G/ATT | 15148907151 A/G |
rs76920114 C/T| 151555009973 (A)9/(A)10 | rs34806541 C/A | 15115339794 C/ATT | rs71484390 G/A/C| rs34077014 delins |
1578391567 T/C|  rs11226609 T/C| 15115869920 T/C | 15116115917 T/C| 1528553479 A/G/IT |
1561891077 G/A | 15475266 A/C/G | 15111351510 A/G/T| 154106099 A/CIT |
15115403542 G/A/T | rs72986786 G/A/T | 15201836330 CTGATAAACT/CT | 562267431 T/C|
15114805957 G/A/T | rs1792757 T/AIC| rs11269005 -/AAG/AGAG/GAG | 571484391 A/G |
5201144227 'r/A|I 1$139120349 (T)7/(T)8/(T)9/(T)10 | 15188060285 A/G|I
. rs541476023 A/T 15149939483 CATGGCTTGTAC/-
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rs528962 T/A/C/G |
15183962008 A/G |
5188502154 C/A |
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enh
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_— uE Al —— i
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571484389 T/A | rs:mszxzs C/GfTI rs1699078 A/C|  rs1785878 T/IC|  rs59801167 CAT| 578247282 G/A|  rs1785874 A/Gf 1535136587 C/T| rs117754083 G/C| rs575938 G/A| rs7128836 A/G|  rs10895772 G/A|  rs115750248 A/C|
15145856816 A/G. 111226611 T/C| 15114184737 A/T|  rs71484390 G/A/C|  rs1792765 T/A/C|  rs114908792 G/A| rs2852987 G/T|  rs114269883 G/C| rs139978669 G/A | 5519658 C/A|  rs139210984 A'T|  rsd755073 G/A|  rs3898011 A/G |

151699082 G/A [ 15116115917 T/C|  rs1580895 T/A/C | 151623342 CIT | 151792766 G/A| 15525363 C/T| 1569337776 G/A | 15116406168 G/A| 1512420524 C/T|  rsa5743576 AIT|  rs188101969 C/A|  rs12416770 CIT|
51699083 A/C |  rs12273474 AIC|  rs76837658 C/A | 152155817 AIG|  rs1699080 T/C| 15524565 G/A | | delins | AG| GA| 5112246654 A/G | 153989416 A/C |
51699084 A/C | 151792758 A/G| rs4755071 CIG/T | 5373653346 AT/-|  rs72486012 T/A| rs1792770 CT|  rs71484391 A/G| rs114127059 G/T|  rs71484394 G/A | 156591110 G/A | 1510895773 T/C| 15113229053 G/T |
1575659256 /A | 151785867 G/A| 135794380 /C | 157932543 G/T|  rs114965248 CIT|  rs1792771 C/T| 1510895770 A/G| 1s112787494 AIG|  rs2062806 G/C| rs12807507 A'T|  rs10895774 A/G| 154106096 G/A |
1512420601 AIG | 151699081 G/A | _ rs113599394 C/T | 1512420557 A/G | 151628434 CIT| 1512806837 G/A | 157117532 A/G | 151503386 T/C| ~ rs2062808 C/G| rs7929075 T/C| rs4755075 G/A |
15114676590 G/C | 1792759 CIT| 151792764 AIC/G | 15112018026 C/T|  rs1503400 A/C|  rs74329143 G/T| 1572988710 C/T| 118061148 T/A|  rs113082464 T/C|  rs113800351 G/T| rs7110921 G/A/C|
rs12419220 CT | 5188345262 C/T|  rs199918268 ins | 534255114 C/T|  rs28567909 T/A/G | 5188060285 A/G | rs4534547 C/A|  rs61656179 A/G |  rs138547557 A/G | rs4755072 A/C/G
51785864 A/C/G | 15376522432 C/A | 5113062671 G/A | 1576742873 A/G | rs114176714 AIC| 154456230 A/G | 52062807 C/A/T | rs115172858 C/G/T|  rs114470492 G/A |
155794379 A/AA | rs35202523 ATAT/(AT)3|  rs111824382 G/AIT | 77015258 A/C|  rs1785873 G/A | 154356193 G/A | rs78207559 T/C|  rs10895771 C/A/G/T | 153913640 T/A |
rs377446073 C/A/T | rs1792760 A/G/T| 15139129349 (T)7/(T)8/(T)9/(T)10| 151503399 A'T | 151699088 A/G | 7936753 T/A/C| 1575961433 T/C| 1910398 T/C|  rs12803534 G/T|
579387733 A/G | rs12788143 C/T| rs1785872 TIA/IC| 1511226613 T/A | 15200024159 CACA/CA | 152174158 C/AT| 512421198 C/AT|
15145217356 A/C/G | 151792762 C/G/T | 15111577530 T/C/G|  rs470159 T/A/C| 151847293 G/A | 15138922373 G/A | 154755074 T/C|
15148877303 G/- | rs1792763 C/T | rs34491690 C/A/T | 157934144 A/IC/G | 15150805438 C/A/G/T | 154755076 C/T |
77659471 C/A | rs114581284 A/C| 5115239439 A/C/G/T | 5182596461 G/A | 5138986827 T/A/C| 12418438 T/C|
151785865 A/G | rs112505170 C/T| rs111274235 C/G/T | rs114615453 G/A/C| 15139319398 T/C
151785866 A/G | 13150850112 G/A | 15112022652 T/A | 13495000 C/A/G | 157930712 CIT
151699085 C/T | 1357418238 C/G/T | 1577208579 C/G/T| 15182924698 G/C | r$7929852 G/A |
512792067 C/G/T | r$34437303 C/A/G/T | A 535565964 G/A/C/T | 11226617
15115339794 C/ATT | 15112706051 A/T | 151792773 C/ATT | 1571303256 (A)11/(A)10/(A)12/(A)13 |
15111351510 A/G/T| 15111489217 A/G | 15148907151 A/G | 15116157358 A/G |
5201836330 CTGATAAACT/CT | 34077014 delins | 15186825402 G/A/C/T|
rs11269005 -/AAG/AGAG/GAG | 1528553479 A/G/T |
154106099 A/C/T |
15149939483 CATGGCTTGTACK |

Figure A1.3. UCSC Genome Browser Panels for eSNPs associated with CASP1P2 and CARD17.
Chromosomal coordinates Chrl1: 105,054,059-105,109,157 on the top panel, zooming in the 40kb
window that includes the two variants rs16223342 and rs7934144.
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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 Maspin Hutan placenta Negatively correlated with human trophoblasts 1,
methylation motility and invasion
Pregnancy-Specific » Inhibition of HDACs in JEG-3 cells up-regulated o
ACSIRTHS Glycoproteins IEG:S PSG protein and mRNA expression levels 1261
HDAC3 associates with the proximal
HDAC3 GCMa Cell Line GCMa-binding site (pGBS) in the syncytin 271
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; H4K20me3 Genome Wide SCTs H3K4Me2 co—l(\c.ah;es with active RNAP 1lin 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-§/SVneo, JEG-3 by interacting with EZH2 involved In cellular [31]
proliferation, migration and invasion in
trophoblasts
IncRNA RPAIN ciq HTR8/SVneo Inhibition of proliferation an_d invasion. Inhibits 21
Clq expression
IncRNANAEAT] JEG3 Regulates proliferation, migration, invasionand ...
apoptosis
IncRNA MEG3 HTR8/SVneo and JEG-3 Regulates migration and apoptosis 34]
IncRNA MIR503HG JEG-3 Regulates migration and invasion 351
IncRNA LINC00629 JEG-3 Regulates migration and invasion 35]
1 igration and is/i -
IncRNA SPRY4-IT1 HuR HTR8/SVneo with the B-catenin W'nlrsignaling [36,37]
IncRNA H19 Bindgsmall RNAs and vCT, JAR I iferation and apoptosi [38]
proteins '
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 trop [43]
miR-675 NOMOL, IgfIR JEGS3 cells restricts trophoblast proliferation [44]
C19MC miR cluster HTR8/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 Human placenta and trophoblast invasiveness 1471
choriocarcinoma cells
hypomethylated promoter MASPIN Human placenta inhibits EVTs migration and invasion [24,25,48]
N Possible role in cytotrophoblast development
Hypermethylated promoter RASSF1A Human placenta; JAR; JEG3 through its effects on ID2 [49]
PMDs (Partiall genes involved in immune response,
Genome wide methylation Y human placenta: Chorionic Villi Epithelial-mesenchymal transition and [50-52]
Methylated Domains) inflamniation
Genome wide methylation Genome Wide human SCTs compared to vCTs hypomethylated SCTs compared to vCTS [53]
DNA methylation status of numerous genes
Genome wide methylation Genome Wide BeWo and BeWo + Forskolin regulated at the expression level were altered by [54]

HOX genes: TLX1,

forskolin-induced fusion
Increased methylation across gestation correlates

Methylation HOXA10, DLX5 Human placenta with decreased cf(pmssilon: Involved in SCTs [46]
differentiation
i : Side-population trophoblasts, et
Genome wide methylation Genome Wide vCTs and EVTs Each cell pop hasa
Methylation Cdx2; Eomes; Pletl; Mice trophoblast stem cells methylation regulates the expression of genes
yiati TcFap2c (TSCs) involved in the establishment of the TSCs
= . hyp ylation of the trophectod
Methylation Genome Wide Blastocyst e to the inner ool sassd [60]
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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 GEO ID Findings Reference
First-trimester and term placenta and maternal . 2944 hypermethylated CpG sites in the first .
Hlumina HM450 and 5218 in third trimester placenta. (621
- MeDIP-Seq and 3759 CpG sites in 2188 regions were )
First-trimester placenta and maternal blood g il dhfferentally methyiated [631
Illumina 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
. . o Increase in overall genome methylation
Placenta (first, second and third trimester) Mumina HM27 ohearved from fisst to thind tisaestar. [64]
MeDIP + custom Tis pecific dil i thylated
5]
Term placenta microarray regions in the placenta 1651
Human trophoblasts are different from
Various human trophoblast populations Illumina HiSeq 2000  GSE109682 somatic cells in terms of global CpG [56]
methylation
Methylation profiles of E18.5 term placenta of Illumina HiSeq 2000 GSE114145 Hitf-gene deletion alters the epigenetic 1661
WT and Hitf-/— mouse (Mus musculus) landscape of the placenta.
Fetal placental tissue of bol}'\ sexesinGR4/+vs. oo HiSeq2000  GSE123188 GR mutation in mice changcf tht_‘ epigenome 1671
GR+/= mice of placental tissue in a sex-specific manner
Human placentas Nlumina HM450  GSE108567 Adjusting for batch effects In DNA [651
methylation
Epigenetic mechanism of mouse embryo Illumina HiSeq 2500 H3K27me3 and DNA methylation in
GSE104243 3 e [69]
development (Mus musculus) extraembryonic and embryonic lineages
Samples from different normal human tissues ~ Illumina V450 GSE103413  Identifying candidate imprinted genes u";"‘:;'l’i“sfc'd
Iphite and oxidative bisulphi d . Hydroxymethylcytosine and methylcytosine B
) placental DNA DominaHhi50]  GoRa2) profiles in the human placenta 170)
Methylation in first and third trimester Nlumina Genome GSE98752 Complex Association between DNA 711
placental samples Analyzer lix a Methylation and Gene Expression -
DNA Methylation in Human Fetal Tissues and T SR DNA methylation and transcriptional 72
Human IPSC trajectories in human development.
DNA mclhylahun of f«_:tal mefnbr.mes, Hlumina HM450 GSE98938 Gm\omwsc.aleLfllucma_nuns in the Dal.‘al:afc, .
trophoblasts and villi 2nd trimester cytotrop P p
DNA Methylation Divergence and Tissue
Developing mouse placenta Illumina HiSeq 2000  GSE84350 Specialization in the Developing Mouse 1731
Placenta
- . DNA methylation profiling of first trimester 5y
Villous cytotrophoblasts samples Nllumina HM450 GSE93208 villous cytotrophoblasts 52]
Placental tissue collected at term. NuminaHM450 ~ GSE7izig ~ DNVA methylation and 1741
assessment.
DNA from chorionic villus from the Tst Nlumina HiSeq 2000 . DNAMethylation Predicors of Genie. Database,
< A GSE58826 Expression in the 1st Trimester Chorionic 8
trimester and maternal blood cell samples (Homo sapiens) Villus unpublished
g 7 " The human placenta exhibits a dichotomized
Methylation patterns of human placenta, blood  lllumina HiSeq 2000 ¢ po0c DNA methylation pattern compared to 751
neutrophils and somatic tissue (Homo sapiens) . i
somatic tissues
mRNA and DNA methylation profiling of Illumina HiSeq 2000 GSE66049 Maternal DNA methylation in early 176]
Dnmt3a/3b-null trophoblasts (Mus musculus) trophoblast development 2
Imprinted differentially methylated regions in  Illumina MiSeq (Homo GSE76273 Polymorphic imprinted methylation in the )
hu-man villous trophoblast and blood samples sapiens) human placenta i
Placental villous explant c‘uvllum in different Ilumina HM450 GSE60885 Genome-wide D.NA r.nelhylalion identifies 1781
growth conditions trophoblast invasion-related genes.
Trophoblast methylation in NLRP7 knockdown Tllumina HM450 GSE45727 NLRP? alters CpG methylation 791
Himaing Epigenome analysis of placenta samples from ~ Databa
Bisulphite converted DNA HumanMethylation27 ~ GSE36829 P senome analysis of prace e .
BeadChip newborns unpublished
First trimester, second trimester and full-term Hlusir Widespread changes in promoter
" placentas HumanMethylation27 — GSE3IZBL b pacentas (501
P B«{IadChip Y P P :
el Hlumina 1 e
Chorionic villus and maternal blood cell HumanMethylation2?  GSE23311 DN_A Mekhylahon Analysis in Human 811
samples BeadCf\ip 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 C1I9MC
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 CI9MC 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 C1I9MC 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 Igf1R [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 RNAs 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 PLAGLI, 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-IT1, 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 (HATS).
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-1ac 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 CTCF. 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, Rasgrf1, 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 (C1I9MC and C14MC), both appear to be imprinted
(paternally and maternally expressed) for C19MC 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;
SsENG = 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 ABCAL Hypomethylated Cholest 5 porter in macrophag [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]
First-trimester maternal white ’ - -
blood cell and placenta samples ORPD1 Hypomethylated Opioid Receptor [178]

Placenta TIMP3 Hypomethylated Metalloprotease Inhibitor [180]
Placenta P2RX4 Hypomethylated Apoptosis and Inflammation [170]
Placenta PAPPA2 Hyp hylated Insuline-like growth factor regulator [170]
Placenta DLX5 Hypomethylated Trophoblast proli ion and di iati [181]
Placenta KRT15 Hypomethylated Cytoskeleton [182]

Inhibition of infl ion, pathogen d dati )
Placenta SERPINA3  Hypomethylated and tissue remodeling [183]
Cell adhesi Eoby 1 .
Placenta FN1 Hypomethylated differentialk:n e ap:)pmsis [182]
Cellh is, | ion, C lati .
Placenta TEAD3 Hypomethylated complement activation [184]
Placenta JUNB Hypomethylated TNF signaling pathway [182]
Placenta PKM2 Hypomethylated Cellular metabolism [182]
Placenta NDRG1 Hypomethylated Trophoblast invasion [182]
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Cell Type Gene l\;te;:;yil:t;::sn Possible Target Reference
Placenta BHLHE40  Hyp hylated Inhibition of trophoblast di (1711
Placenta INHBA Hypomethylated Inhibition of hoblast di 711
Placenta CYPI11A1  Hypomethylated  Trophobl phagy 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]
Usibllicl ‘;’;’n‘;‘l‘:"' plactnta 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 CEBP« Hypomethylated Transcription stimulation of LEP promoter [191]
Placenta SH3PXD2A  Hyp hylated Trophoblast i ion and pod; formation [191]
Placenta NCAM1 Hyp hylated  Trophobl phoblast interactions and adhesion [174]
Cord blood samples HSD11B2  Hyp hylated  Cortisol ission 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 develop bly and functi [182]
Placenta CRHBP Hypermethylated Cortisol bioavailability in the placenta [190]
Placenta and maternal blood STAT5A Hypermethylated Transcription activation [195]
Placenta and maternal plasma RASSFIA  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]
MMP-9 stimulation, Immune system activation, o
Flacenta INE Hypermethylated cell survival, migration and gifferenliation 74
Placenta COL5A1 Hypermethylated Extracellular matrix [174]
Pl Trophoblast anchoring to the decidua, ”
acenta CDH11 Hypermethylated yncyt A S e [174)
Placenta HLA-G Hypermethylated ~Maternal Immune tolerance and immune rejection [197]

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. PCDHB? 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 MMPS8 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 TBXAS] 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



Int. J. Mol. Sci. 2019, 20, 2837 18 of 45

as single stranded RNA molecules, which can either function in their native form or undergo maturation
through the addition of a 5cap 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, MEG3 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 MEGS3 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 TGFB (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
and in fibroblasts; it can create positive feedback regulation by promoting TGFp 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 TUGI 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 TUGI 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 EZH?2 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 PVT]1, 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-AS1 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-AS] 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.

273



274

Int. J. Mol. Sci. 2019, 20, 2837 21 of 45

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-1e) [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 ISCU 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 HOXAJY, 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 B1) 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 VEGEF, 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 (ERKs), 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 « (TNFa), 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 1 subunit of guanylate
cyclase (sGCP1), 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 TNFa, 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.

PE

PE

microRNA Pl 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 P g trophobl g SMAD2 [225,308]
miR-19%a 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 ur [308]
miR-151 uP [308]
miR-31 up [308]
miR-210 up up PTPN2 0.7 <AUC <09 [42(,2;3[:;:::)1(:2;2]
miR-17-3p uP [308]
miR-193b up [308]
miR-638 ur [308]
miR-525 upP [308]
miR-515-3p upP [308]
miR-519¢ uP [308]
miR-517-5p ur 18)4 AUC=07 [304]
miR-518b up up [225,304,308]
miR-524 up [308]
miR-296 uP [308]
miR-362 ur [308]
miR-574-5p upP AUC>0.7 [302]
miR-1233-3p up AUC> 0.6 [302]
miR-155 upP AUC>0.7 [225,303]
miR-1267 upP AUC> 038 [305]
miR-148a 0)4 Immune response HLA-G AUC> 0.9 [305,310]
miR-196a uP AUC=1 [305]
miR-33a ur AUC=1 [305]
miR-575 up AUC>09 [305]
miR-582 upP Trophoblast invasion, migration VEGF 1 [305,311]
miR-152 up up Immune response HLA-G AUC>09 [256,301,312,
miR-183 up uP Cell di iati poptosis, i AUC>09 01,313,
miR-215 18):4 [225]
miR-650 up [225]
miR-21 uP 8)4 Apoptosis [225,314]
miR-29a 04 [225]
miR-300 up Trophoblast differentiation ETS-1 [315]

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; TGFp = Tumor growth factor .

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-FKDM3A-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 JMJD6 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 HDACY 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 HDAC9, 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



Int. J. Mol. Sci. 2019, 20, 2837 28 of 45

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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