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Synthèse de travaux: résumé français 

 

Pendant la grossesse, le placenta se développe quelques jours après la fécondation et assure la 

régulation des échanges de nutriments entre la mère 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 fœtale. Les cytotrophoblastes 

mononucléés (CTB) prolifèrent et peuvent se différencier en trophoblastes extra-villeux (EVT) 

responsables de l'invasion placentaire et du remodelage des artères spiralées maternelles, ou en 

syncytiotrophoblastes multinucléés (STB) par fusion cellulaire. Le STB est en contact direct 

avec le sang maternel et à proximité immédiate de la circulation fœtale assurant les échanges 

entre les deux systèmes 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 à des anomalies placentaires ; nous nous 

intéressons à la prééclampsie (PE), caractérisée par une hypertension de novo et une protéinurie 

après 20 semaines de gestation et un retard de croissance intra-utérin (RCIU). PE et RCIU 

entraînent des conséquences potentiellement dramatiques sur la santé maternelle (pendant et 

longtemps après la grossesse) et la santé fœtale pendant la période périnatale et plus tard dans 

la vie, la PE étant également l'un des facteurs de risque les plus élevés de décès du nouveau-

né. 

 

L’objectif de cette thèse de doctorat était d’aboutir à 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 thèmes 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 rôle central dans la fonction placentaire. 

Nous avons commencé ce voyage d'exploration en examinant la modulation génétique de 

l'expression des gènes pour définir des loci influençant l’expression des gènes placentaires 

(eQTL). Un eQTL se définit comme un changement de séquence à un locus du génome (eSNP) 

corrélé avec des altérations des niveaux d'expression d'un ou plusieurs gènes (eGene). Nous 

avons élargi 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 gènes uniques, parmi lesquels 23 

constituaient de nouveaux « eGenes ». Parmi les eSNPs les plus significatifs, 111 des 279 cis-

eQTL sont associés à des eGenes placentaire décrit précédemment : une protéine Zinc-finger-

like ZSCAN9, un pseudogène placentaire PSG7, un pseudogène du transducteur de ERBB2 

(TOB2P1), une aminopeptidase du réticulum endoplasmique (ERAP2) et l’aquaporine 11 

(AQP11), corroborant la validité de nos résultats. Pour la première 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 même, 24 des 42 eSNP associés à 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 l'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, à 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 rôle 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 à 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 ZSCAN9 ainsi que 

TOB2P1. La fonction de ZSCAN9 est encore incertaine, alors que TOB2P1 est un pseudogène 

du transducteur de la tyrosine kinase ERBB2, la dernière impliquée dans la morphogenèse du 

cytosquelette et dérégulée dans le cancer. Il est intéressant de noter que ZKSCAN4 agit comme 

un répresseur de l'expression génique, en particulier dans la voie p53. Les régions régulatrices 

putatives que nous avons présentées ici sont cependant encore très 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 accès à des 

échantillons placentaires provenant de pathologies de la grossesse, PE et RCIU, la prochaine 
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étape consiste à 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 gènes, nous avons plutôt cherché des changements au niveau de 

l'expression des exons, en étudiant la contribution de différentes isoformes et de l'épissage 

alternatif dans les pathologies de la grossesse par rapport au contrôle. Cet intérêt pour l'épissage 

alternatif découle de l'observation que certains des biomarqueurs clés qui caractérisent les 

grossesses pré-éclamptiques sont soumis à un épissage alternatif et que les isoformes sont 

exprimées différemment entre la maladie et les grossesses à bas risque. En effet, la tyrosine 

kinase-1 de type fms (FLT-1) et l'endogline (ENG) sont exprimées sous leur forme longue et 

sont liées à 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 entraîne une déplétion des facteurs de croissance pro-angiogénique dans la 

circulation sanguine maternelle et une dysfonction endothéliale. 

 

Notre approche peut être considérée comme pionnière, puisque nous avons cherché à savoir si 

la dérégulation de l'épissage alternatif pouvait constituer une caractéristique des pathologies 

placentaires, plutôt que d'être restreinte à 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 l'épissage alternatif est profondément affecté dans les pathologies de la grossesse, et 

de fortes différences caractérisent PE et RCIU. 1060 et 1409 gènes se sont avérés être épissés 

de manière 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 gènes sont associés 

à des mots clés ontologiques relatives aux « complications de la grossesse », aux « maladies 

fœtales », à « l'hypertension gestationnelle », à « l'hypoxie » et aux voies associées au cancer. 

Alors que le sous-ensemble distinct dérégulé dans le RCIU semblait être impliqué dans 

l'hypoxie et les voies métaboliques telles que la stéroïdogenèse, la synthèse hormonale et le 

transport des anions, dans la PE les termes « matrice extracellulaire », « système circulatoire », 

et « physiologie neuronale » étaient enrichis. 
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De nombreux gènes ont déjà 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 première fois comment ces mêmes gènes semblent également 

fortement altérés au niveau de l'épissage, suggérant que différents répertoires d'isoformes sont 

exprimés en pathologie par rapport au contrôle. Cependant, nos résultats ont souligné 

l'importance d'examiner les changements dans les niveaux d'expression au niveau des 

différentes isoformes, car même si certains gènes ne semblaient pas être modifiés entre la 

maladie et le contrôle au niveau total, des différences d'épissage alternatives pourraient 

entraîner des différences fonctionnelles au niveau protéique. Compte tenu du manque 

d'informations concernant la régulation génétique de l'épissage dans le placenta, nous avons 

généré le premier ensemble de données préliminaires identifient des loci influençant l’épissage 

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

 

Grâce à ces investigations OMICS, alors que nous avons identifié la régulation génétique de 

l'expression et de l'épissage dans le placenta, nous n'avons pas encore élucidé les mécanismes 

qui lient les changements alléliques dans les SNPs avec les changements dans les gènes cibles. 

Des expériences d'édition de gène visant à évaluer l'impact de chacun des allèles sur 

l'expression des gènes et les répertoires d'isoformes pourraient aider à démêler ces 

phénomènes. 

 

Le deuxième thème principal de ce travail de thèse 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 l'expansion du STB nécessaire pour répondre aux besoins métaboliques 

croissants du fœtus 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, entraîne 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 rôle clé dans la 

fonction et la pathologie placentaires, le processus de syncytialisation fait l'objet d'efforts de 
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recherche constants visant à identifier de nouveaux gènes 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-delà de ces fonctions, l'attention 

portée aux mécanismes épigénétiques de régulation impliqués dans la syncytialisation est 

pratiquement inexistante, à l'exception de quelques études qui ont montré le rôle 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 rôle central dans l'établissement des 

modèles d'expression génique. Il est intéressant de noter que de nombreux longs ARN non 

codants (lncRNA) sont souvent dérégulés dans les placentas prééclamptiques. Néanmoins, ces 

lncRNA sont généralement étudiés dans des modèles 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 manière significative à ce domaine en 

clarifiant le rôle des ARN non-codants confirmés dérégulés dans la PE et le RCIU, en 

particulier le lncRNA Urothelial Cancer Associated 1 (UCA1) et de le miR-193b qui ont un 

rôle significatif dans la syncytialisation des trophoblastes. Les modifications 

transcriptionnelles de la lignée cellulaire BeWo lors de l'administration de forskoline (FSK), 

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

 

Dans les cellules traitées par la FSK par rapport au contrôle, 800 et 1281 gènes totaux étaient 

respectivement régulés à la hausse et à la baisse, parmi lesquels 196 étaient des lncRNAs 

régulateurs, appartenant aux classes des lncARN, 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 

identifié comme un hub central pour la syncytialisation dans le modèle des cellules BeWo, 

avec 135 cibles prédites, dont 108 régulées à la baisse dans les cellules traitées par FSK. miR-

193b est également régulé à la hausse dans les placentas malades, ce qui soutient l'hypothèse 

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. 
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Notre contribution majeure dans ce travail est relative au rôle d'UCA1 sur la syncytialisation. 

Cet ARN non codant avait été précédemment trouvé régulé à la hausse dans les placentas pré-

éclamptiques et sa dérégulation dans le modèle EVT a montré son rôle 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 modifié le profil transcriptomique de ces cellules, réduisant les changements 

associés à la syncytialisation. Cela suggère que UCA1 est nécessaire pour une syncytialisation 

réussie. En résumé, dans des conditions physiologiques, la régulation positive d'UCA1 a un 

impact négatif sur la prolifération et la migration des trophoblastes, en empêchent 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 quête pour accroître notre compréhension de la syncytialisation, nous avons 

entrepris de concevoir un criblage à l'échelle du génome pour identifier les gènes candidats 

avec une approche non ciblée. Nous avons utilisé la technologie CRISPR/Cas9 avec une 

bibliothèque d'ARN à guide unique optimisée ciblant plus de 19,000 gènes codant dans le 

génome humain. Nous avons testé une grande variété d'approches expérimentales afin 

d'optimiser ce criblage pour étudier la syncytialisation des trophoblastes dans le modèle 

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 même échantillon. Il semble que, selon 

la méthode expérimentale de détection des STB en différenciation, dans le modèle 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 à l'un ou l'autre phénotype dans la 

littérature. Ces marqueurs nucléaires de l'état 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 

gène 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 à 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, l'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 à l'utilisation de CRISPR/Cas9 dans iPSc. 

 

Ce projet a certainement contribué au progrès des connaissances en biologie du placenta, même 

si nous ne pouvons pas encore discerner l'ensemble du tableau. Avec ce travail nous avons posé 

quelques pièces de la fonction et de la régulation des gènes 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. 
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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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Table of Abbreviations 

 

AFR African Ancestry 
AMR American Ancestry 
AQP Aquaporin 
BeWoA STOX1A-overexpressing BeWo 
BeWoB STOX1B-overexpressing BeWo 
BeWo-IFI6 BeWo cell line carrying IFI6 promoter-Blasticidin 
BeWo-IFI6-Cas9Hyg  BeWo-IFI6 cell line carrying Cas9-Hygromycin B vector 
BeWoIFI6-Cas9Hyg-CL2 BeWo-IFI6-Cas9Hyg clone 2 
BeWo-WT BeWo wild type cells 
cAMP cyclic AMP 
Cas9 CRISRP-associated protein 9 
Cas9+BeWo Cas9-expressing cell line 
CASP1P2 Caspase 1 pseudogene 2 
cCREs Candidate Cis-Regulatory Elements 
cis-eQTL eQTL in cis  
CL Corpus Luteum 
CO2 Carbon dioxide 

CRISPR Clustered regularly interspaced short palindromic repeats 
CTB Cytotrophoblast 
CTRL Control 
CVD Cardiovascular Disease 
DEGs Differentially expressed genes 
DMSO Dimethyl Sulfoxide 
DSB dsDNA-break 
dsDNA double-stranded DNA 
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ECM Extracellular Matrix 
ED Endothelial Dysfunction 
eGene eQTL-associated gene  
EGF Endothelial Growth Factor 
ENCODE Encyclopedia of DNA Elements 
ENG Endoglin 
EO-PE Early-onset preeclampsia 
eQTL expression-Quantitative Trait Loci 
ERRγ Estrogen-related receptor γ 
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FBS Fetal Bovine Serum 
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GTex Genotype Tissue Expression 
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H1-hESC Human embryonic stem cells 
H3K27Ac Acetylation of Lysine27 of histone H3 
H3K4Me3 Tri-methylation of Lysine4 on Histone 3  
hCG Human chorionic gonadotropin 
hCGα Human chorionic gonadotropin subunit α  
hCGβ  Human chorionic gonadotropin subunit β  
HELLP Hemolysis, Elevated Liver enzymes and Low Platelets 
HERV-FRD-1 Endogenous retrovirus group FRD member 1 
HLA Human Leukocyte Antigen 
HLA-G Human Leukocyte Antigen-G 
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HTRA4 HtrA Serine Peptidase 4  
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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. 

a) 

b) 
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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-coïtus), 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; 

Viganò 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; Viganò 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). 

 

 

 

 

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. 

a) 

b) 

(Fitzgerald et al., 2008) 
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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 β 

(TGFβ), 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.  

a) 

b) 

Castellucci et al., 2000 

Kaufmann et al., 1988 
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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 Hofbauer 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 upon 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). FLT1 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 (PlGF) 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 PlGF 

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 1α (HIF-1α) and 2α (HIF-2α), 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 O2 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 µm 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 O2 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).     



43 
 

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 “self”. 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 hCGα 

and hCGβ 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 PlGF 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. 

Image created with Biorender.com 

 

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).  

 

 

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 10th 

percentile for equivalent gestational age. IUGR 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, I 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 α-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 II = angiotensin II, ER = endoplasmic reticulum, ET-1 = endothelin 1, HIF 

= hypoxia-inducible factor, NO = nitric oxide, PlGF = placental growth factor, PPARγ = peroxisome 

proliferator-activated receptor γ 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 IUGR (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; Sánchez-Aranguren et al., 

2014). Alternative hypotheses have suggested that oxidative stress could be rather caused by 

hyperoxia, since higher O2 pressure has been recorded in placental villi from preeclamptic 

pregnancies (Huppertz et al., 2014b; Kakogawa et al., 2010). In the presence of excess O2, 

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 PlGF. The ratio of sFLT-1/PlGF 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. sFLT-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) , TGFβ signalling effectors inhibin 

α (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; Sõber 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 (lncRNAs) 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 IUGR with ~1/3 of PE cases leading to IUGR. 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).  

 

 

Figure 8. Overview of the principal causes of IUGR. Based on Figure from (Fleiss et al., 2019). 

Image created with Biorender.com 
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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 IUGR 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) 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).  

 

2) Given the evidence that alternative splicing is implicated in deregulation of protein 

isoforms 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.  

 

3) 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. 

 

4) 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 in 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: 

 To establish if alternative splicing deregulation can be detected on a global level in PE 

and IUGR placentas, compared to control.  

 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.  

 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.).  

 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 IUGR. 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 IUGR and PE appeared to 

be involved in distinct pathways; hypoxia and metabolic pathways such as steroidogenesis, 

hormonal synthesis and anion transport were enriched in IUGR, 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, CLDN1, LEP, FSTL3, TXK, CAP2, CA10, 

TNFRSF1B, ACOXL, TIE1, LAGLS14, CPXM2). We showed that, while the short isoform 

of FLT1 is expressed by control tissues as well, it is increased in PE and PE+IUGR, and the 

whole FLT1 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:  

 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. 

 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.  

 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.  

 Different repertoires of isoforms, experimentally validated, are expressed by PE and 

IUGR 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 CLDN1, LEP, FSTL3, TXK, CAP2, CA10, ACOXL, TIE1, 

TNFRSF1B. LGALS14 and CPXM2 were found not significantly differentially spliced 

between sample groups by qPCR.  

 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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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 

lncRNA 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 lncRNAs 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). lncRNAs instead are usually identified when looking at gene expression alterations 

in placental pathologies; often lncRNAs 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 lncRNAs MEG3, MALAT1 and TUG1 (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: 

 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. 

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

 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 lncRNA: Urothelial Cancer Associated 1 (UCA1). 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 UCA1 

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 hCGα, 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:  

 We identified 800 upregulated and 1281 downregulated genes as a result of FSK 

treatment in BeWo cells, of which 196 were regulatory ncRNAs. 

 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.  

 miR193b is consistently upregulated in PE and IUGR placentas, in our dataset as well 

as previously published studies. 

 lncRNA UCA1 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.   

 UCA1 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 (hCGα, Syncytin, INHA, BCL2, BAX, MMP9) towards the 

BeWo-untreated profile.      

 The data relative to UCA1-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 UCA1 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 lncRNA UCA1 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 UCA1 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 IUGR 

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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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 IUGR, 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, lncRNA 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; Søe 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-Fekjær 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 γ (ERRγ) in 

differentiating trophoblast cells. ERRγ 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 ADAM12 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 Twist1 are used as nuclear markers to distinguish 

between CTB and STB respectively (Buchrieser et al., 2019; Degrelle and Fournier, 2018). 

While GATA3 is critical to maintain CTB identity, inhibiting GCM1 as well as EVT-

differentiation pathways, Twist1 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 (INDELs) 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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Figure 4.2. Overview of the process of whole-genome screening with CRISPR/Cas9 
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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 

 

Step1 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 IFI6-Blasticidin (BeWo-IFI6). 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-IFI6 

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 INDELs 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 vectors used throughout the screen have different antibiotic resistance cassettes: 

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

2µg/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 µg/ml) or hygromycin B (0, 

2.5, 5, 10, 20, 30, 50, 75, 100 µg/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 µg/ml 

for a total of 6 days. While for hygromycin B, 75 µg/ml for 6 days. 

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 µg/ml are not shown, since they completely overlapped 

with 4 µg/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 Clone1 and Clone2. BeWo-IFI6 Clone1 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 Clone1 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 Day14 the proportion of the different mCherry fractions was tested by flow 

cytometry, results are shown in Figure 4.4b for Clone1 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). 



177 
 

  

 

Figure 4.4. Proportion of mCherry positive cells in BeWo-IFI6-Cas9-mCherry cell lines. a) 

Representative results from FACS analysis of mCherry signal in clone1 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 ~102) and 

mCherry+HIGH. b) Proportion of mCherry-, mCherry+LOW and mCherryHIGH cells in Clone1 

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 µg/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.  

 

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 µm. 

 

 

 

 

BeWo-Cas9-Blasti BeWo-WT 
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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-IFI6-

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-IFI6-Cas9Hyg clones 

 

 INDEL% Clone1 Clone2 Clone4 

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-IFI6-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 BeWoIFI6-Cas9Hyg-CL2. 

 

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

expressing cell line.  
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 Figure 4.6. Cas9-expressing cell line generation: Summary of experimental strategies.  
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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):  

𝑃(𝑛) =
𝑚 ∙ 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:  

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

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

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

 

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 =
𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑑 𝑐𝑒𝑙𝑙𝑠(500𝑥)

𝑀𝑂𝐼
= 80 ∙ 10  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 BeWoIFI6-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:  

 

𝐹𝑖𝑛𝑎𝑙 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 =
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠

𝐶𝑎𝑠9 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑟𝑎𝑡𝑒
=                                  

 

𝐹𝑖𝑛𝑎𝑙 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 =

𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑑 𝑐𝑒𝑙𝑙𝑠(500𝑥)
𝑀𝑂𝐼

𝐶𝑎𝑠9 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑟𝑎𝑡𝑒
= 123 ∙ 10  𝑐𝑒𝑙𝑙𝑠 

 

To better be able to estimate the growth of BeWoIFI6-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.  
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Step4. Optimisation of viral library transduction for the selected MOI. 

 

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 

BeWoIFI6-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 µg/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:  

𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐶𝑒𝑙𝑙𝑠 𝑖𝑛 𝑃𝑢𝑟𝑜 +

𝐶𝑒𝑙𝑙𝑠 𝑖𝑛 𝑃𝑢𝑟𝑜 −
 ∙  100 

 

The different volumes of Brunello library stock tested were (µl): 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 µl) 

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 µl (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 µl resulted in a MOI ~ 0.3.   

   

Figure 4.7. Small-scale Brunello lentiviral library titration results. Different volumes of Brunello 

library were tested (µl), 0, 0.03, 0.1, 0.3, 0.1, 3, and the transduced cells were either grown in medium 

containing puromycin (4 µg/ml) (Puro+), 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 T150cm2 flasks, identifying 3.85 
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µl 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 T150cm2 flasks, around the value of 3.85 µl, are 

needed to find the optimal volume for a MOI of 0.5.  

 

Step5. Identification of mutants with impaired ability to undergo CTB 

differentiation into STB. 

 

Using negative selection of fusing cells: IFI6-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.  

Figure 4.8. Positive screen experimental approach based on the FSK-driven downregulation of 

IFI6-BlasticidinResistance in differentiating BeWo-IFI6-Cas9Hyg-CL2. IFI6-pro = promoter of the 

IFI6 gene, FSK = forskolin, CTB = cytotrophoblast.  
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This cell line is in fact a derivative of the BeWo-IFI6 cell line, previously generated in the 

team, in which a blasticidin resistance cassette is under the control of the IFI6 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 µg/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-IFI6-Cas9Hyg-CL2 cells are not differentially selected after FSK treatment, in 

blasticidin+ or blasticidin- media. FSK = forskolin. White/Black scale bar = 100 µm / 150 µm.  

 

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 

µg/ml. In this case, 20 and 40 µg/ml of blasticidin caused a decrease in proliferation rates in 

both FSK and DMSO-treated cells, similarly to 80 and 100 µg/ml where these was even more 

pronounced and accompanied by signs of toxicity such as cytoplasmic aggregates. Therefore, 

blasticidin concentrations > 20 µg/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.   
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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 GCM1 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 Nup107, 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 

a) 

b) 



191 
 

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-

GCM1 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 GCM1 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% CO2. 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 

µM 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:  

 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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 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). 

 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 105 cells have been plated in each well of a 6well plate the day before 

transduction. For transduction, 50 µl 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 µg/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 µg/ml (InvivoGen, REF: ant-bl-1), Hygromycin B 75 µg/ml 

(Gibco™, REF: 10687010, LOT: H044-51US)).   

 

For plasmid transfection, pSpCas9(BB)-T2A-HygR has been resuspended at a final 

concentration of 1 µg/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 µg/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 105 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 µl 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 µg/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 µg/ml) (Puro+) for the other half. Medium has been replaced 

accordingly every two days for 6 days. On the morning of the 7th 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, 
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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 104 cells for each cell line plated in 

duplicates and grown respectively in complete medium + Blasticidin (2 µg/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 µl 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 -αCas9 used at 1:100 dilution (custom antibody developed by the 

ANTICORPS THÉRAPEUTIQUES (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 IgG (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 µl 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 105 BeWo-

IFI6-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, 3µl, 

1µl, 0.3 µl, 0.1 µl, 0.03 µl. After 24 hours at 37°C, the medium was changed to either Puro+ 

or Puro-, every 2 days for 6 days. On the 6th day, the cells were collected by trypsin-ETDA 

treatment for 1minute at 37°C and resuspended in complete medium (300 µl trypsin + 700µl 

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 T150cm2 cell culture flasks, in each of three 

flasks 5.3 x 106 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 µg/ml) and hygromycin B (75 µg/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 µl for 20 ml of medium in T150 cm2flask, resuspended 

in growth medium, with polybrene at final concentration of 10 µg/ml. Of the three flasks, two 

were transduced with 3.85 µl 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 µg/ml), replaced every 2days. The flasks correspond to the three 

conditions:    

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

 Virus+PURO+: number of transduced cells 

 Virus+PURO-: total number of cells 
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The proportion between Virus+PURO+ 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 2µg/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 105 BeWo-WT 

cells/well were plated in 12well plates and incubated at 37°C for 24 hours. At Day1, control 

medium was added to each well, supplemented with different concentration of antibiotics, in 

duplicate wells. Tested concentrations for puromycin in µg/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 µg/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 106 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 

106 cells. Finally, the Final total number of cells was calculated by correcting further by the 

observed Cas9 activity rate in BeWo-IFI6-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 106 cells. Duplication time for the BeWo-IFI6-Cas9Hyg-CL2 was calculated by 
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monitoring cell growth in T75cm2, over a 1-week period, counting cell number with Malassez 

counting chamber every 2-days:  

𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 ∗ log(2)

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 106 BeWo-IFI6-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 µg/ml (Blasticidin+); cells were incubated 

for 24 hours at 37°C. On Day1, for each of the two growth conditions, one flask was treated 

with 20 µM forskolin, in DMSO, 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 105 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 µg/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 (GCM1), we tested the isolation of nuclei and quantification of nuclear markers 

protocol in BeWo-WT cells. On Day0, 2.45 x 106 BeWo-WT cells were plated in T75cm2 

flasks in growth medium, on Day1 half of the flasks were treated with FSK (10µM) 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 



199 
 

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-HCl, 10 mM 

NaCl, 3 mM MgCl2, 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 5min 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 

106 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 µl of nuclei solution, corresponding to 5 x 

105 nuclei, were used. Primary antibodies were diluted in 100 µl 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 µl/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 µl 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 Species Specifics Reference Stock 

concentratio

n (mg/ml) 

Working 

volume/5*10^5 

nuclei (µg) 

αGATA3 rabbit monoclonal 

(EPR16651) 

abcam 

#ab199428 

0.6 0.12 

αRabbit IgG 

(H+L) -

AlexaFluor488 

donkey polyclonal Invitrogen  

#A-32790 

2 0.5 

αKi67 -

conjugated- 

eFluor450 

rat monoclonal  

(SolA15) 

eBioiscience 

#48-5698-82 

0.2 0.125 

αGCM1 mouse monoclonal  

(R-06) 

Santa Cruz  

#sc-101173 

0.1 1 

αMouse IgG 

(H+L)-

AlexaFluor594 

goat polyclonal Invitrogen 

#A-11032 

2 2 

αNup107 -

conjugated-APC 

mouse monoclonal 

(Mab414) 

Covance 

#MMS-120P 

1 2.5 
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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, HSPE1 and SIK1 (Kovács 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 IFI6 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 µg/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 2µg/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 IFI6promoter-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 GATA3, 

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, Twist1 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 µM), 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 µM) 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 et 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; Szánthó 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; Ihry 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 

« élément sous droit, diffusion non autorisée » 
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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-1α 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-1α 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 lncRNA are often found to be deregulated in preeclamptic placentas. 

Nonetheless, these lncRNA 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, lncRNA 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 lncRNAs, miRs, circularRNAs, small nuclear RNAs and piRNAs. We then 

investigated their putative targets and relative expression in IUGR 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 UCA1 on syncytialisation. This 

lncRNA 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 IUGR 

placentas and characterised its function in STB differentiation. Knock-down of UCA1 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 IUGR 

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 UCA1 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 UCA1, 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 UCA1. 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.  
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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: lymphoblastoid 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 A1.1, Figure A1.2a). 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 A1.1a). Between TOB2P1 and 

ZSCAN9 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 ZSCAN9 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 A1.1b).  

 

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 RV0.7 

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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Figure A1.1. UCSC Genome Browser Panels for eSNPs associated with ZSCAN9 and TOB2P1. 

a) Chromosomal coordinates Chr6:28,128,502-28,180,974. b) Chromosomal coordinates Chr6:28,218,776-28,259,658.  

 

Chr6:28,128,502-28,180,974 

Chr6:28,218,776-28,259,658 

a) 

b) 
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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.  

Chr11:77,589,003-77,640,100 

b) 

Chr6:28,271,191-28,317,705 

a) 
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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 CARD17, 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 

rs7934144 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 

CARD17 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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Figure A1.3. UCSC Genome Browser Panels for eSNPs associated with CASP1P2 and CARD17. 

Chromosomal coordinates Chr11: 105,054,059-105,109,157 on the top panel, zooming in the 40kb 

window that includes the two variants rs16223342 and rs7934144.   

 

 

Chr11: 105,054,059-105,109,157 
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