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L. La fertilité des mammiferes

La reproduction sexuée est un processus physiologique majeur nécessaire
a la survie de toutes les espéces de mammiferes. Elle nécessite I'interaction d'un
spermatozoide (gamete male) et d’un ovocyte (gamete femelle) pour former un
zygote ce qui constitue la premiére €tape dans le développement de 1’embryon.

La fabrication de ces deux gamétes est intimement liée a la reproduction sexuée.

Le déterminisme du sexe est a priori déterminé génétiquement des la
fécondation, lors de la mise en commun du patrimoine génétique des gameétes
male et femelle et, a I’exception de quelques especes chez les mammifeéres, il est
basé sur I’existence des chromosomes sexuels X et Y. C’est au niveau du bras
court du chromosome Y qu’est localisé le facteur de détermination testiculaire
(TDF) codé par le gene SRY (Sex Determining Region of the Y chromosome)

cloné en 1990 dans le laboratoire de Peter Goodfellow.

La différenciation de I’ébauche gonadique (ou créte génitale) et le
developpement de l'appareil génital et des organes sexuels en testicules ou en
ovaires, constituant ainsi le sexe gonadique, dépend de la présence ou de

l'absence de SRY. (Jacobs and Strong, 1959; Russell, 1961; Sekido and Lovell-

Badge, 2008). En réponse a des signaux hormonaux, le tractus génital et les
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organes génitaux externes appropriés se développent ensuite pour définir le sexe
phénotypique. Ce sont essentiellement les hormones testiculaires (testostérone et
AMH ou anti-miillerian hormone) qui sont a [’origine du choix de Ia

différenciation du sexe apparent (Ravel et al., 2004).

Au cours de la différenciation du testicule, SRY et SOX9 régulent
négativement la voie de différenciation ovarienne par la répression de RSPOI.
Parallelement, dans la gonade femelle, en I'absence de SRY, le haut niveau de

RSPO1 entraine 1’activation de la voie femelle.
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De nombreux travaux essentiellement réalisés chez la souris ont permis de
mettre en ¢évidence les évenements morphogénétiques impliqués dans la

formation d’un ovaire ou d’un testicule.

Les étapes se déroulant dans l'ovaire (folliculogenese, ovulation), la
fécondation, l'implantation et le développement embryonnaire précoce sont
finement régulés génétiquement (Figure 1). De méme, le grand nombre de genes
spécifiquement exprimés dans la lignée germinale male illustre la complexité du
processus de la spermatogenese et indique que des mutations dans des milliers
de genes différents pourraient provoquer l'infertilit¢ masculine (Tableau 1)
(Matzuk and Lamb, 2008; Schultz et al., 2003). Il est fort probable que cette
complexité contribue a un grand nombre d'infertilité idiopathique chez

I'Homme.
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Mouse models with female fertility defects

Ovulation
CEBP-p. IL6ST, LFNG, LHR, NOS3, NRIP1,
NR2C2, OAS1D, PDE3A, PDE4D, PTGS2, PR,
SIRT1, SRB1, SULT1E1, TRP73, YBX2

Cumulus expansion
AMBP, AREG, BMP15,
BMPR1B, EREG, GDF9,
PTGER2, PTX3, TNFAIP6

ADAMTS1, IMMP2L, INH-at,
IRS2, ER-at, ER-B, SH2B1,
SOD1, SOX3, TNFRSF1A

r* Cz, = "7 Early antral follicle

FSHR, IGF1, NOS1,
NR2C2, PCYT1B.

THBS1, UBE3A

BSG, CD9, CD81, PIGA,

PLCB1, ZP1, ZP2, ZP3 : /] Secondary follicle

A/ GDFo,KITL
Maternal effect A .
Maternal etfiect Primary follicle
CSF2, DNMT1o0, DNMT3L, 2 K.{'in'm
DPPA3, HSF1, NLRPS, NPM2, FOXO3A

PADS, UBE2A, ZAR1, ZFP36L2

Luteal

CDK4, CDKN1B, CEBP-B, EGR1,
NPEPPS. PTGFR, PRL, PRLR

Primordial follicles
LHX8, NOBOX, SOHLH1, SOHLH2

Implantation and uterine

AHR, CCND2, DDR2,

SH2B1, SRC, TAF4B,

ACSL4, CBS, CENPB, CSF1,
CYP40, DLGAPS, FKBP4, HMX3,
HNF1A, HOXA10, HOXA11,
IL11RA, LHX1, LIF, LPARS3,
NCOA1,NDP, OVOL1, PAXS, PR,
PTGS2, TERT, WNT7A

Post-implantation and post-partum
! ABCA1, BAGALT1, BSX, CSF1,

DAZAP1, FOXB1, FZD4, GDI1, HSF1,
INHBB, NR2C2, OXT, OXTR, SRD5A1

Steroidogenesis
ARNTL, CYP11A, CYP19A1,

CYP40, DHCR24. NR5A2,
STAR. VDR

Embryonic germ cell

BCL2, BCL2L2, BMP4,
BMP8B, DAZL, FST, GJA1,
GLP1, KIT, KITL, NANOS3,
PRDM1, SMAD1, SMADS,
STRAB8, TCF21, TIAL1, WT1,
WNT4, ZFX

Central

ACVR2A, AFP, AIRE, CDK4,
CDKN1C, CG-u, CPE,
CRTC1, DDR2, FSH-B, EGR1,
GGT1, GHR, GNRH, GNRHR,
INSL3, KISS1, KISS1R, LER,
LEPR, LH-B, OTX1, NPR2,
POU1F1, PROP1, STAT3,
TGF-B1, TSHB, TKT

Meiotic and DNA repair

ATM, BRWD1, CDC25B,
CDK2, CKS2, CNB1IP1,
CPEB1, DMC1, ERCC1,
ERCC2, FANCA, FANCC.
FANCG, FANCL, FMN2,
GJA4, GPR3, HSF2, MEI1,
MOS, MLH1, MLH3, MSH4,
MSHS5, NBN, NOS3, PMS2,
RECS8, SGOL2, SMC1B,
SPO11, SYCP1, SYCP2,
SYCP3, TOP3B, TRIP13,
UBB, UBR2

Figure 1 : Les protéines impliquées dans la fertilité femelle identifiées chez la souris. (Matzuk and Lamb,

2008). Des modéles de souris KO (knock-out) ont permis d’identifier des protéines clés impliquées dans la

formation de follicules, la folliculogenése ovarienne, [l'ovulation, et les événements post-ovulatoires (la

fécondation, l'implantation et le développement embryonnaire précoce). L expression de ces genes est finement

régulée et sous le controle du systeme hypothalamo-hypophysaire. L étude de plus d’une centaine de mutants

dans les espéces murines et ovines a donc permis d’accroitre les connaissances concernant la reproduction

femelle. Cependant, ces données ne permettent pas d’expliquer les causes génétiques d’infertilité féminine qui

restent largement inexpliquées. Les genes présentés en bleu représentent |’accroissement des connaissances sur

le sujet (et donc du nombre de genes connus comme étant impliqués) entre une revue de 2002 et celle de 2008.
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Table 1: Genes impliqués dans l'infertilité masculine_mis _en_évidence par le modéle murin_(Matzuk and

Lamb, 2008) Les genes présentés en bleu représentent [’accroissement des connaissances sur le sujet (et donc

du nombre de genes connus comme étant impliqués) entre une revue de 2002 et celle de 2008.
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II. Linfertilité humaine

A. Définition et données épidémiologiques

La reproduction est une fonction physiologique qui comprend de
nombreuses étapes, telles que la formation des gameétes, la fécondation, le
développement préimplantatoire, 1’implantation et le développement post-
implantatoire. Ainsi D’aptitude a procréer dépend du bon fonctionnement

coordonné des systémes reproducteurs male et femelle.

Les épidémiologistes et les démographes ont coutume de distinguer
fertilité/infertilité, de fécondité/infécondité. La fertilité correspond a une
aptitude, celle d'un couple a concevoir; elle exprime une probabilité. Au
contraire, la fécondité est un état, celui d'un couple qui a congu; elle exprime un
constat (d’apres la revue du Pr Alfred Spira, « Infertilité — infécondité », 1997).
Par définition, la fertilité est la capacité de produire une descendance, alors que
la fécondité est la capacité biologique a se reproduire sur la base de la
probabilit¢ mensuelle de conception. Un couple est dit infertile s’il ne parvient
pas a mener une grossesse a terme apres un an ou plus de rapports sexuels

réguliers non protéges (Gnoth et al., 2005; Zegers-Hochschild et al., 2006b).
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La fécondité peut étre mesurée par le temps pris pour obtenir une grossesse. On
parle de «Time-To-Pregnancy» (TTP) exprimée en «Monthly Fecundity Rates»
(MFR), c'est a dire la probabilit¢ d'obtenir une grossesse dans un cycle
menstruel. La MFR chez I'homme est relativement faible (20%) par rapport aux
autres especes de mammiferes (Evers, 2002; Stevens, 1997; Teklenburg et al.,
2010; Viudes-de-Castro and Vicente, 1997). On parle d’infertilités modérées et
sévéres définies par des MFR de 5 et 1%, respectivement (Evers, 2002). A
l'autre extrémité du spectre, la superfertilité peut étre caractérisée par une MFR
de 60% ou plus. Sur la base du modele de Tietze (Evers, 2002; Tietze et al.,

1950), 79% de la population est estimée fertile, 18% infertile et 3% superfertile.

L'OMS (Organisation Mondiale de la Sant¢) considére comme infertile un
couple qui, au bout de deux ans de relations sexuelles, sans contraception, ni
intervention médicale, n'a pas congu. On parle d’infertilit¢ quand au moins un
des membres du couple est stérile ou quand sa capacité a concevoir est
sérieusement diminuée. On distingue ’infertilité primaire quand il n’y a jamais
eu de grossesse et I’infertilité secondaire s’il y a eu une ou plusieurs grossesses a
terme. Dans I’espece humaine, la fécondit€¢ ou probabilité mensuelle d’obtenir
une grossesse est d’environ 25%. Dans le cas d’une incapacité totale a procréer
naturellement on parle de stérilit€. Pour une probabilit¢ de procréer <5% on

parle d’hypofertilit¢ (OMS). L’infertilité est un probléeme de santé publique
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majeur qui concerne entre 8 et 12% des couples a 1’échelle mondiale soit plus de
80 millions de personnes, avec, d’apres ’OMS, 40 % de couples atteints

d’infertilité¢ primaire et 60 % d’infertilit¢ secondaire (Evers, 2002).

Les causes d'infertilité¢ ont trés longtemps été attribuées aux femmes. Ce
n'est que depuis le début du 20eéme siecle que la piste masculine est explorée.
Dans environ 30% des cas, il est trouvé une cause purement féminine, dans 20%
des cas une cause uniquement masculine, dans 40% des cas une cause qui
incombe aux deux partenaires et dans 10% des cas I'infertilité reste inexpliquée.

Ainsi, en France 60 000 couples (~1/6) consultent chaque année pour une
difficulté a concevoir. Ces couples sont pris en charge par des services de santé
de la reproduction et ils se voient proposer des traitements et/ou une assistance
médicale a la procréation (AMP). En 2003, une naissance frangaise sur 20 a été
obtenue a I'issue d’un traitement ou d’une technique médicale. Cependant le
taux de succes des techniques d’AMP reste faible, de I"ordre de 20 % par
tentative (Andersen and Loft, 2006). Une des techniques d’AMP les plus
connues est la Fécondation In Vitro (FIV) mais d’autres techniques existent
(Insémination Artificielle (IA), Injection Intra-Cytoplasmique de Spermatozoide
(ICSI). Le premier enfant issu de la technique de FIV date de 1978 (Steptoe and
Edwards, 1978). De plus la proportion de naissances obtenues par cette

technique n’a cessé de progresser au cours des vingt derniéres années, passant
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de 0,52 % des enfants congus par FIV en 1988 a 1,74 % en 2006 (soit un rythme

moyen de hausse de + 0,72 % par décennie) (de La Rochebrochard et al., 2008).

En dehors de toute pathologie, des facteurs liés au mode de vie, ont un
role établi dans la modulation de la fertilit¢. Chez la femme, 1’age joue un rdle
trés important puisque son augmentation diminue les chances de grossesse et
dans le méme temps augmente le risque de fausses couches. De la méme facon,
I’obésité, le tabac et I’alcool diminuent la fertilité des femmes (Caserta et al.,
2011; Kelly-Weeder and Cox, 2006; Norman et al., 2004). Par exemple, les
¢tudes de Hughes en 1996 et Augood en 1998 ont démontré que le tabagisme
chez les femmes diminue de facon significative les chances de conception. Chez
I’homme, I’age est également associé a une baisse de la fertilité mais a un degré
bien moindre par rapport a la femme. L’obésité, le tabac et 1’alcool sont
¢galement des facteurs déléteres a la fertilité masculine. Certaines conditions de
I’environnement (chaleur, solvants, pesticides...) peuvent aussi entrainer une
diminution de la fécondité¢ (Homan et al., 2007), de méme que des facteurs de
risque professionnels, y compris les travaux physiques pénibles et I'exposition
aux gaz anesthésiques, les meétaux lourds et les solvants (Homan et al., 2007;
Kumar, 2004). Beaucoup moins d'attention a été portée a l'exposition aux
produits chimiques présents dans I'environnement et 1'alimentation (Foster et al.,

2008), en dépit de preuves provenant d'études toxicologiques qui indiquent
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clairement que de nombreux produits chimiques nuisent a la reproduction des

femelles a la fois directement et/ou indirectement (Caserta et al., 2011).

B. Les causes masculines d’infertilité

1. Généralités
Chez 1l'homme, le spermogramme associ€é au spermocytogramme

constituent les examens de base dans le cadre de I’exploration de la fertilité.

Les normes établies par 'OMS sont les suivantes : volume entre 2 et 6 ml,
pH entre 7,4 et 8, concentration en spermatozoides entre 20 et 200 millions/ml,
vitalité¢ supérieure a 60 %, mobilité¢ supérieure a 50% avec au moins deux tiers
de spermatozoides mobiles progressifs («fléchants»), et formes
morphologiquement normales supérieures a 40 % avec un index d'anomalies

multiples inférieur a 1,6.

L'infertilit¢ masculine est un syndrome multifactoriel englobant une
grande vari¢t¢ de troubles. Cependant, pour plus de la moiti¢ des hommes
infertiles, la cause est inconnue et peut étre congénitale ou acquise (Bhasin et al.,
1997; Poongothai et al., 2009). L’enquéte Thonneau, a permis de répertorier les

causes principales d’infertilité masculine (Thonneau et al., 1991).
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L’oligo-térato-asthénozoospermie  représente la cause principale

d’infertilit¢ masculine (21%).

L’oligospermie (2%) correspond a une diminution du nombre de
spermatozoides (moins de 20 millions/ml). L’azoospermie (9%) correspond a
une absence totale de spermatozoide. Il peut s’agir soit d’une absence de
production par les testicules (azoospermie sécrétoire (6%)) soit d’une obturation

des canaux excréteurs (azoospermie obstrusive (3%)).

L’asthénospermie (ou asthénozoospermie) (17%) correspond a un défaut
de mobilité (moins de 40%) ou de mouvement des spermatozoides (vitesse,
trajectoire). Ces anomalies peuvent étre dues a des anomalies de structure des
spermatozoides. La nécrospermie correspond a un pourcentage ¢levé de
spermatozoides morts (>50%) le plus souvent di a des infections. La
tératospermie (ou tératozoospermie) (10%) est la présence d’un taux
anormalement élevé de spermatozoides anormaux (supérieur a 85%). Le
pourcentage minimal de spermatozoides normaux dans un sperme normal varie
entre 15 et 50%. Ces anomalies peuvent intéresser toutes les parties du
spermatozoide (téte, flagelle) et sont généralement dues a un dysfonctionnement

de la spermiogenése, la derniére phase de la spermatogenese.

Concernant les causes génétiques de I’infertilité masculine, des études

dans les années 1970, notamment celle de Tiepolo L et Zuffardi O en 1976, ont
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conduit a suspecter 'existence d'un facteur putatif AZF (4zoospermia factor)
codé par un ou plusieurs genes, indispensable(s) a la spermatogenese et situé(s)
en région Yqll, ultérieurement subdivisée en 3 sous-régions non chevauchantes
dénommées (AZFa, AZFb et AZFc) (Tiepolo and Zuffardi, 1976). Environ 10 a
20% des hommes, dépourvus de spermatozoides dans leurs €jaculats présentent
une délétion au niveau du locus AZF (Azoospermia Factor) qui serait
responsable d'atteintes plus ou moins séveres de la spermatogenése. Plusieurs
génes candidats ont ét¢ trouvés a l'intérieur de ces régions. Dans les cas
d’azoospermie, les genes de la famille DAZ, situés dans la région AZFc, sont les
candidats les plus souvent délétés (Navarro-Costa et al., 2010). Récemment, une
nouvelle région du chromosome Y de 1,6 Mb nommée «gr/gr » a été décrite
comme délétée en particulier chez les hommes infertiles avec des degrés divers
de défauts spermatiques. Cependant, la compréhension des causes génétiques de

l'infertilité masculine reste limitée (Poongothai et al., 2009).

2. Laspermatogenese, une étape clé de la fertilité male

La majorité des anomalies de fertilit¢ masculine sont liés a des défauts de
la spermatogenése, un phénomene long et complexe qui débute a la puberté et se

poursuit pendant toute la vie d’un individu de sexe masculin.

La spermatogencse est I'événement physiologique majeur qui se produit

dans les tubes séminiféres, les unités fonctionnelles des testicules, et qui permet
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de produire des spermatozoides. Chaque homme produit plus de 100 millions de
spermatozoides chaque jour sous l'influence de 1'hormone folliculo-stimulante
(FSH) et de I’hormone lutéinisante (LH) (Sharpe et al., 1994). La FSH exerce
ses effets sur les cellules de Sertoli dans 1'épithélium séminifere pour assurer le
maintien de la spermatogenése (Griswold et al., 1995). La LH se lie a ses
récepteurs au niveau des cellules de Leydig pour induire la stéroidogenése et
permettre la production de la testostérone et de I'eestradiol (Carreau and Hess,
2010; O'Donnell et al., 2001). Ces deux hormones hypophysaires (FSH et LH)
qui régulent la spermatogenese sont sous l'influence de I'hypothalamus. La
relation hormonale et fonctionnelle complexe, entre I'hypothalamus, 1'hypophyse
et le testicule, est connue sous le nom de l'axe hypothalamo-hypophyso-
testiculaire. Cet axe est notamment la cible de la contraception hormonale
masculine (Anderson and Baird, 2002; Liu et al., 2010; Nieschlag, 2010;

Nieschlag et al., 2011).

En 2006, Misell et al. ont confirmé qu’un cycle spermatogénétique, de
l'initiation de la spermatogenése a Il'apparition des spermatozoides dans
I'¢jaculat, dure environ 64 jours (Misell et al., 2006). La spermatogencse se

décompose en trois grandes phases:
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I-  Pendant la premiere phase, les spermatogonies (ou cellules souches
germinales) proliférent par mitoses (capacit¢ d’auto-renouvellement) et se

différencient en spermatocytes I qui s’engagent dans le processus de la méiose,

2-  La seconde phase correspond donc a la méiose, processus de division des
cellules germinales diploides, permettant d'obtenir des gametes haploides, les

spermatides essentielles pour la reproduction sexuée.

3- La troisitme phase est la spermiogénése qui correspond a la
transformation des spermatides rondes en spermatides allongées puis en
spermatozoides dotés de la capacité de motilité¢ (aprés phagocytose du corps
résiduel par les cellules de Sertoli). La spermiogénése permet la formation de
l'acrosome et induit des changements nucléaires, le développement du flagelle,

la réorganisation du cytoplasme et des organites cellulaires (Figure 2).

Le processus de libération du spermatozoide par la cellule de Sertoli (a

partir de I'épithélium dans la lumiére tubulaire) est appelé spermiation (Figure

3).
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Figure 2 : Illustration de la spermiogenése du rat adulte applicable a d'autres mammiféres (Clermont and

Rambourg, 1978). Les numéros des dessins correspondent aux étapes de la spermiogénése telles que proposées
par Leblond en 1952 (Leblond and Clermont, 1952). Au cours des trois premiéres étapes de la spermiogenése,
l'appareil de Golgi juxtanucléaire élabore les granules proacrosomiques, qui fusionnent en un seul granule
acrosomique qui s'attache au noyau. Durant les étapes 4 a 7, l'appareil de Golgi contribue a la formation de
l'acrosome qui se positionne a la surface du noyau. Pendant cette phase les mitochondries sont situées le long de
la membrane plasmique, et les centrioles liés au noyau au péle opposé de l'acrosome. Cela va donner lieu a
l'axonéme du flagelle en croissance. Durant les étapes 8 a 14, la spermatide devient polarisée, la chromatine se
condense, et le noyau s'allonge pour prendre sa forme caractéristique du modeéle murin, en faucille. Au cours
des étapes de 15 a 19, phase de maturation, le flagelle termine sa formation par la migration des mitochondries
vers le segment proximal en développement pour former la gaine mitochondriale. Enfin, le lobe cytoplasmique
apical et la majeure partie du cytoplasme se séparent de la spermatide qui devient, aprés élimination du corps

résiduel (RB), un spermatozoide.
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Figure 3 : Le processus de spermiation (O'Donnell et al., 2011). Avant la spermiation, la spermatide allongée

interagit avec les cellules de Sertoli par l'intermédiaire d'une vaste structure connue sous le nom de la
spécialisation ectoplasmique (ES). Au cours de la spermiation, les spermatides allongées montrent des
changements progressifs dans la morphologie nucléaire et cytoplasmique. Au début de la spermiation au stade
VII, la spermatide montre un cytoplasme abondant autour du flagelle, et est en grande partie enveloppé par des
projections du cytoplasme apical des cellules de Sertoli (parfois appelé le processus apical). Les complexes
tubulo-bulbaires se forment dans la courbure ventrale de la téte des spermatides, dans les zones déficitaires en
ES. La téte et le flagelle de la spermatide sont progressivement attirés plus loin dans la lumiere tubulaire alors
que son cytoplasme se condense et reste immobile dans ['épithélium, ce qui a pour effet de former le lobe
cytoplasmique ou se concentrent les organites cytoplasmiques, qui finira par former le corps résiduel. Au cours
de la progression du stade VII au stade VIII, la structure ES disparait de la membrane plasmique de la cellule de
Sertoli opposée a la téte de la spermatide. Les complexes tubulo-bulbaires montrent également des changements
dans leur morphologie au cours de la progression du processus de spermiation, ils sont plus nombreux dans la
courbure ventrale de la téte de la spermatide au stade VII. La spermiation se termine par la libération de la téte
de la spermatide des cellules de Sertoli et la séparation de la spermatide et du corps résiduel qui sera phagocyté

par les cellules de Sertoli.
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Au terme de la spermatogenese, le gamete possede toutes ses structures
morphologiques indispensables a la fécondation. Toutefois il est important de
noter que le spermatozoide testiculaire subit, aussi bien dans les voies génitales
masculines que dans les voies génitales féminines, de nombreuses modifications
physiologiques nécessaires a l'accomplissement des étapes précoces de la
fécondation, a savoir le franchissement des cellules du cumulus, la
reconnaissance et la pénétration de la zone pellucide puis 1’adhésion et la fusion
des membranes plasmiques des deux gametes. La complexité des événements
cytologiques a la base de la formation des spermatozoides supposent une
multitude de mécanismes de régulation, biochimiques et physico-chimiques

(Cheng et al., 2011).

L’identification des geénes jouant un rdéle dans la spermatogencse est
principalement basée sur 1’étude des modeles murins, en particulier le modele de
la souris. Chez 'homme, une telle identification reste largement inaccessible en
raison de la difficulté a avoir acces a des échantillons de tissus a partir d'une
gonade male et les possibilités limitées de vérification fonctionnelle. Par
conséquent, les causes genétiques d'infertilit¢ masculine sont encore mal
connues. Cependant 1’'identification des genes potentiellement impliqués dans la
spermatogenése doit €tre améliorée afin d'accroitre I'efficacité des tests de

diagnostic indispensables a la caractérisation des causes de stérilité chez les
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hommes afin de leurs proposer un traitement médical ciblé ou une assistance

médicale adéquate (Waclawska and Kurpisz, 2012).

C. Les causes féminines d’infertilité

1. Généralités
L’enquéte Thonneau, en 1991, a permis de répertorier les causes

principales d’infertilité¢ féminine (Thonneau et al., 1991).

Chez la femme, les troubles de 1’ovulation constituent la cause principale
d’infertilité (33 a 35%). Si 'ovulation est complétement absente on parle
d’anovulation ou si elle est présente mais de mauvaise qualit¢ on parle de
dysovulation. Certaines anomalies des ovaires sont a l’origine de troubles
ovulatoires particuliers tels que le Syndrome des ovaires micro- polykystiques
(présence de nombreux petits kystes). D’autres dysfonctionnements peuvent Etre
la conséquence d’un épuisement prématur¢ des ovaires. C’est le cas de
I’insuffisance ovarienne prématurée (IOP ou ménopause précoce) correspondant

a une défaillance ovarienne survenant avant I’age de 40 ans.

Dans 26% des cas, des anomalies des trompes (obturation), pour la plupart
dues a des infections génitales, peuvent &étre un obstacle mécanique a la
rencontre des gametes dans les voies génitales. Elles peuvent aussi causer des

grossesses extra-utérines.
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De méme, les malformations utérines (bicornes unicervicaux 39%,
cloisonnés 34%, bicornes bicervicaux 11%, unicornes 5%) concernent 3,5% des

femmes infertiles.

L’endométriose est une pathologie concernant 4% des cas d’infertilité
féminine. Elle correspond a la prolifération anormale de la muqueuse utérine en
dehors de 1’utérus, en particulier au niveau des ovaires pouvant perturber la
rencontre de l’ovocyte et des spermatozoides et influer sur la qualité de

I’ovulation.

Enfin la glaire cervicale peut également étre en cause (dans 4% des cas
d’infertilit¢ féminine), elle peut étre secrétée de facon inadéquate (quantité,
qualité, pH) a cause d’infections, de dysfonctionnement des glandes

endocervicales ou suite a des traitements de 1ésions du col de ’utérus.

2. Les fausses couches spontanées répétées

a) Données épidémiologiques:

On parle de fausse couche spontanée (FCS) en cas « d’expulsion ou
d’extraction hors de la mére d’un embryon ou d’un feetus pesant moins de 500g

et de moins de 22 semaines d’aménorrhée (SA) » (OMS, 1997). On parle de

fausse couche « précoce » lorsque celle-ci survient avant 15 SA. Douze a 15%
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des grossesses cliniquement reconnues et 50 a 60% de toutes les grossesses se
terminent par un AS dans I’espece humaine (Edmonds et al., 1982; Wilcox et
al., 1988) pour la majeure partie trés tot dans la gestation, autour de la période
d’implantation. Il y a une augmentation du risque d’avortement en fonction du
nombre d’accidents précédents (Figure 4 et Tableau 2) (Knudsen et al., 1991;

Regan et al., 1989)

B Apres trois avortements
spontanés

B Apres deux avortements
spontanés

Biprés un avortement
spottané

OFremitre grossesse ou
grossesse antérieurs

(d’apres Knudsen, 1991)

Figure 4 : Augmentation du risque d’AS avec le nombre d’antécédents (Knudsen et al., 1991) Le risque d’un

AS est déterminé par lissue des grossesses antérieures.

Nombre de  fausses  couches | Risque de FCS pour la grossesse en
0 10-15%
1 13-26%
2 17-35%
3 25-46%

Tableau 2 : Evaluation du risque de récidive en fonction du nombre de fausses couches spontanées

antérieures (« Protocoles cliniques en _obstétrique » Par Dominique Cabrol, Francois Goffinet, paru le

13/11/2008)

On définit les avortements spontanés a répétition (RSA) comme au moins

trois avortements successifs. Un a 5% des couples seraient concernés par I’'RSA
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(Rai and Regan, 2006). Cependant les causes des RSA restent inconnues dans 50

a 80% des cas (2008; Plouffe et al., 1992).

Bien que la qualit¢é de I’implantation puisse étre a ’origine d’RSA
pendant toute la durée de la gestation, diverses raisons font penser que la
pathogénese est bien plus complexe. Le risque d’un nouvel avortement est
directement 1i¢ au succes des gestations précédentes (Knudsen et al., 1991;

Regan et al., 1989).

b) Etiologie des RSA

Les causes des RSA peuvent étre anatomiques avec une fréquence des
malformations congénitales variant entre 2 et 38%. Le cloisonnement utérin est

la malformation utérine la plus souvent associée aux RSA (Salim et al., 2003).

Un avortement précoce est dans la plupart des cas associ€ a un caryotype
anormal de I’embryon. Les anomalies chromosomiques les plus souvent en
cause sont les trisomies autosomiques, la monosomie X et les polyploidies.
Trois pour cent des couples confrontés a des AS comportent un conjoint
présentant des réarrangements chromosomiques importants. [’anomalie
chromosomique la plus fréquemment rencontrée est la translocation balancée
(transfert de segments entre chromosomes non homologues) (Stephenson and

Sierra, 2006).
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Les causes immunologiques peuvent étre auto-immunes (syndrome anti-
phospholipide ou SAPL) ou allo-immunes (réponse immunitaire inappropriée
envers ’embryon pouvant diminuer la tolérance maternelle). La prévalence du
SAPL chez des femmes atteintes d’RSA est d’environ 15% (Rai et al., 1995).
Dans la plupart des études on reléve une augmentation des anticorps anti-
phospholipides allant jusqu’a 42% chez les femmes stériles. Les anticorps anti-
phospholipides pourraient intervenir a la fois sur la nidation et sur la croissance
feetale. Les pertes foetales seraient la conséquence d’une ischémie placentaire
(Balasch et al., 1998; Roussev et al., 1998). Les traitements du SAPL combinent
I’aspirine et I’héparine, et améliorent la survie des feetus. En effet, 70% des
patientes traitées ont des gestations qui sont menées a terme (Empson et al.,
2002). Il1 a également ¢ét¢ montré que I’hyperactivation du systeme du
complément due a une formation exagérée de complexes immunologiques, est

fréquente chez des patientes sujettes au SAPL (Oku et al., 2012).

Des causes endocriniennes peuvent également expliquer certains cas
d’RSA. Le diabéte mal soigné, le syndrome des ovaires polykystiques et
I’hyper-prolactinémie sont associ€és a un risque d’RSA. L’administration de
bromocriptine, un inhibiteur de la sécrétion de prolactine, diminue le taux
d’avortements (Hirahara et al., 1998). De plus la prévalence des ovaires

polykystiques est de 40% chez des patientes atteintes d’RSA tandis que chez des
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femmes sans antécédent elle n’est que de 22% (Rai et al., 2000). D’autres études
montrent €galement que la résistance a [D’insuline est associée a une

augmentation des RSA (Craig et al., 2002).
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III. Introduction a la génétique quantitative

A. Les caracteres quantitatifs complexes

La reproduction, comme de nombreux processus physiologiques (ou
pathologiques), fait intervenir des parametres quantitatifs et complexes résultant
de I’interaction entre des facteurs génétiques et des facteurs environnementaux.
L’infertilit¢ humaine se manifeste en effet dans de nombreux cas par différents

degrés d’hypofertilité plutot que par un état d’infertilité absolue.

Un caractere quantitatif est un caracteére phénotypique dont la distribution
est une fonction continue et mesurable. Un caractere qualitatif peut étre
monogénique, c’est-a-dire li¢é a la variation allélique d’un seul gene, ou
polygénique/oligogénique, c’est-a-dire contrdlé par I’association de différents
alleles d’un nombre limité de genes. La génétique quantitative est aussi appelée
génétique multifactorielle, ou génétique des caracteres a déterminisme
complexe. Dans ces cas, différents locus agissent sur le phénotype, chacun de
facon modérée (et non en tout ou rien) en interaction entre eux (de la simple
additivité des effets, a des relations plus complexes), et dont 1’action peut étre
modulée par I’environnement. Dans le cas de 1’additivité, le génotype confére au

phénotype une valeur moyenne égale a la somme de I’effet de chaque variant
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allélique. A I'opposé, on parle d’épistasie lorsque I’interaction des geénotypes
multiplie les effets avec une valeur phénotypique moyenne différente de la

somme des effets des variants alléliques (Carlborg and Haley, 2004).

Pour I’étude des caractéres quantitatifs au sein d’une population, on
définit la variabilité dite intra-individuelle comme étant liée a 1’expérimentateur
et a environnement et la variabilité interindividuelle qui persistera entre des
individus génétiquement identiques dans un environnement controlé. Une
mesure quantitative se traduit par une moyenne et un €cart type calculés au sein

d'une population.

L’association statistique d’un caractére quantitatif avec une région du
génome traduit I’existence d’un QTL (Quantitative Trait Locus). Un QTL se
définit comme un locus polymorphe pour lequel au moins deux formes
alléliques sont associées a des valeurs phénotypiques moyennes différentes pour
le caractere étudié. Un caractere quantitatif peut également étre sous le controle
d’un ou plusieurs QTL(s) qui contribuent de facon plus ou moins importante a
I’¢laboration du phénotype. On parle de « force » du QTL définie comme étant
le pourcentage de variance du phénotype qu’il explique. La force du QTL sera
déterminante pour sa détection, qui sera d’autant plus aisée que celle-ci sera

grande.
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B. Principe de détection des QTL

Lors de I’¢laboration d’un protocole expérimental visant a la détection de
QTL, le choix des lignées parentales est déterminant. A priori, la probabilité¢ de
détecter des QTL sera d’autant plus importante que le polymorphisme
phénotypique sera marqué entre les deux lignées. Le succes de la cartographie
initiale des QTL est donc principalement basé sur I’exploitation de lignées

parentales fortement polymorphes.

Le modele murin est 1’outil principal pour I’é¢tude de -caracteres
quantitatifs. Les premiers QTL ont été cartographiés chez la souris dans les
années 90 (Hilbert et al., 1991). La cartographie de QTL se fait en deux étapes.
La premicre étape est la primo-localisation des QTL correspondant au screening
global du génome. La seconde étape est la cartographie fine permettant de

proposer des génes candidats expliquant la variation phénotypique.

La détection de QTL nécessite la connaissance précise de la carte
génétique de I’espece €tudiée correspondant au positionnement de marqueurs
génétiques polymorphes les uns par rapport aux autres le long d’un
chromosome. Au cours de I’histoire du clonage de QTL, en fonction des
avancées techniques, trois types de marqueurs moléculaires ont été utilisés pour
I’essentiel : les RFLP (Restriction Fragments Length Polymorphysm), les

microsatellites et les SNP (Single Nucleotide Polymorphism).
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La technique RFLP est basée sur l'existence d’un polymorphisme de
longueur de fragments de restriction. En effet, le nombre de sites de coupure
pour des enzymes de restriction et leurs positions dans le génome diffeérent en

fonction des individus.

Les microsatellites sont de trés courtes séquences d’ADN (1 a 4
nucléotides) répétées en tandem susceptibles de varier en nombre de copies en

fonction du fond génétique.

Les SNP (Single Nucleotide Polymorphism) sont des variations d’une
seule paire de base du génome entre individus d’une méme espéce, a une
position déterminée. En moyenne, on en compte un tous les 500 bases d’ADN
chez ’'Homme ; comme les autres marqueurs présentés ici ils se rencontrent

dans les séquences codantes et non codantes.

La détection de QTL peut étre basée sur une analyse par marqueur qui
consiste a comparer pour un marqueur donné¢ les contrastes phénotypiques
correspondant aux deux alleles du marqueur, et a évaluer leur significativité. Si
la comparaison des moyennes révele une différence statistiquement
significative, on en déduit la présence d’un QTL au voisinage de ce marqueur
(Lander and Botstein, 1989). L’analyse point par point permet de calculer un
LOD score qui mesure la vraisemblance de I’existence d’'un QTL pour tous les

marqueurs qui ont €té analysés le long d’un chromosome.
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LOD score = log (P(H1)/P(HO)) avec P(H1) = Probabilité d’obtenir la déviation
phénotypique sous 1’hypothese H1 (existence du QTL a proximité du marqueur
considéré) et P(HO)= Probabilit¢ sous I’hypothése HO (absence de QTL a

proximité de ce marqueur)

Du fait des spécificités génétiques de 1’espece murine (lignées
consanguines en particulier), la souris a €té¢ au centre de I’identification de QTL
chez les mammiferes. Trois grands types de lignées de laboratoire ont été

particulierement utilisés pour la cartographie de QTL chez la souris :

(1) Les CSS (Chromosome Substitution Strains) sont des lignées pour
lesquelles un chromosome entier est remplacé par son homologue d’une autre

lignée. Ces lignées permettent une cartographie au chromosome prés.

(2) Les RIS (Recombinant Inbreed Strains) sont obtenues a partir de deux
lignées ¢loignées phylogénétiquement pour créer une population F2 qui va subir
une vingtaine de générations de croisements frére-sceur afin de fixer chaque
locus a 1’état homozygote. Les lignées RIS possedent en moyenne 50% du
génome des deux lignées parentales. Le phénotypage d’un ensemble de lignée
RIS (chacune correspondant & une combinaison unique des génomes parentaux)
suivi de la comparaison de leur pattern de distribution d’haplotypes permet de
déterminer le fragment génomique minimal responsable d’une variation

phénotypique, c’est ’analyse SDP (Strain Distribution Pattern).
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(3) Les RCS (Recombinant Congenic Strains) sont obtenues par 1’établissement
d’une population F1, croisée en retour sur 'une des lignées parentales
(receveuse). La génération N2 obtenue est croisé€e sur le méme parent. La mise a
I’état consanguin se fait a partir des individus N3 pendant au moins 20
générations. En moyenne, le pourcentage de génome donneur dans chaque
lignée est théoriquement de 12,5%. De ce fait, la probabilit¢ de mettre en
¢vidence des relations d’épistasie entre deux QTL est deux fois plus importante

avec les RCS comparée au RIS (Figure 5).
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Figure 5 : Etablissement du set de RCS (Demant and Hart, 1986). Ces lignées sont obtenues a [’issue de 2

backcross (ou croisement en retour) et possede 12,5% de génome donneur et 77,5% de génome receveur. 20

lignées RCS permettent une couverture théorique du génome de 93%.

Dans ce travail de thése nous nous intéresserons a un modele RCS
particulier, les lignées interspécifiques recombinantes congéniques (IRCS). La
particularité de ces lignées réside dans le fait qu’elles ont été créées a partir d’un
croisement dans lequel le génome donneur et le génome receveur appartiennent
a deux especes de souris différentes, ce qui confére aux croisements un fort

polymorphisme.

C. LesIRCS pour la cartographie de QTL

Les lignées interspécifiques recombinantes congéniques (IRCS) ont été
créées a linstitut Pasteur a partir d’un croisement initial entre deux lignées
parentales C57BL6/J (B6) et SEG/P (SEG) appartenant a deux especes
différentes, Mus musculus domesticus et Mus spretus respectivement (Burgio et
al., 2007). Ce croisement interspécifique entre souris de laboratoire et souris
sauvages proposé¢ par Jean-Louis Guenet et Xavier Montagutelli a abouti a
I’obtention de lignées consanguines possédant un polymorphisme phénotypique

et génotypique trés important. En effet ces deux espéces ont divergé il y a
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environ 1,5 a 2 millions d’années et présentent donc un polymorphisme de
séquence proche de celui qui existe entre ’homme et le chimpanzé (Guenet and

Bonhomme, 2003; Newman et al., 2005).

Plus précisément, le premier croisement entre les lignées parentales a été
suivi de 2 croisements en retour (backcross) sur B6 donnant naissance a la
génération N2. La génération N3 a ¢té obtenue a I'issue d’une vingtaine de
croisements consanguins frere-sceur. Le résultat est la création d’un set de 55
lignées congéniques, contenant en moyenne 2% de génome SEG fixé a I’état
homozygote dans un fond génétique B6 (Figure 6). De fagon intéressante, il faut
noter que la proportion théorique (12.5%) est largement supérieure a celle
réellement obtenue. La tolérance du génome d’une espéce a celui d’une autre
espece pourrait étre limitée en quantité, voire en qualité : on ne peut exclure que
certaines régions du génome sprefus ne soient totalement incompatibles avec
d’autres régions du génome musculus. 11 s’ensuit que I’approche IRCS ne peut

probablement pas permettre de détecter des QTL sur tout le génome.
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Figure 6 : Etablissement des lignées IRCS créées a linstitut Pasteur. Le premier croisement entre le lignées

parentales B6 et SEG est suivi par deux backcross sur B6. Une vingtaine de croisements frere — sceur permettent
de fixer le génome spretus a [’état homozygote dans un fond B6. Chacune des 55 lignées IRCS posséde en

moyenne 1,5% du génome spretus.

Les lignées IRCS ainsi obtenues ont été génotypées par microsatellites et
SNP, en collaboration avec le centre national de génotypage d’Evry ce qui a
permis une couverture totale du génome des lignées. Les fragments spretus
(11,7 Mb en moyenne) répartis entre les différentes lignées permettent une
couverture du génome d’environ 37,8% avec en moyenne 3,15 fragment par
lignée. Cependant il est important de noter que les chromosomes X et Y ne sont

pas couverts. La faible couverture du génome est liée a la perte de plus de la
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moiti€¢ des lignées (63 lignées perdues sur 118) lors de la réalisation des
croisements consanguins, perte principalement dues a une forte contre-sélection

des fragments spretus (Figure 7).
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Figure 7: Carte génétique composite _de ’ensemble du set d’IRCS créées a [’Institut Pasteur-Paris

(http://www.pasteur.fr/recherche/unites/Gfons/ircs/ircshome.htm). En jaune sont représentées les régions

homozygotes spretus présentent dans au moins une lignée IRCS et en en rose, a l’état hétérozygote. En bleu, sont

représentées les régions musculus.

Le fort polymorphisme entre les lignées SEG et B6 permet la cartographie
fine de QTL impliqués dans la variation de caractéres quantitatifs. C’est ainsi
qu'au cours de ce travail de thése et au cours des années précédentes,
I’exploitation de ces lignées a permis d’identifier des QTL, des phénomenes
d’épistasie entre QTLs mais également de proposer des genes candidats

responsables de défauts de fertilit¢ male ou femelle.
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IV. Apport du modele IRCS pour la cartographie de QTL de

Fertilité

Depuis maintenant prés d’une dizaine d’années le modele IRCS est
exploité au sein de notre €quipe dans le but d’identifier de nouveaux QTL de
fertilité. Deux études qui constituent le point de départ de mon travail de these,

concernent respectivement des phénotypes de fertilit¢ male et femelle.

A. Cartographie de QTL de la fertilité male

La premicre ¢tude a ¢t€ publice en 2007. Ces travaux avaient pour but la
primo-localisation de locus régulant la fertilit¢ male par le phénotypage du set
de 53 lignées IRCS et des deux lignées parentales sur la base de parametres dont

la mesure fut simple et rapide (L'Hote et al., 2007).

— Poids des organes reproducteurs (testicules, épididymes, vésicules

séminales et prostate)

— Production des gameétes (mesure de la réserve spermatique épididymaire

totale)
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— Qualit¢ des spermatozoides (morphologie, mouvement, réaction

acrosomique)

Les mesures sur les lignées IRCS ont été comparées a celle de la lignée de
référence B6. Des lignées présentant des déviations phénotypiques significatives
ont ét¢ identifiées pour la quasi-totalit¢é des phénotypes mesurés. Parmi les
résultats notables, le phénotypage a permis notamment de mettre en €vidence
une réduction du poids testiculaire dans la lignée 97C (moins 30% par rapport a
B6) (Figure 8) et une fréquence relativement élevée de tératozoospermie

(environ 20%, Figure 9).

Cette lignée 97C qui présente la plus forte réduction du poids
testiculaire observée dans les IRCS, possede deux fragments sprefus, le premier
sur le chromosome 11 et le second sur le chromosome 6. Cependant, les
déviations phénotypiques observées dans les IRCS suggerent des
incompatibilités moléculaires entre les fragments spretus et le fond génétique
B6, autrement dit, des ruptures d’épistasies. De plus, les deux fragments
contiennent 222 genes, dont 40 sont des séquences annotées et 37 des séquences
exprimées (de type Riken). Afin de cartographier le QTL impliqué dans le
phénotype testiculaire il était indispensable de séparer les fragments sprefus en

créant des sous lignées congéniques.
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tales (L'Hote et al., 2007). Les valeurs moyennes (+/-

s

ignees paren

Poids testiculaire des IRCS et des li

SEM) absolues (A) et relatives (B) du poids des testicules sont présentés. Les astérisques (*) désignent les

souches qui ont montré une différence significative dans les valeurs moyennes par rapport a B6.

Figure 8
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Figure 9: Fréquence d’anomalies de morphologie de la téte des spermatozoides. Les valeurs moyennes (+/-

SEM) sont présentés et les astérisques (*) distinguent les 24 souches qui ont montré une augmentation

significative des valeurs moyennes par rapport a B6.

Durant mon stage de M2 et ma premiére année de these, j’ai pu

participer a la suite de ces travaux, a savoir la cartographie fine du QTL et

I’identification du geéne causal. Les résultats de ces travaux ont fait I’objet

de ma premiére publication et seront présentés dans la partie résultats

(L'Héte et al., 2011).

B.

Cartographie de QTL de fertilité femelle

Chez la souris (espéce polyovulatoire), la mort d’un ou plusieurs

embryons in utero n’entraine pas la mort des autres embryons viables implantés
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dans les cornes utérines. Les embryons morts subissent un processus involutif
appelé résorption embryonnaire. Ce phénotype a ¢té assimilé a des pathologies
de la grossesse chez la femme, en particulier, I’existence de fausses-couches

spontanées repetees.

Dans le but d’identifier de nouveaux genes responsables des fausses-
couches spontanées répétées chez la femme, Laissue et al. (2009) ont recherché

des QTL de I¢talit¢ embryonnaire dans les lignees IRCS.

Le phénotype de résorption embryonnaire a été évalué par échographie a
haute fréquence aprés une période de mise au point en collaboration avec la
plateforme d’imagerie du petit animal de I’institut Cochin. Les femelles IRCS et
controles B6 sont croisées avec des males B6. Par [’observation du
développement embryonnaire in vivo et en temps réel, les cinq étapes de la
résorption embryonnaire ont été mises en €vidence (Figure 10) (Laissue et al.,

2009).
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Figure 10 : Les 5 étapes de le résorption embryonnaire chez la souris (Laissue et al., 2009). A : Embryon

vivant a E9.5 ; B : Embryon vivant E13.5 ; C: Embryon vivant E14.5 ; D et E : Résorption progressive (PR) des
structures embryonnaires ; F: Remplacement des structure par un tissu dense; G : Point échogeéne
caractéristique de la résorption embryonnaire (ER). EY, embryo; PL, placenta; UC, umbilical cord; VT, cardiac

ventricles; AT, atrium; HD, head; HDT, high density tissue.

L’évaluation du taux de létalité (nombre d’embryons morts par rapport au
nombre d’embryons implantés), a notamment permis d’identifier une
augmentation significative de la mort embryonnaire dans la lignée 66H qui
possede 3 fragments spretus localisés respectivement sur les chromosomes 1, 13

et 18. Les fragments spretus ont été séparés dans des sous lignées congéniques
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et leur phénotypage a permis de localiser 2 QTL, le premier Led1 dans la sous-
lignee 66HMMU 13 et le second Led2 dans la sous-lignée 66HMMU1 (Figure

11).
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Figure 11 : Phénotypage des IRCS sur le taux de létalité embryonnaire (Laissue et al., 2009). Le taux de

létalité embryonnaire est défini comme la proportion d'embryons morts a n'importe quel stade du développement
par rapport a la totalité des embryons implantés. Les résultats sont présentés comme le taux moyen d'embryons

morts (+/- SEM).

La cartographie du QTL Ledl dans la sous-lignée 66HMMUI13 dont
I’'unique fragment sprefus est d’environ 3 Mb, ainsi que des considérations

transcriptomiques et bioinformatiques nous a permis de proposer qu’une
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mutation du geéne Foxdl serait responsable du phénotype de résorption
embryonnaire. Les résultats ont ensuite €té transposés a I’espece humaine, en
séquengant une collection de patientes et de controles, ce qui a permis d’associer

des mutations de FOXD1 aux fausses couches spontanées répétées.

Au cours de ma thése j’ai collaboré a cette étude notamment en
réalisant le phénotypage de lignées par échographie a haute fréquence

(Article en préparation).

Cependant, D’essentiel de mon travail de these a consisté en la
cartographie fine du QTL de mort embryonnaire Led2 dans la sous lignée
66HMMU1 dont I'unique fragment spretus était d’environ 30 Mb. Les

résultats obtenus ont fait ’objet d’une publication (Vatin et al., 2012).
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Objectif de la these

Ce travail de thése a eu pour objectif I’identification et I’¢tude de
nouveaux genes responsables de défauts de fertilit¢ male et femelle par
I’exploitation des lignées IRCS. Dans la majorité des études présentées dans ce
mémoire, la méme approche a été réalisée : cartographie de QTL, clonage
positionnel et, dans certains cas a la proposition du géne causal et son étude

fonctionnelle.

Dans la perspective d’identifier des genes impliqués dans la fertilité¢ avec
I’objectif de démontrer leur implication dans I’espece humaine, une deuxiéme
approche a ¢été utilisée consistant a séquencer des genes candidats chez des

patients infertiles afin d’associer des polymorphismes a la pathologie étudiée.

Je me suis dans un premier temps intéressée au phénotype de défaut de
spermatogenése par 1’étude de la lignée 97C présentant une réduction du poids
testiculaire et une augmentation de la tératozoospermie par une dissection fine
de la premicre vague spermatogénétique. Cette ¢tude visait a renforcer
I’hypothese de I’implication du gene, Fidgetine like 1 que le clonage positionnel
désignait comme le géne candidat le plus plausible. D’autre part, j’ai entrepris la

caractérisation du phénotype des males d’une sous lignée de 66HMMU1 (Rc3)
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qui présentent des anomalies de morphologie de la téte des spermatozoides
associées a une diminution de leur pouvoir fécondant ceci afin de proposer des
genes candidats pertinents potentiellement responsables du phénotype. Dans les
deux études des genes candidats pertinents ont ¢été identifiés dont le géne Fignll

et des études fonctionnelles ont été effectuées.

La seconde partie de mon travail de these a consisté a €tudier le phénotype
d’augmentation du taux de résorption embryonnaire dans les lignées IRCS
66HMMU1 et 66HMMUI13 ainsi qu’a I’identification et 1’é¢tude de genes
candidats potentiellement responsables de cas de RSA. J’ai ainsi pu proposer 7
nouveaux genes candidats, et des polymorphismes dans deux génes (FOXDI et
ALPP) ont été associés a des cas de RSA grace au séquencage de patientes bien

phénotypées (en collaboration avec le Pr Gris du CHU de Nimes).



Résultats
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Article 1

Fidgetin-Likel Is a Strong Candidate for a Dynamic
Impairment of Male Meiosis Leading to Reduced Testis

Weight in Mice

(L'Héte et al., 2011)
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Résumé

Dans cette étude, nous avons réalisé¢ le clonage positionnel d'un géne
capable de moduler le poids des testicules par son action sur la méiose. Le QTL
Ltwl (région spretus de 23 Mb sur MMUI1) a été identifi¢ dans la lignée IRCS
97C comme étant impliqué dans la diminution du poids testiculaire et une
tératozoospermie modérée (20-30%) (L'Hote et al., 2007). Le faible poids des
testicules est dii a des altérations cin€tiques survenant lors de la premicre vague
de la spermatogenese (allongement anormal de la prophase des spermatocytes)

associces a de I’apoptose des spermatocytes.

Dans le but de déterminer le géne responsable du phénotype observe, la
région QTL Ltw1 a été affinée a une région de 5 Mb contenant seulement 11
genes dont celui de la Fidgetin-like 1 (Fignll) qui est apparu le géne le plus
pertinent compte tenu du phénotype touchant la phase méiotique. En effet, parmi
les 11 candidats de la région QTL, il est le seul gene qui est exprimé lors de la
méiose au stade spermatocyte. De plus, il présente des polymorphismes non-

synonymes entre les lignées parentales (Mus spretus et Mus musculus).

Le geéne Fignll code pour un membre de la famille des spastin/katanins,
impliquées dans I’interaction avec le fuseau de microtubules et potentiellement

donc dans la séparation des chromosomes au cours de la méiose et de la mitose.
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Il semble donc étre un acteur important de la cinétique de la méiose male et un

nouveau candidat potentiel pour expliquer des cas de stérilité masculine.
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inrermken aiming (1] & refining the lnmtan of the crivis] region
try mrearion ol recomdinant svenis inside the spetes fragpment ol the
87 O mice, n paralld with @ & charough phenatypic analyss of
the tesis in srder o pinprint and characverize s previely =
p_ﬂi:ﬁ:ﬁ-.ﬂuumm WCMIW o
Wﬂlgﬂﬂhﬁmd’“hﬂmmh&
mmm,eﬂmWh.ﬂh-ﬁ}
gene Jigui!] = the ten condidee for esplaining the 97 O vests
phenotype, Flare, we propose thar Fetn-ibe ! pobymonphisms
differentizing the ran moise dmins are egpongible B the
i P henentype abeerved Inoohis snedy, we preenr annmmenn
lmmtnhfﬂdﬁiﬂimmﬂdmﬂtmdui
m-“’-'

1} Fine phenotyping of 97 C testes reveals an impaired
progresion of the germ cells through the first wave of
EPEITFID QENess

W eended or preliminary  shesrvations of the 870
phenacype (R o an inoeed nomber of animab n= %) far
mhmdwuﬂm]mmm:ﬂnﬁdm
reveal amy ohwious aboermality coneerming  spermasRenesis in
87 Comwive and confimeed the sheervation of & clear dfeeneesin
tets weight benwern 97 C and BE sdul nrice 0,12 g instead of
10 g, : -lmd'hmrﬁwr'ld
Amimzk hortenred 2 normal FRETI TERAPVE, Bataimned
m.mﬁh:!hlfﬂmrﬁm‘&&n_n&
ﬁ“{“ui‘}ﬂq@:ﬁlmmﬂ‘
me.i?ﬂﬂﬁmiﬂ:,m&uﬁ
The sexnal behavior of 97 C males was it diferent From e B
w.i“.\w.ﬂ'mmitmm
with P Emale, and 97 © male sired normal simd liers,
phenoryps was lmvited oo adult wice [10], we smined the
pﬂlﬂﬁlmtﬂﬂﬁimnm
pumsthee surly gefeas ar the origm of the sduh phmorype. Tesrs
were pnebyeed o various tme peine fomr kirth el seo monrhs
Figuire 1}, The tetis weight svsluion n 97 0 mice was
apperenty normal fom o9 i H6 dan post pararn [THT but
was ddaved from 21 DPF This dfferene bemme statisically
significant from 3 TP and remained sipnifican n alder mie.,
I?Emmwjph'uziwh.nﬁhhjm
abvt 1% Jower than B’ in agult mice Figure 1), T parallel
ﬂhmﬂtﬁmmimtﬂhm
ﬂf‘mmlﬂ_ﬂ;nﬂhh.ﬁlnfﬁh!1m
=7 ) mmad this differenee reached 25 W% thasmfier [Figuee 18

ﬁ;umw-n—'-.
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spenmatngrnesis.  we omanvined in deail hisolngiml semions
during this periad higure 1) snd we quantified the seminiferoms
mhtle sections b the: stage of the permarpeneis acle
Fgure T, Mo shvimus difference was nlserved baween 97 O aned
the B textis histelegy ot STVPF and 14 BPP ffigore 2o d. 414
Frequency in 897 O ond B6 tester DA% w BA0=546%,
respectively), @t lguntene, mygoene and Pﬂimu-t Bapes
ffigure Sa) suggesting that the profifecative phase of spermeingm.
ﬂl.ﬂhmnmmnrmﬂy Thﬁurn-:.nf
dysfiumarion m % C aper s dewowd afier the dird
week after birth. &1 24 PP, we shaerecd in B eaes 2 majerity of
mections wirh round spermatids figre 2Fand fgure Th whenes in
%7 00 vewies, the mubiles contaiming this post meinte e werr
significanidly les frequeni H56=6.50% w 5707 S00% e
theely, Pfhi ] Figure 3hi, We ovuld sl dewect in 87 00 tesits a
mmmm;ummw
m B6 e HEEZ)055% w E'[ﬁ""im‘- mml'-h'.
m.ﬂﬂ]kim&ﬂtmufﬂﬂmm_q
were: Lill shaereed, ar the same

those with round Tt dn EEl'Iﬂ.ﬂ"!ﬁ v wl]‘i""'lll'.ﬁ
m:ﬁ'ﬁ!hlﬂ'iﬂ h]ﬂﬂ:-pdn-i
‘,Wwﬁmhmﬂtﬂnﬂi
spermwtid soge 1115 siep) Sgure 2h and Rgure 30, A 35 PP,
hall” ol the shaereed sectiom of 39 O wstis sl contained hoth
deloyed meintc el and roodd iy fwep 1-7),  Sages
nearly shewt n BE westis fgure 34 The release of vesticular
qut-l.ruﬂ:ti-bh_.mm&i“ﬂﬂ‘itﬁ.ﬂd
42 DPP for 97 C (Figure 2 and hi. Consisrently with this time-lag
in spermarcgenesis differenviaring te oen i, the cevral
Tewen of Tobales in 970 meis wes o Freed befee 4 wesks,
hﬂuﬁmhh—ﬂ“m‘-hﬁuﬂ
mﬂmﬂﬂ]hmlnﬂﬂwnﬂmﬂ
spermutaz in te epididyme | ducrol 87T C ompared oo 86 mice
pwezk 6 versus week 5, ropeaivelyt Figuree 817,

Exarrination of wwiviferos robale seevions of 8B srain ar
T, M aned T0EPP did not reweal diference in the time coume ol
Wmﬂmﬁlﬁmﬁnm”j

To dewrmine wheher the delsy in the spametagenesis
develhpmens of 97 C mmise was arccompanied with apopnds, we

mthﬂﬂ mhlhmmﬂ“
deiened was signifisnty higher 97 C jests when avmpared 1o
B .9 and 0200 repecteedy; rhlqwtﬁﬁm_l
ﬂmhqdymm&umd'm
cells et tubule wes higher in &7 (1 tests than in BRS
MM=115 and PAI=154, mpediedy, P=E7 107% Thi
appndic @l afien sheerved in cheen in 97 O saetom whereas
hmrﬂm’uﬂﬂhﬁ“ﬁnl].mw
elly in 97 O rewer were mainly permaeeyies ar noid-pac v ene
whhﬂﬁﬂ“iuw-ﬁﬂﬁhﬁﬂ
alhough carly reflcting & dysfimction, B not aeficient =
sigrifinty mdure the sperm producion of 87 C atul mice [10.
Taken mpether, thes réuln show thar in the 87 O et
spermatecyr siage, bon s fmevional i in the fimt half
d'm“-pfﬂ\'ﬂn.ﬂﬂ.-dluqﬂ:]iﬂhﬂﬁ
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Poshional Clonng of 2 Terts Weght JTL

“Malattiw darmeter af sermiviferus Subules in UPC weman 06

apee

¢ £ ¢ &

ceoer o moer o

e QuaNtFied I function of the

ﬂ'ﬂ‘-mmw
aramaan = SEM of 3 1o 4 anemaits par shigan, ***

indicates 3 signfiant dfinhands with £ 0001 botesen 97 Cand B6 mice. (b Tubuis diametnts of BE ynd 97 £ mico sere moatured on 3-244pstes
DEr ST O AN e Of 80 Tuliies. Thee Fesuds TERRsent th mie of the diffemact DeTwean 97 L and BS MORR LSS BT T B vatue. Fom

b1 q mast parum, Tee difemnon i sgndont p-<000071
St 101371 journaripans IIZFEE2. G001

pasmge tn lor pachyiens resulting in a lmgthening of the meinis
dwation. This deea, dewewd during the fit wave of
ETTEmRETeE bemme s evidme i oadult wsts whems
SURRERETVE S TOAN AT WEVEL LT ing. Hmwvevs the
e ol apopmns spermarecyess higher moadul 97 Coesis than in
Wi'one anews fr such & dafimeton, Thuy this ssrly defect =
never overcome and i preamehly @ the anigin of the adult
mirinis delay and reduced aduh vestis weight has heen oberiet,
fior example, n mmse morms for TRA geoss [111 I s own
et e ffecn copld leed o the reduced tesis weight: & dowing
o of the passpe o nvivasis oo rresicens of e spemTEnosgnTEes,
o o shewing down of the meimis psibly inducing the nheereed
mm#dm{mw&mhﬂmﬂhuhhmn
hapnthesis thar we privilege v explain the phanatype.

As provimely mationed [17, 87 O males presemied also with 5
seminal vesick phennnpe showing & ramsleey  appearane
mstrad of the normal of white color vidble in B The secreton of
mmm;—:w—ﬁwuﬁ.mp
bewean B6 and 87 .

2) Fine mapping of the low tedis weight OTL Ltwt} of
27 € linz
hlmﬁﬁnﬂy.mhﬂmﬂj@.d’htﬁtiﬂh
[Faf!| on a 23 M region ol deromasome 1], thaoks & e 87 0
H-nngﬂaimh-hrlmmfwmuﬂlﬂL
The Incalization of this GTE. was aonfimoed by the mabeis of 2 F2
prna of 87 0, we disomered an sdditonal pens Fagment of
approsimatady 8 Mt mm MMUE in this same grmin, this Fagment
mmw}wtqhﬁwm SITEATEL
mﬁlﬁmﬂ.ﬂhntnmﬁy“&
#hm.iﬁrmmrﬁwmm:’ll ealed 97 Crefy

ﬁpﬂuuﬁlmﬂn—-j

ﬂﬂﬂt]lrﬂ?ﬂhwhjhw.ﬂﬁld'hwm
shirrwed H:qt mwire exhihied by the semvinsl vesicls
phenetype desa thed . shove (2bronnal §iqeid colnmtion] and tha
their mean resis weight wes n sigwificandy difeant frons B
figure 5. As expecwd, che low wis weight phennnpe ssgreged
with the BT | gperne Fagment harborsd by the §3Crcl 1 serain
gure 5], We ronfirmed thar 970 ] limice exhibived the e
abnarmoal ity nfmnd.ifhlﬂi"ﬂm

In-order inidmafy the proetc deaminen of the Lol T, we
i!t:rﬁrbu:ltbﬂl!'lﬂ'l sieeuc Tragment spreading over 23 ME
{3,578 797 to 36 453205 bl w a smaller QITL. mgion of 16 Wb
[T m 'Iﬂll-mtgﬂ by pramyping microsaellies o che
‘i:ﬂm-tm This region will eneorqeses 115 g wither
snnored or expresed squenes). For impeoving the mapping
ﬁ_ww!ﬂrllﬂﬂHMBmu
gmere reombination svens iwide fhe MMUT] s DINA
homoeypms st S70nclla (14 ]"ﬂp TS5 Mbpy, #7901
(154 Mibp-18.5 Nip), 93%0e 1l B06 M- 195 Nibp Beere 6§
and anahyred for the Tetiadar pheenotvpe. Oinly B7Crel 1e mchibivet
& sgmificanly smallsy vewis weight than thar oF K6 figure & with 2
ﬂhlﬁmm#mmn
e T i MMMThMMHtEhJ
QT w & 5 8b pete region leaed benvem micmasielies
THTMAT258 and T TRTT 140 <56-14.7 M. The wetuced dd
CITL. regginvne ol intersn conminaonly || amotnid genes aoennding 1o
the MORT dambase Takls 1)

il Hdoetin-like? & & perinent positonal and functional
randidate gene susceptible to affec spermatogenssis in
a7 € mice

To point ;n 2 pervinent candidar gene we chaee o apply
weral soeens omaidering espresional snd fmotonal deas
mrovvided hy sopermrenzl rexb, domhaves, and hveranire reports.
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SPOrMITAS WeTe AT D SOrved DO Te T Wedk N pasT-
mwcum&mmuQSQW
®sres (N sgoed the end of the £t wave of speemxogeness n 86
D, WY WS ayn-vd at e ah wask 0 97 C mice 0 Fom

G tme, BatE af Netwo =AW cmtﬂ LR
3 wmaller nbde W aoticeabie Tor the 97 C Bt
don 109371/ puma pon e 0275829002

In 2 previow study, we parformed 2 whale gename expressiona
analwis om B6 and 87 € rests [17]. We ok profis of the data o
quantify the expressional level af the 11 genes presens i the 5 Mb
CTT. regiom m B6 and 97 C sesses (Table 1) Considering omly
ww‘aﬁmm =00 (arbiwary threshold dor
sgmficant expresion; on the amavs wed, we noted
that four genes Viw?, LOOET 436, and Gabiare expreged 32
2 dow or undewcuble lael in e BA te@ic whereas Har adher
genes, G i, Jpbp, 453041 5FI58K and Faull ase expressed 2t 2
tagh bvel (1400 1 16600 Suorescance unit, average Suarescence
m the arvay ~2500). For the rent of the sady and wking inn
account is expresion profile, we decided o call 9304157 SRk
Prs1’, for Pas Meistic Spermamgenesis 1). These exparimental
mﬁammﬂt&“«u&&u(&mﬂhd
Germoriine dag bases) repaming either to expression for Paesd,
Pae2, Dde, Cobi, Byfl) on 2 maderaw (for GHIA 10 stremg fr
Rgeil . Jpip and Pre i) expression in the watis compared 0 other
e Gsues

The expression davel of the Smr genes sigmifcandy sxpresed in
the tegis (b1 6, Figal!, Jpip 2nd Pad) was not diflerent betwern
97 C and BS mice 2 shown by the sxpression raso 97 C/B6
which ranged from 0.8 10 1 Table 1) Given $his absewe of
devegulzion, we stempted 10 dendfy smuence palymorphisms
Mt&mdﬂufm&“&‘“
geres. Sysematic sayuencing indicated thar g alleles of Jpip
and @h10, in SEG/Pas and 97 C soains, presmt only with
synomymans variatons by comparison with sy aieles presem
m the B6 arzin. By canmast, non synommow polvmarphisms
were fyumd in the two ather gene, with one variation in Per! (.
2l Oval) and 9 diferences m Fgadl figure 7a). Moreover, we
found thar 97 C and SFG tewes expressed an addinional rruncaed
wodorm of fgell corresponding o demative plicing of Fignl
mRNA 25 revesled by sequencing (Swre ).

In cmr seasch of the candidase gene, we conld rexsonshiy
exdude Vo LOCETHIE Byl Obl Jpip and (A0 genes
aimating that their onpiicagon in the phanotype was i 3
dus 0 theirlow evd of expression in the et (Fae?, 7. A
Befl and Gl o1 their 2bsense of apresiomal deveguission m
VO sty s well 3 thar zhsence of non-amonymous
poiymorphisms 7 and (@81 0. This exciadon was swengthened
by the reailts of gene mvalidadons for Jobp, Geb 710 and Jgf7 which
pthnwuﬁm“JQCmmu
knock-out of Zhpb 2 gene principally expressed in postmeintic
germ cdls, mdudes an abewant agosame biogenest and
dysmarphic permatozss, disimitar to the charae e istics obser ved
n 97 C [13], mmafmmutnmam
ficwr wwepurbinding poein, lead w 2 digwopnmonate
ovesgraweh of some argans (placema, musxde and pancreas)
whereas the overexpression of some boforms of the encoded
prowin Tesuls in growsh suppression [14] 2 phenotype thar was
not observed fr 97 C mice. At st the mouse mugam br &7
gene dispdaved an abnarmality in the bood lineage with sem cells
differentiating exchgivdy inn envttroid and mydoid celis withow
providing ymphacyte oells [13,16].

Thas andy mwo rdevan: potential candidate genes remained:
Pasi 2nd Figd i, Pasi which iz highly and sperifically expresed in
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Figure 3. Distribution of the different stages
ﬂﬂﬁ‘ﬂl!ﬂ-ﬂl intestes of BE ibdack

nath Ttagos shesrved i the metesof 3 or 8 uu.hal:uu-«h&uu um-uuumuf_ a-pnh

Lop-iepatene, Zyg-aygoiene, Fachy -
Elang/mndens - plang @ing and

IATEOQEIESE condmsing soemad mm
of stops 131816 of spermsngenesis. Diffiemmt beteeen BE and 97 £ 2t® g0 * p<001; ** p0001 with student T st

01101571 journarpone 127562 g003

the mrime eTi, F&“&uﬁjnmﬁtummm
mﬂ;ﬂih'l'fﬂ_ﬂlﬂmmﬁbclﬂrmﬂmmn
pewined where seminiferem tubles were

T mihrmf&tm‘r.dhnﬂ_.l
mm-mtﬂqmmmmmu
rxpreginn partan g the proiein level by wesiem blots wing an
anTibendy ignel and chamcwrized fr othe preent sy
TEmrpemig etz met shemwn ), Therefre it s highly mlikely
that a gene stricty sspresed ot oo postameiotc spermotd aege
mﬂlﬂ'ﬁunuhﬁ:m.ﬂuﬂnﬂhﬁ:gﬂh‘nﬂ:ﬂ“ﬁ.u

shomwed thar the TOCA 325 annoned pene i in Bt a o a
Paa: | transeript, Tndeed we sucosded in anoplifing by POR

AUIG codon of TOCAIESH w the mop omion of Pacd. We
I fore e, de, oot and chidken, This new safrm 2 af
Pogsd chispelayed the: sanue cxprami nnal prst meiotic panern than the
inform 1 [N _ (2GRS Sdata ned shown).

Contrarily to Pacl, flesin ke | Figall] & mpored 1o be
expresed in pochyiene spermamcyes and w2 leser sxEnn in
e g A, Fgnil encodes & proten bdonging i the group af
ATy Apvaed with divere celldar Aaivivies AAs [177 0
the subgroup of meotic prein. which sl avmpriss R,
dpetin-Like 7, dogin, pustn, sned SN penes [10]. We realized sn
anvtbendy. Flisvodogical analysis o746, 87 0 and 3G vestis sections
revealed & same lacalization of Fignll for the theee stmine. in

G vros ouF | wwwtsons o

B

- % FEEFEER S

Boand [ragilorairs Lorgm=iad e TRdRIE

during the establishment of the first wave fom 14 days post
‘mica. The mets moresont mean = 50 of o froguency of

Apbmiabion.
[épin — dipidtene . MEE - motapnase; Aound spermatid Tto 7o the
ot st 8 10 12 of T m-liu-d-rh-t

spemmaracyie ol | Rgure B, A perimoclesr maining was visible in
thee cvindplagm of pachyiene spermatocyies fgures B e, b, o and a
mzmeaes Figure A d, ¢, § By conrea no symal was Famd in
spetreacisd cells lamge ammas in enlarped figures B 2, b, . These
sperimenn revealed & guite swiking sxchgion of labeling of te
#mjhniﬁ:mhlﬁ,uﬂkinﬂ?ﬂﬂml
lewer exient in BEG, some ic spindle area apEeared
laheled with anti FEGMI]. T ageement with the it
470 Fignli "Table 1), 2Wepemmn hint of adul e fom 86 555G
mdﬂﬂﬁmmuﬂﬂu:mintq:ﬂimlﬁkd’fﬁ]
prowin deiecoesd s e M dDe mpecied siee (Fgee %l An
analwis by WH of the pegens of Fignll during the fim
spETmarnpenaic wave in 6 tests showed that @t owas el
mndetaeratis at 10 DPP, ie. ar & momen dose o the entry in
mle meiesis. It was dewcied m 16 PO and persimad sfisrward,
in conardane with is epresion & the spermaricyie stige
Hgure B,

Ta benear chararerize Figmll, we performesd 2 own-dimeneiomnal
detrophoredsWE oTB6 and %7 O wads exran Feoe S The
il amed the wreslecalar masy NN wa s the same for 87 C and B6
st e, the prodein origraced s hes principal dos ar % e -2l
T kPa for 2 wme S06EL A thied fimt b dewcable ot
migrated g1 %6 KDe andd 5.76 . These vahpes are slighady differem
feeemr thee theoretical values 74 ke N and &0 @l sigrifiring
e acidic comparsd o the therretcal valie [difference of 010
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Figre 4 Apoptoss in the seminiferous tubules of adult 97 C mice. T apop e cols wom mtuded for Thes (acaizazon 3) nd Tier
Aumber (ol in 85 and 97 C testes wsng T TUNEL 2csay (@) DNA stand traaks of the popotic anlls woe revesind oy fuomescen dUT? igreen
fuomscence) and the sochions wane coumercaarad by OAP 1 bhue fuarescencel Clusars of TUNEL postve s wese oDserved in tubuie secons of
97 ¢ wates, prindpaly aMItooyins 31 1he 2390 VIV of T spermatgenets (abjeceve X 100L In 36 Bt sactans, Dicapomotc cols wen
saered 0 some USRS Jof tansisson Ight 2ght enfuomscena; objeaive 201 (b) Percentage ot oS COMINNG IS5 ONe IDODTRC
cal was agicanty Bgher 0 97 C1053 whan 2omMaared 10 35 (30% Jnd 18% mapacTvely 3 Square 1T ol 0007 0 THse pOStVE Tubuies, the
aumber of poptotic cals pertuddie (mean = 50) was sgafantiyhigher n 97 C tastis than in 853 (3982115 and 2.4821 54 respecswely, p-6.7
1077
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arign an chmmozomes & and 17 The 970 a8 and 97CrcTT sd ecomBinant wae genaatnd 1 0gante T wo fagnms. Ceardy the small tastis
WOgNT DRENYDS SOIINE WER cmmosame 17, Hesuls are exproszed Az mean = SEM Astgiss ("% donote mtains I showed 3 Ignsant
d¥emnce when comparad to 85 (#5107 )
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Figure &. Frme m“dﬂhhm#tﬁ‘_hhhrmmmmhnﬂmmﬂi lefr pana:
genotypes of the diffemnt recombinan bees 9700112, o, ©onotad 372 b and. an the figurd. parent BE, 97 L and hetemzpgots: 97 OOBG. HBao
TEIGNS ©OTESnonG 1o BO DeOcqround, wATED RGNS I ReNOTYgout eur fragments and grey regons to etemeygout sorerus fagmens on
chmmacame 11 Mafer poskions am ghepn In megahase pars. Hight nankl Hiftogram of The tochs st refities 0 bady weight eermisnd 25

mesn = M s menemum of 5 anemads ®** denoms &

dftrenoe sehan companed to B4 (e 107 'L By anaiyming the fr

segregetion, it couid Do mncludad thar sinoe 97 T and 3P0 116 echinit the phenotyosof iow fests saeight, the L1 Q7L i loted in 3 fregrent of

5 MG o7 less on MWL {nachamd megion cotespen 9.0 Wb @ 147 M|
BT TS v oo /02 7 B2 D00

anad .20 it} comdd oorrapeaond worwn phosphorylzred fes and
ane actdvlaed site of the Fymll prasn s fbamd by high
throughpui experimens [1924.217. T sm, Fanl %™ pooisn
expremed in 97 O iestis dees nof appear hinchenmcally different
from: Fignd 1. provéin sxprewed in B

These averall resals thar describe for the fimn tme the praenoe
andl the subeedldar loolizmdnn of Fignll in mammalisn tesds
indmie that Fignl] s mainly acglized in eeiotc germ cells, the
spErmameyies, with a suhile mnomaly of in lecalizatian in 870
tetis. Sines spermatacyies e fmetonally mepaived in 97 C
vy, o el on Fipnll mpether with the exchmion of all the
mhey geres presend in the minimal fregeem srengmhen the
implicatinn of Fignl] in tee f8e ! CITE.

In the lerature, chree ddies giee consmnae | msight o Mgl
fanaion reporting sedon on ol tee S SffErenrisron prores
e, Wery importantly, the s of Sg ! funetion by injecton of ant
Figl! dPMA in . dgas: [227 leads 1o the aermmularion of nviist:
nuclei ingide the prolifFrarive zone of the ponad, preventing the
pexmge of the @l o meimis. Another sudy shesved that in
tramimedy ranseaed mouse ssoeobdas ol mode] (MCSTIHE D
Fignll  inhibiz msrecblas prolifeacion  snd  sonodaces  dheir
differendation [23], The third stdy, ning & silmeing appraach
in profierarng MING cells derved from poncrestic [faells),
sugpasted that Fignd| was moplicaed in sdeqguare ancomplishment

of oell myele by conmoling wll aevival M8, Thay i Figndl
function i impaived in the 87 G festi, it codd lead & o slwing
doown ol germ cell differend afion with, in comsayuence, o incremse
of apopindc cells it is naoura] o think that defeas n the normal
mrepreasion of the weimic cell el oot 10 mad with apopewic 1o
wvrid Tormarin of deferrive mmeres). The soenson of i
duration during the fim permosgenens waee in 97 O s smialy
masiitet with a rle of Fignll in the reguilarion of meimi. The
shmvations repored in menee cseshlasn, pancreatic cells and
apedally in ComrbshFr: prnsdy comribie o prapose Feal' o
N impenEn e agent of conmal of meimsi dynemics. Sinee
Fipnil belong tothe AAA provan il whae funerion depends
o ATF consumpdon, it is poavible thel preseins imeehed in
ey mupply o oather profeins of mscshes genamic onigin, mald
mathmetion an 2 sprae Bevor. This pesthess dees nat curlods
the degradacion kineds tha we nmeest 25 plamihle for roplaining
Fignd| sprene dydfimetion in the mseshe comes.

In mmmary, all the des mlleged in the leramme and teose
shined by mr own esperiment emverge oo present Pl woa
some candidair for the tericular phenstvpe of 89 G mvice.
Tndesd, rompared to the 11 genes of the refined region, Tpl! i
the nmly gene which s sspressed i the ol rype reloed o te
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Frrvmr mriin-gis 1o meiosis OO slegana reload 1o the phennngee and
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he afecwd ather by an inamed synthesks ar by 2 pratecaon
agamst degradation We did oot ohserve 2 gecific marease m the
level of gene cxpressaon m 97 € wsees; ths, in acoordance with €
elegans data [19] could lead 0 speculase thar this degradeion
coadd be the crucal imechanim. As 2 hypotheds, it & conceivabie
fr matance that ubiquisinyiation systems of Mus mwcaus are Jas
efficent v degrade M gwew versions of Fignll, leading © an
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Sincethe expression level of Fgd/ w the same m adult 97 C and
B6 testis (s Table 1), we niled om the vponhesss thar @is
promoter freguisdon Tegim, from pess angim, does vt Tt with

L] November 2017 | Volume 6 | issoe 17 | R27SER




68

Postional Cloning of 3 Testis Weght Q7L
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tramscripton fagnr of B corigin, that sheuld acr an this promoer.
Rarher, the problem mies it origin frem = Fignll *= dyafimotion
nhlﬁm“hmmlﬂ
wqenee. We fomd  nine  nomsmommee el hisms
bwem PP and Fgal! *% glleles, Eight out of the 8
musationy were fomd i the N terminal affecting
mﬁmhﬁﬂwhwm-ﬂﬁpﬂmﬂ!n:
wmmwmmmbwﬂi
sfapior parmer prodena [25). 8o, il poaible ther Fignl]l aned i
provan parmen have coervnbeed differenily meer the TNYT
Ml sprene and Ml smsalus speoies, preventing an
it imerscion herween Fignll * alielic form and s M
“mmﬁmlmw-ﬂ'”
Fhﬂluﬂhﬂmofohrm“qﬁ_ﬂhmﬂﬂm
among the nine soving acid subsrititions, 1379 and M3ATK,
touched conserved squenesy and wa speeific o gwes Fignl
{Figure §3).

Annther diference bawem spens and s Fignl | was the
rxpresion by 97 O snad SEG minase srrain veses of & rimeoed
Hﬁmiﬂhbﬁﬂﬂﬁﬁmﬁhim
ﬂ-lh-.ud 'I?ﬁhp.m _Iﬂ"lﬂ'l!m] TETERI T
approvimaly 194 by of de reginn. Inmrestingly. her
m?ﬁ:?q:hi}-irﬁﬁ isalorm, b seeme v e
discarded by the splicingmadhinery, which sugeess tharsome of the
sy prhnephisors present in the peens ipfrm sicher
ﬁtwtummmmmmmﬂ
mﬂﬁmh_ﬂtfm]wm
ﬂem:fﬂh-:n.uﬂwtlﬁ:#ﬁmm
ponafive finetional signak, and noehly o desrustion e, taogeied
by the anaphese promoting whispitn ligae amplex APC A, The
mpuf!hmfﬂnwumhw
whan pebypepride. may et a & comperinT of the fill lagth prasn
in this degraderion proces, Tmwersningly, it has bem shesam thar, in
(. wigen: Fipll & wrpmed specifically by the UL S AELDGCES
ligase mymplex rendring n s i A meiis age
227, The: sutheery suggest that this degradation might be necessary
e enuire the mnidtic b mEintic ol the worm gad oells.
Thup 2 defectin te degradation.of Fgnl| during meiois coull lesd
o & lenghening of the proces. Tneremingty, this shon isofom,
hmmﬂﬂmtm&,wl
:#—l:w m:mm Aifferent from thar of

almme arguing i {aver of cxistmes of degradanon simal in
the W wrminm domain of Fignl | profein jdaiz not shewn).

In this snudy, we have carried out the positional doning of 2
gene shie o modirlar tegis weight by interfering with meingis. Far
arhising this, we wed a mnise mnde] wher+ M murel: pmoms
is leeally subatvmed by A spatie genome, The idendfication of
Fignll ax respomsible for the phenonpe hos heen obiined by
chromstome 11, by eliminatgng the other genes present in the
by mizhlishing a paralle] wirh the phennnps described in lenneding
Ao the homclopnos gene Tl in Codobdin: degose. Tt s clear
ihat the proemdon of nodl mie o even betier, a mackdin
w-w‘ﬁe—-mMthimm&
Mﬁ-mti;p-.mhhnﬁmdﬁrmhmniu
sty clearly sugpents thar Fignll hes an imporsme mle in
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h‘ghmw’nm-ﬁ#-ﬂuﬂ
avmribime  clarifong i m‘r*: EE AL FWI
regularion. This monde] sheold make it possibe o fnd e
mmshwmuum,u

in 87 C bagt not in SEG or B6 strain), and 1o
ﬁmmgm interacting genes. Fvenrusdly Fige !
twiﬂmndmﬂuﬂih1uﬂndmmﬂni

Erhice statement

were ke mder standard conditions acconding to the recommende.
iz for thee ige of animah in spaimental devigns and aeconding 10
the SR rules The work was performed mder the agresment N/
Rl RL-AMO1 43 - 200030, mmharizaton 75 1665 abzined from

Parenvm | wrains, CTRESG] 86 and SEGPas, s 97 CTROS
were poovided sfier weaning by The Pastur Instituee Paria),
TROS were construcd acovrding in o scheme previously
[l Animals were howsed at the animal fadlity of the Cadhin
and free acores o mooe Food 2wl waer.

Microsatellit= genatyping
m'uljcuﬂndfn-“tﬂmlm.i:ﬂ-ll
damisml procafure [I7], Thoee  micrsawellites oo -
MANITT 204, DM, DEMETH 1) and 1 micreasielives o
BT D IMTT 3, B1MTT2, BT DTMETN,
T INETTED, T TRIT258, T PeTTO, BUsITIs, Bl
MITIEE, DV IMIT 16, TH TMTTR S and T IMTT 162 were used
in orde w parise the bmndares of the spete sepmem i 97 0
M dran genense and o Eemorype  mneeric  arhestrain.
Primer wiamasielliies were mrised From the Mowse Genaic
!ﬂ'l'tll-ltl': webdie of fhe Jackson Habosiory, POR  owes
using Tag DA Pabymerase (Mew England Biolabs).
et were loaded in 2 0% mmiewe, 5% agamse el
(Cmmibrex Bin Srience Breddanad e,

Generation of sib-congenic mice

870 mice were cromed with B individuals m order mobeain
mr.ﬂ,ﬂiﬂdndpuﬁinuﬁtrm ; the twn 87 O
ﬂdwwmmlﬁ 11, Fndividuals of
hayth sewes harhoring oy one of thew genomic fragmens wee
sederird aned ossed inoorder @ esahdish twe congenic sib sorains,
B0 reh and 970m ] respectivdy, Conceming 97 Cel] sub
srmim, & seonnd F2 jon wes esmblihed fom 2 ooms
terwesn 80 rel | and B moue then peoiyped n arder oo Fmd
remmhinations inside te peens Fagoent, Suweh recombinam
individusls were sedecied and gnsssd with B mice in arder
ohmin remmbinane of barh sexes whirh were ooased berween
them o get amaypous redonabinem sub-rains.

Tiewml tevris BMA from saeral SEGPa and 87 0 musles war
eemacted wing TRIzol Beagent fnvirogen, Carlshed, I8, TIEA)
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aecording 1o te renufourers instroions, BNA estractions
from the twe westen of wix males of each sorain were: poeked before
EFNase 1 mostmen: nvirogen, Clarlshad, A, T/SA),

Tesis BNA was reveme imammeribed oo obtain JNA using
ﬁm‘mehmw&
TEA] or Rache Tramonpir Beveme Tramscripmse Tolling
mandamgmr e s prommnis.

Mus spretus allelic variant ORFs squencing
“m#&rmﬂﬂhm—wﬁlﬂ*
ml}mmmqnnhﬁw1nﬁ amad 3"
q-“m&ﬂﬂlimjﬂ ,ﬁ.h?ﬂ
ﬂwmm’uﬂ- were then wed to Mg
s 97 7 eades, IMOR mg.ﬁf’-&#ﬂ!mm
APEERE SEQUATIRL WaTE Fed againe the B sequendes, taken
a the miErenee.

Morphalogicsl and histological analysis of the

The male adul mize -9 wesk old were kilkd by @rvical
dislacation end reproductive organs {testes. epididymis and seminal
vesicley] were didrted and weighted | Far the shudy of post-natal
tﬁmmﬁﬂﬁtmim j et be e
m&iﬁ“ﬂﬁnnﬂwmﬂ“! 14 21, 74
M, 35, 42 sl 4% amai theit vy wers renovered and waghosi. The
sduh and juvendile srgans were sither fived for hiscobsgicsl amahyis
uﬂpﬁuﬂtn B o Rerther prosiein anahsic,

For himolegical amabysis, w’-mmﬂnﬂﬂﬁ-ﬂ
135% aheahme slcshal, 0% seenic acid, 2% frmal in
distill e waier) for 24 hr &t romm cemeperstoy: then i.'l.
parafin Chrgams were sectioned | & um) thﬁpn‘hiuﬂ.lni
stmined by hemat vlin for hismlogical tibule sxaminations.

iImmunohistochernistry
Testis sections were deporafinized, rehydrated and then orated
either by .2 TX-100 in PRE for 5 mimeies o by 55 mimne
micTwave inodireie boffe 80 M sediom citrede and 00 X dimic
acid, pﬂﬁﬂ]r.dhﬁu!wnfpmﬂnmiyhr
incubatian wirh 5% Fi; 0 for 10 min. After non spacific bi
mite REIUTEriGN, sedtiond were icuhored with s I
anthatiy Tmae Biodogicals) (1A E or | 250 in e kiing sshorion)
for one hur &t mem emperanre and then with homsermdish
e axidaie-cmnjugmied  ati-abbn andbesdy, The soimas were
fnelly rrared with dizminehengdine in the dark, washed znd
then tapidly mmemained with Femehm de Maver AR and
by incuhating setions with rabbic T /100 in place
d’ﬁt'p-.lrmym.

Procsin fromw adull o jwenile s ok exmaded by
m%%mmwmmw&p

rnmﬁnﬂmipmmm#ﬂqi 140 Trimaeey &
95°C hefore lnading on STIS PAGE |2%gels.

For 20 Tation, pestis were aotuhilined in 9 K[ urea,
“mﬁlfﬂmﬂ md 2% JPG buflr &t room
wmmmwnpwz—m
PG strips ‘GE Meahthesre and then in SDSPAGE (2% gels for
the seovnd dmeenrion.

The proeins werr sledmdnnskred o oa ide
diflusride memirane snd then pooksd with rabhit anri A

ﬁl-mnltw—#—-t
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ity '1/1 06W and FHRP labelied anti rabhitTeG, HRP amiviry
wa deverrad using e BCL kit (GE Fealihcars] snd scopoaed o
Fodek N-OMAT filr: [Fisher-Scientfic;

TUNEL assay

Secfioms of tastes from adult wice were subjered 1o TUNEL
wany, Fined seciom were deporaffnized, ehydmged  and
demasked by 20 pgiml provanase K RNA grade, Bivirmgen
Carperatiomn). ﬂﬂiﬂmrm“h!ﬂim
Teath dewctan kit ﬂmh-:mhlﬂhhu
strand hreaks with Ruoresean-dU TP, Smtiona were commier
oy examminacions, Twae himdred neeher and 16 1 tnhle seovions
were examined e 87 O and B6 mice, respartively, Puonescen
differers fields ohemved o objeciw <30

'Ih!ﬁhﬂ!’iﬂ.miﬁ:mmﬁuhﬂnd*ﬁ
ﬂtmtﬂmmummcﬂmﬂﬁr
threshndd o $dl5 presiils).

Bgurs 8] Wisndogical serrions ol epididymal ducr sc 21 and 35
days paost partum: in 97 O and BE miae, At 35 THT, we abarvad
ihe mresence of spermainzo in e epididymal duct hoen of B6
mhﬁuﬁldjﬂmﬂﬂ'qﬂpﬂxnﬂdm&mlﬂhm
Mﬂmm;ﬁ:mnmm:n

the det [ at 20 IPF conssyuent i the seming up
ol the Firn wave of spermampenesis.
PIF)

spermunagenesi. B TPCR i i of Peesd OFF Tremm vens
A A af 86 aioe ar 10, 16, 26, 22 04 smed 90 doys post partum,
The spedfic amplification produat & undewceble a 10, 16, andt
aned spearmdnoyTes in e tabules, i:hl:--ﬂ-:nﬂthim 9
THF, comcomitanty with the apparivion of spermands which
Wmlﬁmﬂthﬁhﬁﬂ?_

FIF

wwiﬁﬂlnmm
mﬁhnmm-ﬂfhﬁmﬁ
in wellow are represented amine-acids of the spras 1vpe. The
amviesd lcated ot poatons 179, 197 snd 599 s apparently
m&ﬂy*ﬁimﬂmﬁu mvieressring b4 oo thar

W dwnk K Booomel o oprstding us el sl dog wsies sl 8.
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Article 2

Refined mapping of a Quantitative Trait Locus on

chromosome 1 responsible for mouse embryonic death.

(Vatin etal., 2012)
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Résumé

Les avortements spontanés a répétition (RSA) sont définis comme au
moins trois €checs de grossesse consécutifs au cours du premier trimestre de
développement embryonnaire intra-utérin. Il s’agit d’'une pathologie fréquente
de la grossesse qui affecte 1 a 5% des femmes dans la population générale mais

dont les causes sont inconnues dans environ 50% des cas.

L’objectif de cette étude est d’identifier de nouveaux genes candidats
potentiellement responsables des RSA. Les lignées IRCS ont été exploitées en
utilisant une approche cartographique et une ¢étude d’association
génotype/phénotype. La lignée 66HMMUI1 a été identifiée comme présentant
une région QTL Led2? (~30Mb) associée a une augmentation de la mort

embryonnaire (Laissue et al., 2009).

Des sous-lignées de 66HMMU1 ont donc été créées et j’ai réalisé la
cartographie fine du QTL. L'analyse génétique suggere que le phénotype
observé est 1i¢ a un dysfonctionnement utérin. J’ai ainsi pu proposer une région
de 6 Mb dans laquelle 7 genes candidats (Nc/, Cab39, Eif4e2, Tripl2, Psmdl,
Cops7b and Usp40) ont été retenus comme potentiellement responsables du
phénotype observé. Ces génes codent pour des protéines appartenant a

différentes voies de signalisation telles que la voie mTOR ou celle de la
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degradation des protéines, dépendante de I'ubiquitine/protéasome et sont

impliqués dans plusieurs processus physiologiques tels que I'angiogenése.
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Refined Mapping of a Quantitative Trait Locus on
Chromosome 1 Responsible for Mouse Embryonic Death
Magalie Vatin', Gaetan Burgio®®, Gilles Renault’, Paul Laissue®, Virginie Firlej', Frangoise Mondon’,
Kavier ., Daniel Vaiman', Catherine Serres’, Ahmed Ziyyat'"
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Embryomic developmend in mammals begins Fom the fmale
and male imeracion which leads ro the aneyvie Frilizarion. &fier 5
th 6 cell divions ingde the sona pelhacids, the hlastocvar
umbergoes i devdopment sndueing o the mplamarion in rhe
wierine tivne. The sxvernal odh of the blasmaows: deveop inn the
plagenm, & pivsal engen which allsws mmune  olemnes,
hidirationa eremaremal schomes ond oucisl smrhesi of
gamtional harmones [17. All these hindogical proceses ane
meguired o the mevival of ewery meaemaelion  apecies,  smd
].rqmﬂ'y they umdberlie & high levd of somplesxdny. Dasfunctons
in these provess am lesd oo inferdliny. In e i @ oa
pomsiderable poblic health problem, affeaing op e 15% af
coupies. Thie o the number of foaon imvedhed in 2 oeessful
repraductive process, the mechaniaics of inferility are Brm beng

&1 prevent, sliheugh mowlreds of woram mosse ot with
reperoiuctive prhenotvpes haer been generaved [J aned subsiamrial
progres has hesn made in the idendfication of pmetic causes of
human inferdl iy, moee than M of the cases are sill mosideed
& idinpathic [R]. Among these, momrmi sponness shorton
BEA) damed by the accwrremee of &t leas thees  surcssive
pregnany bmses) afiecn one w fw percem of couples [4]. This
pathidogy can be the mdh of clooemoseral anewalies [5;
maternel and fmal soruweniral shnnrmealicies [6,7], cheombophilic
disneders N and sivnirmrames disarders aech 20 the and phosp: hee

PLOE ONE | srersupiosomnom

lipid synickrome: [B]. Flmsewer, nofify peromt of the case the
ainlagy remains unknewn [111] Tp to now, BS54 geneic
mates hawe alresdy heen explored with varishle degress of
suncess, For insamee, in 206 Baare of al. anabwed the enrire
opm reading frame of rhe Amsosbo gene AWMV o parienis
afferied by REA bun nee oozl mensas ona coudd e i:h-miiad:['l!]:.
Wlore resendy, the smdyv of Wercier of ol desribed 2 staticric sl
wsiwiation between the p Y2 lf) TP mumtion ofthe fanis kinese
2 proaein amd BSA 17, All n all, the inmrineic difficuly o
groetioal by diveen mammoalisn repredudaive phennnpes, in which
hurneireds of genes nderser inin subde requlatony networks, has o
mermited o idendfy etinlegical modeoslar Bens that oold
epluin & signifi ent properion of nferiline cases.

In reent yeam, i owker o svercome thee condTaing we
mremfed an original mese  mntde] rrf'i::trqn&iﬁrmm}rinm
mngenic srame [TRES] which permit o localie chrmwosemal
reggions ancigied with ovmples phenastypes [Chentittive Trait
Faei or GITL) [14]. This mnde] i conmeose of 53 strins of mice
which harbor, on averape. 2% of Mis pei: SEG P genome
fierd ar homnoayg om s oo M Micodes C57BIG | 86 penomic
bwckgromd Tlxing TROS animalb we have previeesly shown tha
1 QTL of embryowic lehaliy mapped on 2 umigue g
Fragment in Tstrmins, GEF-MTT1 3, SN and 1 55E. The
firs, Fadl in GRELMMTITS strmin on the MRS | ~206 W)

covvpried benwesn the m120R8T754 and T Tdird? podymaophic
EEnetc markers, The eemd, Tad” in GAI-MBT wes anabed
in the presers widy snd the third, L7 loosed on MIMLT1S in

Mugust 2017 | Volume ¥ | issue B | pS3356
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I35E. strain enaympessing o unique Spoct Fagment of § Mb
mmm-&mﬁm?m.mmﬂ-
W1M.M'*—F-lﬁ1-ﬂm—ﬂ
fagment Inosed on MMU1 & ofemed by high levels of
emhryonic death [246%). This somin encompases l&'ﬂ.d’
rmbryonic lehality fnamed L&) spresding on 52 and
conmining 715 genes (143 annowted and 72 prodiced) [15],

Flere, we present o thormmgh pmetic dmection of Led® For this
pupse, we created 15 asbsirains from SRFMMUT animak,
which encompam Ehpm.lin.u
wm high femency uresonommephy o Tollow te envhronnc

i e n P of ey s e St

inio the Lad? ITL. one region of i b, LadPonind,
addivion., we poined om & seond region, falwall which cold
alen hawe 2 small effect on the phenatype, sithoogh sarisieally not
e maiTaied.

Materials and Methods

tthics Statement
-mﬂhphdthmm
-Mﬂ;.ﬁnﬂﬂ. The experimens. were apprined by the
e

Animials

The GGF-MMU| sirsin was coemmed ot the Pastewr Travinne
{Paris] by micosaive rrmses of the ten parentsl spesies Mis
—ﬂm:il-pﬁmn—ﬁn—quuﬂp
o The devign olthese crosses wis reprmed in 2 previos
wark [1A]. For this sndy, 15 new recombinamt subwraing wer
ﬂrmluﬂ#mmm‘-ﬂunnﬂ
facifity af the Cachin Tnstitmr /Pars o normal tenperare 21
29°C) and 14 hlight 18'h dark phovaperiots with fiee acom to
warer anel Tmnad

Microsatdlite Genatyping
'ﬂﬂ:uuhﬂﬂﬁlﬂmhﬂmhnm
wgn Incared on  FAMATI
gllzm Wi 103, h!m DM,  DIMi,
304, DAMEYSS, DAMik S wee pnenped noorder o
mhl—hihww;-:-:-hﬂﬂ-
1 pennvme. Primer miomeelizs were e fom the
M Gensame Tnfrmaric website [ MG websir of the Jackeon
Taharzimry  jwwaw imbrmaries jmosmyl. PORs  wers Fﬁmn!:
wiing Tag DNA Pohmeae oy England  Biodshs).
Fﬂ“mhﬂiiﬂﬁlﬁqﬂ“ﬁﬂ.ﬂ—
Bia Seienoe Pocklznd, Tnc),

Phenotyping: Ulrasonographic Bxaminations

was ohiined by crosing ssch TROS femade with
JEE? ﬁmmhﬂmwummm
henotypic dete Fom te . For each group one
L* mﬂﬂtmdﬂihﬂhhﬂ
E?H-ﬁ-h.m'l wes rmrried me ai vhe
Cansds), Eight to 12 weels TRCS femsles were mawd with

OIL of Embrponic Lothatity

CSTRL G wales, during & perioed of 2.5 days, Then, female noice
mmh_dli:hljh d"ﬂ_hmmm
hﬂlhﬂdhma—-duhm
hair. Tlrasonographic contect el wes ded o smune ooRS
between the skin syrfios and rhe trensduoer, Body emperanre,
deciracantiographic and repiraiery profiles were mnilaed wing
mmhwmﬁi-ﬁ-—qm
-hmﬂhmlmmmi-#mud
developmoens BNV and 2 40 Mz [BMVI0M mansduce far
L derlnpmienial siages.

Tn arder w Dilmw the pesmiion @& mx, three shresonogr aphic
AT TATE W at three time paint fhenvesn E7
and E1H. Thiring sch ruaminstion, we amesed e nmber of
implanisl embryos in each werine bom s owell 2 their stans
falive or dead) was sawised For sach genation, the smbryonic
Iethality rate was calculated 2 the niumber of resorhed embryos in

Each pregrant emale wes subj o ultrasonographic exami.
Tadions in order o precisely the embryponmic develop
mmhmmmmm
et tiasoes werr mken gr B 12,5 Tocal RNA of merine e from
six mive of the TRO suhsirain of interest was sotrectal ming
with the manfaanre s insructens. Sl ady, six Bl wers ased m
ectrnct ol BNA Tnander i duplicer micrarray hybridizetions
of samplés fom werine tissues, fwo ool of three RNA
eewsctions were crewed for hoth TRCS and B6 animals, Che
micrngrarmn of BINA from RO nibstrain of inerest and the B6
el wes ised fir hyhridzarion on 2 MimbleGen sxpresion
array. cTINA i i i
qﬂhmmmﬂﬂmﬁ
mmnscripomic platfrm of the Oochin insirme, The sverage
m“h-ﬂwmmm
Fﬂ'm&-&nﬁﬂm Ta rvalusne gene
-F—m“n:_hmhﬁ
idiered o expresion values| were divided gene per gene hy
hm_h‘ﬂhﬁmuﬁnlm
The neasits of the gene expresiion were depasited 2t GEO (NOBE

DA Synthests by Reverse-transcription and
Quantitative RT-PCR
&mmhhﬂm“t—ﬂulﬂh
T invirngen Lif Technologies] far 10 min @ mom emopemanmme
ol e by mactivation with EDTA Sigma- Aldrichl. Total weens
BNA was reverse transaibed 1o obtain cTNA wing MOMIV
Revere Tremeripse Imdmgen, Carlbad, OA, TRA] bllwing
m‘:w
m_mﬁumhmhﬁ
Mazier Mix wm—m—]ﬂ-ﬂnnm
Hight Cwcler 1.5, Roche Dizgrnatics, Thivision Appied Sciences,
Wevlan, Franoe| sccording to -sandand POR conditions. To
walidtaw: the primers wed m qgRT-FOR, four pairs of primen wer
10 choase the referense gene (Table 51 in supplemental dats), Far
Fﬂi-'m cabculeriomas, valwes were normalizel W maume
elopiliiir A expresgion. Primer sequemnces are lised in Tabie 51,

Basgust 3013 | Vislume T | issoe 8 | pd3355.
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Statictical Analyss

Reafn are expreved o mean=5FM calcslsted fom the
vanzinn herwsen individual fFmale, The siatsrical si pnificawe o
the differenca rhaerved eovern the menn values of TRCE and the
commel g (CITBIAE) momples was szl usted b v iy
the Bonfermom-corsrtad ek, As we used 7 suhermaing, 2 povalue
<7 05T was considemed & sigmifican.  Siatispeally
significemd reshs are labeled as Wllows m all fgures: *: peofily;

#= el == peih NN

Results

Creation of 66H-MMUT Substrains

We srzred sur sy ising the GGFHENNTT srain which
hartwrs 2 high rae of coabrynmic lerhadiny 2406% ) cased by the
L CFTL [15), This QFTL of ~32'Mb, which was inivially
defimied by DIMISF /7.0 Mb) mmd =6E359IT (11651 N
markers locarad on chromosome |, comepoeds o 5 gpe
frogment camisd by the GRETAIMIT] subwirain. Howssr, a
umrerminty of -4 Wb ewdsred at rhe proximal bromedary of this
OTL sinee the imvarw] compr ised benween BN 54 (06 R
anad TV BT 0 Wb mar kers cormsponds e this dismnes and
the hreokpaim is lcared somewhare benseen these twn markers.
Inaieed TV NET W and T MicH allde markes are of Bf and
srehr marures respeotierly  (hipd dweew pasienr i feecherche s
umites Arinnef ines Sicshone him). T an amempt oo precise the
peirion -of the breakpaint, we proonyped 1 novel mar kars nesved
mn this region that permined o reduee the moembineticon eginn
e @ 25 Mb inerval comprised bereeen 845 Mb and 87 Wb
markens DTMGART and DIMGSD respectvely, we Figuree 11
Then, we ividaied & e mapping approsch  wing  fffeen
recmrbinant sutwitain bsued from GEFERMIT cnimaly Tn each
of thess #maims, a croming-mer fagmenied the oniginal TiNA
regien o ghwieso rigin thar wis mitally preent i te S6F - WL
srain {Figure 1], Among |5 aarting sirains, ssven surdved and
were noila bl i our stosdy {recombinenrs, BSR4 RS B& RO
Bl and B4

In wivo Phenotyping
Famales af the differem reavmbimant soherrams were crossed
with B males and their pesmrion wan Tollowed up uming @ me
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wrrmsmagraphy & previously describad [157. Ammals obiained
v theawr roemees haovr & pl zenas which i herer ceypoans for all the
e hemted on the Fragmeent of spene: mrigin B S0G), while the
wenin was nmeevems S0GOSEG for the same spretn frapmmm.
The conitrel group was abramed by moacing males and Femades of
thee i strain, A& total of 97 geyarions (31 and 66 of B& ane TROR
nypees Teapa rively) were amahvesd . For each gesmmtion, we ovimed
the nimhrr of imploed and resorbed embryns during three
i crasnnagT aphic feaminet ms. There wae ne-ror relanon berween
ashrynnic death and the powition inside the womb, which sigeeas
that the desth of ane embren did st heer defeerious
reperrissioms on the contipusasly inploned smetres Figare 20

We nried & steng vanahbility m the percentage of embreonic
dearh owem the differenn nehermaing [ Table 1), while apparemrhy
the number af imqelared smobren was new sipnificantly differan
The srame B4, Bf, BIG, B13 and B jgroup 1) presmasd &
prreemaps of embryonis deadh thar was ot wavivdically differem
frim that of 86 cemiral dnieb | =%, 19=5%, 8= 0%,
12=5% amd 16=A% for the fee stroimg, respecteely, verms
12= 2% in the B parent. Now thar within this groagp, BS @
disringuished by the highest rate ofemberponic deadh. By oo,
B5 and B wirains [group ) presemed 2 peremiage ol smibimamric
dearh 27=5% amd M=% respeetively] Sgnificanchy higher than
B6 conirel &t p={dH S and p=00U0M5 respeetieely Table 1)
Sinee the memn monba of mplaned embryos was not differen
hetween the sihermaing compered o the Bf cmoal Table 1}, we
decduced that the inerease membrymic death shopreed for B and
S TRCR was rmised by pewstimplan mrisn eventn

GTL Fire Mapping

In order o refine el Incslizarion, we realized an anabwis by
oy’ phenonyme  segregation. BRI and RS stmins jwhich
= hikit the phanotvpes) shared 2 large et region (=045 Wk
o W5 M with the BE amin which does not diplay the
mmhryoic resprprion phenotpet and tee nest {undl == 1065 Wh)
is alen shared with the orher srrains B, RUL R 15 and B 14 which
are T Effemed This confiperarion sugpess thar nen s
regines, shared by B3 and B 5 smeim and nw presm cogether in
the orher swains, s=am b necessary v esplain the spparivion of
the phenotype in B3 and BS, We defmed a b e
whfragmeni alled Laluimd which snomqeas DIMGS o

I’:}. E IIIVIJIPH ﬁlmé'l]l“ iﬁll {LARAT] el | DIEN | pedER | awl34 | asdGE I:‘_l reiie | =R | psEdE | Elds
=8 | (1] ol s I L] : g HES Bz E1E ) 200% | TEDES | SR e 3z TIE2 o337 TEmYR
Panitian L T I aTh KM & a5k | "3 : i a1 s bR B -8 ] [ k] [[TRE] ([T (RLIF] WERE | 1ERA {1
il L] (UL i L ML | MW My i i B
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Bid '
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E 5 ERE :_s"
| l.; H & ] & E 1 !_ 5
b 4 R EE R s ¥

Figure 1. Genomic structure of the TRCS mice in the region of interest of chromoseme 1. 100 Mo BAScys D10 $ON T DaT g fo N,

SRRTLS OF MusCwu, of the 7

moDmDiR sulscans (HOE nothe CEMMOSTE] Tegion Oomsponding o Ledd OTL. Aemenant srains wew

genaraied at tee Pasteur insttute (PSS from GEHMMLI staan Oy fecom Diason fWents (nsie Thin ML sorefis segment Thiske sians nawe boen
genotyned using 74 poyno mh masioem. Manoer pashon s &0 gWen N Mogendse Al M. 5" mrmspond © T Ehe MarRr 0 3 SpRTUS IOy g0 s

o and "H 0 e mEvsnr 0 s mastoius | Baj noer

oo The T MiNims! sprms egeans (Lad2mand seen main ofiect and Led2mind with
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QYL of Embryanic Lemalizy

Figwe 2 Ultrasound blomicroscopic in vvo observation of the embryonic development. Dumag the gostaion of 85 and = mco e
SN YONEe FVEOoManT W toiowed Up Oy 30 N W0 utmRsonic metind Tt vty of dewioning emoryo (A was 3%5esed Dy Tie presanoe of
Aeantdeatt and 3 postve umbia! oo Dooper Dead embryns (8) dopayed 3 comtml NGy achagenic 3¢ 1O cormespondng 10 e embnone
raomon

LI BT journd pone (D233 56 9007

PDIMR 305 regom (>HE.5 Mh o <905 Mu and 2 second res

The realts of statiaical teess are shown in Fgure 3. When we

called Tallwiel located a2 the 3692500 marker (92 5 Mb 10 nmpared the mean rate af embhryomic death tenwesn R4 and RS
1003 ME) (s gray boces in Figure 1) When these two spay w RS\, the massscal resll (sgmificant dferenee a1 P=00)
e (fedlven ave separaed as m R6 that conmins fedPeend proverd the presmce of lad2eent QTI. By onntrast, the
miyjorm R4, R10, R13ar R 4 (Jaddedadi only) the phenceype of nmpanison hetween RE awd R3 (or R5), did not smdatically
embrvome death & absent The pwesence of dhe twa petys regan mdicase the presmce of Lainee OTT. However the esnhryoms
wesns indispersahle 10 permit the mandestion of dhe phenotyvye death 1z f RS and R5 hath have 2 endency © be higher than
2's the cae for R3 and RS (gray hasched haxes n Fgpwe 1. To that of RS Tizure 1) suggesing = posaitle very amall &ffect of
waawally prove the presemce of these o QTTs Jadleeed 2nd lrddvgall on the phenotwvpe. In the same way, the difference m
laidwiaB each cme reypomible for 2 pan of the efact an the enhrvonic death rae benween R (LadPeueli ondy) and R3 ‘ar RS
phenatwre, and zn evenmal epenatic imeracaon hetween ther wa %-19% whih & cvmparble 10 15%-17% difference
twn QT able ® increase the embryomic death, we compared tetween BH (with no swaw egom) and R3 o RA) 2l

everad vecommbinamts amemg themselves R deanng fad
henving FadZecieliand R3 lor RS) bearm

maed. R wggestng 2 1l or very anall effect of Leweeli. In comequence

hae two petys repnm this resalt dbd not supparn dhe presence of an epstate meeractonm

Table 1. Statstical snaiyss of the smbryonic resarplion phettybe

Embeyonic resoration rete Man = SEM

Smm Numbe of gestations implanted embryos Mean = SEM p wioe) » vauw

Ge # 1m=04 %2

"3 3 PO P02 S IS (p=0.0013)

R4 e 2200 (o0 1885 NS W= (p=- QIR NS)

Rs 3 SR O (p~00N S IFN=S (p-0.0048)

Re é SN0 p-Cl28R O MWz (o~ @ ¥R NS)

R @ U208 P ~00RA S =3 D028 NS

R'3 2 A0S p~0.10% NS 12%=S (o= G334k N5)
e AN=0N Pp~CI1 8 S Rzt p=-0235 A8)

Compue tan Wwiwms FCs aod 88 consl ing T %S Wwith Safivos: commtal awt

R T L
G303 1 ool pocw 5083356 200
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Figure 3. Statistical com parisons be twesn

OTL of Embeyonic Lethality

death ratec of RCE. The mean of ompryvon o deathrae (5 farin 3;

oresonted for four substraing on@ining dffernt segions of soretss ongin: AS | D0 @inng Led?mind onlyl A3 and RS jcontaning

Ledzmnil | nd B4 | Lled?ming oniv
S0y 101371 jeurnal gin 43356 g03

hawem Laflmind lnfidm.rf,niem bt & Fat o wl adiditive
effert anld be Tevealed by ineressing saweple s of this TLY
PSRV IR, For chis raison, the praes presen in thes
oy regions, Faflwind aned LedTweinf are liged in Takle 2.

Is Placenta or Lherus Responsible for the LedZmin Effec?

Since B3 and RS mice did nor harbor amy shvious develop
mental anomaly or pathelogy, soepting e some ehreonic
death, it wes ressonahle toosspeer thar placenal amddor mrerine
dyfmetons onuld be responsible e the embrvnnic lerhalin
increzse Thae, we iniviarsd & geoets approach in order o idenifi
n which of these nwn mremmes dysfirncrion could be relared with the
phenorype, In the peviees s of exprrinetal coomes, TROE
females were maied with B male Genetically, this pemirved the
soeexigenes of heternmppon feeeploratal o liels BRSEG ad
homeypms werine alleles SEG A within the same paomic
reginn el fragment). Comemely, we perfmmed revese nroase
ipBE o« TIROS). giving & hewreoygme: placenta e the gene ol
the fragmem, b 2 Bf homeeypon vwerus Tn this sirostion, the
witldbe divardem sught o And their origin exclusively fom 2
pleenml feal embowmic defecr, coused by the pey ame of the
WENILT | Fragmene, han naot froma s B6 woennh defecr Tnothis optic o
realized the moss PR with PRI TRCSgroupd | We sdwereed tha
the wemn of embryonic resorpion e (=REMT was 0 =0
and new wignificantly differee foom che conmal GB6 « OBE;
i 12=002, p = 6. 11 wherras the mveme aoxing, eadme alsora
& heteromvgm Peao-plarna | complex implaned o omoavgn s
sraus were B, profued a simifimntly highe smbrvonic
resprption rae T2T=0008, po= Wi Figere 4], From dis last
abservatim, we avncheded thar = merine dvafimetion is vary likehy
. the bagin of tee abeerved phasrye.

Asseming of Differentially Exprecced Genes in Uterus
We analvzsd the copression levd of merine penes in pregmant
RS females compared to these fon BB contl aninasls o E12.5,
AN invpeeEml rinee point whm men e ion acarmmed durnng
ot stedy. For this purpnee mhyhniimd.:mﬁﬂﬂ'hii:ndfm
mﬁwwnﬁrﬁm ML TiTraarTae. The
Mimhegen amas incervagmied & el of 25651 mosse mEnscTp.
Grene scpression |evels were quantified by Moreenae mensin

PLOS ONE | ewecpinsoneon

moming and ranged fom Xow =508 arbirary unin ol
Rurresceyes ATUTH fmean value ~5, 950 ATTFL These reis wers
highdy repeoduable sinoe they showed wrong anreeladi e herwesm
ezl diplicgoes (1 ={00ET fer W6 ad & 005 For B3 Thus,
for suwhseqent anahmis, we tonk the sverape of hoth vahes for
emch trRmscTIpL. Wrﬁmﬁmmimmnﬁm
vy higher tham 100 ATTF, we sssomed then vahes umder this
threchndd were very clise o backproond signab and, with dis
thresheld we selacied 10MS mamerpe (HA6% al the oml]). We
mrmmidered & pae o difierentally esxpressd i @ tenelnld
differemce ol expression jupor deam | was sheerved Consequanthy,
FAM 19 of the coprewst werine gmes) TEMETTES WETE
madified in BRI mens when compared to those sxpremed in B
Tahle 3). A vimvilar muniber of reapresed and indueed prnes was
abeepered [TES% mnad 8.1 %, respecdwlyl, This derepulation was
idendlied over all the gmome. Fowevs o significanthy higiher
proqEan of prnes were derepuared when andy the MM e
fragmoent or the twe Jedfue rmgions wers considersd Table 3.

In rrdey tovalidare the differential pme expeesion o hainad by
the migroe rray analysis, we checked 7 penes of the Led ngnd QT
region by quantitative BT-POR. A shown in Table & we nhoained
& vy g agreemant hetwesn ooy snd g POR. reésuls.

Comaidering that the wrrne dvdfmetion ran take i amign fom
& derequlation of the pene sxpresion ordand TR VR0
meding pohmrorphizms scomrndared durineg i ndepedent s e
proceuses of Mo scade: and Mis s qecies, we lined the
penes ol the LadPogn O TL com apeonding 1o these iteria and ths
prentially invohed in eanbremic ewrpton. Finadly we cmade
et the rramsmipe with anespression leve] =500 8LTF and either
echibiting & deregulaton B3/BR coprewional raio =3 o 20L5)
aned rhe presmoe o o smoaAnmE Tl hismes beneeen M
sl ol Mg gpmies (provided by SANGER, deosbase: hogp:/y
wiaw samperar kS Tahle 5).

Then, we searched whether dereguloed ranserips could he
grouped inte fmdieme] chiges wing TRAVED darabase [17],
mmwidering 1 750 rramseripns with & theeshold of =500 ALF in the
eopression levd. This anabysis led oo the ddendficanan of i
funrional groame ol genes and signalmg  pethweys that wers
derequlaed, aech & rdhoome poarin penes [povahse {'I;Ih‘rf!'ill:.
snudncyings process jp vahe: (0002 T, VEGF jvasculer snochedial
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2. Gene list in the minimal Laddmin region.
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Discussion

Tn the reproductive proceses, as in othen, hundreds o penes
ineeract e subtle repularery newaorks, snd this complexity doe
e prErmrin i easily idenaly e molearlar Tameor s of defimctinm
leafimng 1o miertilicy cases. Moreserr, when our imeres i rurmeed
tosvards the homen climc the sty of Bevom mwsled in
repradicive defeas o parindarly challengmg de o obedaus
ethical constrammis, which rend shligeinmy the e of animal
mdels. Howsver although himdreds of memnn mous madel
with inferrilicy epafertility pherentypes hevwr bem peneraied [T
the penetic comes of infrrilivies are Tar fom bang checidared in
their whede [3], This i the caw for the BEA pachology which
affeas & nom negligible perornmae of the popalation |1 a 5% and
for which the genetic origing) is sill linde docomemed In the zim
i idennfy new genes responsibles e embryanie lechal iy, we need

B Tommse odel of inenpedfic recombinem congems  sorEing
IRCE),. Although durng the geadon/premmancy developmm,
mwice and humans do e establith exactly the samoe sysiem of
pasemerion, similarities frong enngh eoeeen these tweo species
ecist, making the mouee wndd ] toidend iy penes mvoleed in
humans. Indeed in sevaral mouse mowdeb invahing the smple

wemt napern [1R 19, it hos been dearly showm thar there & &
amrinmmm hemwesn embryn resorpion and placmial dieeases,
fince the w@me mice have thess resopton and preedanpesiz- like
ayrpeorms [ T s alwe known thar ©F deferm are clearty linked
with VEGF defern, thus indedng defectve plarnizton, leding
n the moE exrame cases e emibryonic death, Theaore, mose
mweniels of ewbres meswpion vie known  denggulations of
armplement ayniem are proved o be sritshle medel of the
harrmam coavtimner placemal vasarlar distese-TEnEana s EwErT
finn. & well mietied mogse mode] af immunoelspicaliv medised
mer-implanmrion premmanay lom ther shares feanmes with haman
reciTent mincamizge i deriared o DRAS Dmared (CHAS]
mice (RS |« TN T T00,23.0 9] Tndeed emmbryss derived Fom
miading CAA] Fmales with THRAC? males showed an ineremsed

Toble ¥, Kumbsr of ransipts modiied in uterws of B3 IRCS compared te CSTBLAS.
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4, Microarray validation by FT-OPCR o 7 genes of the OTL region
Hin L
b om
| L T
e il
=t i
Tin i
s -
Eqmtfnﬂpﬁm,ﬂ.ﬁ:ﬁ.ﬁj. T_'?:Ihnilm'p‘.'-q.!: muit kmgineiinal enedyvsis of . e shorreed an increase of

grearer than thar seen wirthin these mnd other sitains o rein
combinations OBA] = CRAT: £8=5.1%; CRA/] = BALR

RA=56%; DRAST « IFRAE: I5=F6%; n=f 30 mice/groag;
CRAZ] » DA/ w. othes, p<iedl] (1A, Sponanms.
mesorpriom in the CHAJ =« DRAST model o anrboted o NE
cells, macrophages. and Thlaype cyiokine, and mpresn 2
rejectinn af the semiallngmeic Fwplacensd [24]. Murne o
rions are charsewrized by beal o o e jumerion of the feml
tropphohlast wirh dedduws, mm mfhmme o polymorphonaclear
Em‘ﬂﬁﬂmm.ﬂl]jdﬂafﬂmmd
ﬂqhnﬂnﬂ*ﬂ-ﬂqnﬂﬂmd
hemmrrhage [2526.27,90. nfleeation Tegine m day 65 of
pestedion, 0 days ofier implmiavion hes ceturred 2nd ahortions
boeginy afier day A5 of pregnancy B¥.24).

in :ﬁr AT ﬂqﬂ: e -ld PR LTI ':-ﬂ-uﬁ:l
iﬁiuﬁ-ﬂdlm_hmura-ﬂ
homoygous fragmens of Mo gens genome fived on 2 Mes
othe and fom the BE perenpl srain by the g segmm i, M
lﬂhﬂhww—lmﬁiﬂwmwm:‘
thar the assacizrion of their two prnomes hes the podential to lead
to gEntic inonmpatibilitiss T14]. Taing this reded, in posr stdies,
repradictive procoses. We identified o QT responaible for
—I‘ﬁhufﬁt-lnﬁqmtmqﬂh-winﬁtm
WERET! T wrain oomtaining & sodely chromasome | fragmen of e
origin lorated on MENELT]. This QT was called Fad? and has been
Trappied o oan interval of 32 Mb which evaiains 215 geres [15],
The mim of the prefent soedy was 0 redefine this regicn and 1
idemify candidare penes peentizlly imenhed o embevanic
lethaliry.

T accmplish the fine mapping of this QTT. we peneraed
memmﬂnhym each af
them presenting & unigue sub-fragmen of the Lol CFTL., Each
recmmibinamt  wherrain FPmades wee r.ude. with B males,
g in & feondplarne -utrq;lﬂ with hﬂ:l:'rrq!-u BG
BEG penes (e L2 Incin? and wierine homseypmes sptis pens
jat the Led® locus), Thuring sach gesmrion, the subsmaim were
phenaiyped @ wioe by wWirssnography. This nen-invasive wch.
nelagy, Based upon & high frequency ultrasound device [29] allows
development [15,30] and resoepion (~70um and —8) um
lareral amd axiz]l reshmien, respectheely! znd permie wm camy

PLOS PHE | wwvwpinsoneom

‘18

the embryonic death rate in B3 and RS sibsraing (Groas 21, The
analwis of the penonpe’phenonpe sgresacion sllowel = m
derermine two reduced OTT. regions TaiBmied and LSl of
imately i Mhesch, presst mgether in sprete vasion mly
in B3 and BS arwim. In the sther recombinan arbstrains which
bee ot the phenonpe, te e or the ather af the region . is
rethped sprens repion called  Fedfimad  which encompesses
01 M DI region [2A45 Mh e 905 M md te
seond colled  fadBwinl lncadd o the mAH00E  marker
(282 5 Wb 1o <100 § W), Cher seadistical snabysis sucoseded in
proving the presence of FLadlwind TE. respenaible for 2 main
ffert an embhevonic death ban it Failed it for fedZmmB, Finwever,
mihle differences ‘h-ﬂum the embrymnic dearh raes of @rain
siraims R ovmpered i B3 or BS) led @ osuppese that this Later
region ookl abo have & small dfeer in the phenotype. Taken
maerher , thess dam dd not the nf an epdetic
i Inpanont, Bt m Gl
Rewne cromes using TROS Group  males and B females
mﬂﬂfhtthmwnmuminh
#ﬂdhﬁgmnﬂﬂﬂﬁaﬂfﬂfbm.Tw,
we deduced that the high rae of embryonic desth oacwrming
-ﬂﬁqhgﬁtﬁmhuﬂhﬂi‘pﬁnﬂhd;utw
in the werine tisee. This & in scordnce with the normal
mqumimwg_m
we carried mit B micmnarTey analwis searching v idenify isenine
derepulaed genes in TROCS mimab fom Groop 2. Altheugh we
mharrved derequlared peaes locged in sl chromasomes (19 %] we
neeined thal those ginsed mm the peks fragment were rdem-
bocaied on the s fagmemt e slresdy been epored i 2
previns sty of aur group pefrmed ono e trans prome
[A11. 'h has bemn shomeed ther a1 preoomic scade di fferendal NP
bevween M mmube e M e are feqent sine teey
AT, nnlu*m1ﬂ'llq}'ﬂhh:ﬂl‘im:krm
regions of praus origing these nudentde subsitmions roudd modify
Beinm of CSTHEAR] nanore, thuy modifying the spete pme
mald result from nem-nmemmaa coding pohanorphisms, acow
rendatied dur ing evndution in the g genome. These phmomena
sheiuld b+ prigineed from senlutinn of sepormed genomic regions
thaat proehses tramerpton Gevon THEA ™ manscripionic shoek' )
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Focising m geves of the fedfwind QTT and applying Rles
muwmw.nﬁwmmﬁ.

qur-:m-f?m“!?mm} .I'-I'-
t_p:l. "!'h! Fenes play a 1'* mn VEGF signalng, =TOR
md i man degradation parh.
way, Their #fiern omuld be reinforced by 8 small perodcineton o
F—H-Hﬂ:ﬁ:ﬂ-ﬁnﬂﬂiﬂh&-
signaling parhve v (dah {, Tioffip!, Ramp! and Colfia .

Ting 12, Powad{, Coge P oo 7 ﬂﬁmﬁmnddﬂﬁm
Maﬂﬂmmhﬂhpﬂiq&ﬂg
ihiguifin-profasome pErheay. Trgl? san o ligse -lnﬁw
related to ubiquitimegon [19), Thpd) Amctinns o 2
mminﬁtmwmmtmaﬂiu:
mmw@mhimﬁmnsﬁqﬁn
ligmee: [33]. P! is & compemrent of the 268 provessome. CopTh
B & submir of e sightsmi hevermeric Cop® si

m[ﬁﬂn“mﬁ !‘Hﬂm-:m
tinatisn snayme in the mme degradation pathway [, 4$) & a
Tlmh?d'hlﬂ.‘ﬂﬂmﬂlﬂﬂﬂhlmwh'm

Bamily pooteins . inieract with Cul5-Rhed 1o oo B3 whisuitin
ligase: [35].

In the seme mammer, Sadfeind M) pene and Lol Rawp !
and Calfal penes aore invelved in mgimgensia N meods
miwlendin and mearmem of endorhetizl ifdlls with ant-nuclenslin
mﬂﬂ-mmﬂhu&[ﬂ] Wler wrver, nueleslin
wuﬁim-liuhﬁp_nﬂthm
Ramp! groe, BAMP| freaepanr lﬂtﬂw-ﬂﬂ:m}ﬁﬂ-l
mmirmmwm]
Mnlwwﬁimuhmw
dvelopment and plays 2 critical role in awhryonic deslopment
mnd el growth [#1]. Toncening the Collsgen e T oF gene,
COE. TV ulmmuﬂﬂrﬂﬁrmm
ieerne funcrion, ]:-lﬁ'yh,l |nn'hmqam'hmuhmnm-'
retarding remodeling svens ar implantagon [4 7.

Finally, Cab9 wlso called Me25) and Bife? from: Jod Jeeind amd
TuafSipd  Frem J'.-ﬁ!-.ﬂ.l, participate in the mTOR i praling
pathwary, & requlamry mep of provan amchesis and growth, b7
:Bttiﬂ‘-pq:.ﬁ;-:r.lhd m iﬂmm&
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the enlarped motent ol sige M adure was sscdsted with
divared hassl TR pathway activiy [#4]. Otherwise, mTOR
pathway i implicated on the VEGF parbway agivation, T @
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Conclusions
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Article 3

FOXD1 mutations are associated with embryonic
resorption in mice and recurrent spontaneous abortion in

humans

(Article en préparation)
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Résumé

L’objet de cette étude est le clonage positionnel du géne présent dans le
QTL Ledl localisé¢ sur le chromosome 13 de souris et responsable d’une
augmentation de la 1étalité embryonnaire dans la lignée IRCS 66HMMU13. Ce
travail devrait permettre de proposer de nouveaux genes candidats responsables

de cas d’avortements spontanés a répétition (RSA).

Cette ¢tude a permis d’associer au phénotype observé des variations de
séquence du facteur de transcription Foxdl qui régule l'expression de genes
impliqués dans I'implantation et la placentation. De plus, des mutations dans ce

gene sont en partie responsables de la résorption embryonnaire chez la souris.

L'analyse génétique et fonctionnelle de FOXDI chez les patientes RSA a
révelé des mutations associées a la pathogenese. En effet, la mutation
p.429AlaAla dans le gene survient dans un pourcentage significatif de cas de
RSA. Ces résultats démontrent que Foxdl est un nouvel acteur clé¢ de la

reproduction des mammiferes.



90

mice and recurrent spontaneons ahortion in humans

Paul Laissue, "~ Besma Lakhal * Magalie Vatin """ Julic Cocquer'* Frank Batista” Gasan
Burgio.”’ Fric Mercier" Esther Dos Santos.” Diego Ojeda’ Christophe Buffat,'™ Gilles
Renault,"” Xavier Montaputelli” Jane Salmon.' Philippe Monger. "’ Reirer A. Viitia ' Marc
Felious. " Jean-Christophe Gris." and Daniel V aiman'

“Institt Cochin, Universief Paris Descanies, CNRS (UMR 5104), Paris, France.

“Inserm. L1016, Pasis, France,

"Unigdad de Genética. Facultad de Medicine, Universidad De| Rosario. Bogotd Celombia,
*Department of Cytogenetics and Reproductive Biology, Farhat Hached Unaversity Teaching
"Department of Cell Bivlogy, Albert Finstein College of Medicine, Mew York, NY 10461,
LS.

“Institui Pasteur, Units de Oénétique des Mammifores. Frana:.

"Depariment of Genetics. Menzies Research Instinmie. Uniwrsity of Tasmania Privaie bap
109, Hobar, 7045, TAS, Aunsiralis,

*Depariment of Heamatology. University Hospilal Nimes. Faculiy of pharmacy and Research
Team EA 2002, Universty of Mompetber. France.

"niversité Versaiiles-51 Quentin Service de Biochimie ot Biologe Mokculaire. UPRES-EA
2493, Facullé de Midecine Paris-le de France Ouest, Contre Hospitalier de Poissy, 78303
Poissy Cadex, Prance



91

2
“Division of Meomatology, Hipital la Comception Assisisnce Publigue-Hopitux de
Marseille, 147, Boulevard Baile, 1 3385 Marseille, France.
"Department of Medicine, Weill Medical College of Comnell University, Mew York NY
FOO2Y. UBA
"2 NRA - CNRS - Universisé da Towrs - Haras Nationaex, IFR 135, 37380 Nouzilly, France.

* These two awthors contributed aqually o the experimental work of this sudy.

Corresponding author: Duniel ¥ siman
Uifie INSHRM-UME 2104 CRNES
Address

Facul de Medecane. Hbpital Cochin

24 rue du Faubourg Se-Jacgues

T5014, Paris, France

Tl -+003314441 2301

Fax -+00331 44412302

email damsz v aman & imserm fr

The anthors declare that no conflict of interest exists



A hstract

Human mfertility Fepresenis a public health copcern affecting 10-15% of couples. Despite
advances in diagnosis and eatments, - Y% of the cases wre considered & idiopathic which
supgests a penebc oripm of the disense. Recurmnl Spomanaous Abernon (RSA ) 5 o freguem
cause of imfertitity. Recentty, we locatized three (uuntitative Trakt Laci «QTL) of embrye
lethality in o mowse model of inkerspecific recombinant Con peRic strains.

Here, we describe the positional cloning of one of thew (L, locawed on murne chromosome
13 We found ha e phenotype i ssocisled with equence varans of the Foodl
manscription factor which wepuate the expression of genes ivobved in Enpamation snd
placeniation, thiss presumably repulsting lier sise in mice. The penetic and functional
malysis of FOKDY i RSA patients mveald mumbons associsted with the disease
pathogene sis. In both species, FOXIM mitations modify its transcriptional capacibies on key
mokecies imphcaed m R pRERCy

Chur results demonstraie that FOXDE is & new key actor of mammalisn eprodection. Fnally,
we propos: that, in hamans, the FOXD1 pAT9AIAL musation, ocowming in o siprifican
percentage of RSA cases, might be wed as a molecular marker of the disease.
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Ineroduction

Human inferility epesos a2 public heaith concern affecting 10-15% of couples (1),
Recureen! Spentsneous Aborton (RSA ), climically defined by at keas) theee pregnascy kosses
priot to the 2P week of pestation, is a common cause of infertility, since it affects 1% of
prgnancies (2). Among fhem, % am idiopathic which supgest o penetic origin of the
duseas . Previous attampts bo idestify REA causative penes have been mlabively unsuccassiul
due w0 the intricate interaction of penetic, epipenetic and evironmental facwrs In 2007,
MKz was associgted with the diseasr etiolopy sinoe the p.Yale1TPhe muttion was
enpouniesed in - 1% of the RSA cases momasing the Belntive Risk -5 fold (3. Recentiy,
pename-wide scuis have boen reporied bul ey did mot reach the classical accepled statistical
thewshold for significance, and sparemly Failed to identify spocific genes (4,5,  Clnotic
assaciation sudies of angiogonesis and vasoconstriction-relsied petes ie.g. VEBOF, pS3, and
eNDS) ed o propose some SNPs poentially relaled o REA pathogenesis ).

Here, in ander w identify movel BSA etiological gemes we opted for & mouse maodel of
Inerspecific Recombinant Conpenic Swains (IRCS) peesenting a clear phenotype of
embryonic wesorption 17). The RCE model oripineies from an milisl inerspacific cross
between Mus muscutny CSTHL/ 6} snd Mus spremes SEQPas (81, These two mouse subspacies
divergad shows 1% million wears ape and exhibit & high penatic and phenatypic patymomphism
. [ the IRCS model mcompatibilities between @ parate ciFomosome Tephons indisce SFORE
glierations of pene expmession (10, IRCE mimals afiowed the localzation of (FTLs
msponsible for hypofertitity and other phenotypes (7. B, 11, 12). Using this model we
performad in a previogs imvestipation, a JTL ¢Jusntitative Trait Locy) mapping shedy, siming
at focasing genes imvolved i 2mbryonic TesoTption and tethatity (71,

In the present study, using 8 combination of positinsl cioning approaches. TanscrPoLc
anal ywis. andl Celular m voro Gssays, we obtnmed dats which demonstrase a spacific function
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of the Foxd! trapscription factor m murnine embryonic resorption. Thea, by sequencing 2
coliection of diopathic RSA and control women, we dentified FOXDI sequence variations
which are present exclusvely in patients. The functional impact of mouse and human
mutations was evaluated in a @il mode! by assessing moddications of FOXDI wanssctivation
Taken topether, owr msalts ®veal new msights on the mokcnlar aspects of mammanhan
mutations of RSA_ Finaily, we propose that the most fraquent mutation identified in RSA
are found, as molecular markers of the disezse.
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In & prvious work the in vive expiorslion of embryonic Tesomion in IRCS permited &
locme potentinl causative genes o chromosome s pments on mouse MMUL MMULS and
MMLUY chromosomes (7). The o6H-MMU1S IRCS arain showad a high incidene aof
embryonic resomticn | -fokd increase). This siraie conains 3 unique 2.6Mb corem: fragment
on MMU 1 * encompassing 31 penes (7,

In the preent sudy, in order o evaluate placenial und uierine wanscriptional differences
between seH-MMUILY IRCY and control apimabs that cowld explam the phenctype, we
performed a cIINA microarray assay in thew lissies Wi absrvad o massive derguiation
sctivation and inhibition. Supplementary Table § | of penes ocated on soveral chromaseme
megions, ofien jocated in chesers. Then, we analysed sisfigically the pawtive Transcription
Factor Binding Sites  TFRS ) present in the promentars of the 56 most upreguiated versus the
40 most downszpulated penes. The patstive TFRS wem classified according o their degree of
discrepancy in &mas of freguency) between bath groups of promoters. In placents. the
Fomhead (FEKHD) hinding sites oppeaed at the top of the lisl as siatistically discrepant
between promoters of repressed versus induced genes. More specificaily, repressed gEnes
contam twice as much FEKHD binding siles than te promoters of induced penes 1 2.54 v 177,
p = 00000, Supplementary Table |, snd Supplementary Figare 1. Inemstingly, Foxd! is
the sale gene helonging to the S famity locaied on the MML1? fragment of sprems origin
Foxdi was nat modified at the franscripional level Foadl coding region saquencing of 66H-
MMU1? ged sprees amimals evealed 5 om synonymous varients  p.AspTCe,
pAmI 260w p Tl S2Ak pAgpTe LeaTinsAsp, pProdiddel, miative w the C5THa]
varsion. /m sifice analysis undertined the strong ineseet of one of them, . Thri 52 Als, snce it
afipcis the fomohead [INA -binding doman @ hiphly comserved posmion smonp mammalan
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species (Figure 1) and the SIFT software peedicts & deleerions offect. Addionally. this
muLation wiggers the disappearsnce of 3 pulive hol spot of phesphoryiation

Then, in order to imvestigaie the wansactvabion capacity on wrpet pemes of distinct Foxd)
VEPSIONS femscuts, sprevus and P ThiES2A ) we performed a luciferas mporier assay wsing
promoter comstracts of two penes (Ppf and ©7) which were stromply madified in the
microartay ¢ xpermne it and display oy roles in mammalian implantation. Indeed. the Pacesta
Ciroweth Factor ranseripl i #y, @ validsted Foxd] arpet pene), was 4.3 fold less abundant in
te s6HMMUNY alerus compasd w the CSTBL/&l conrol meamwhile complemant
component (' was wp-repulated %7 foid i the 66H placenta compared w C7TBL#J control
i13). For this parpase, we cloned Foxd{-CSTHL/6) (Foxd t-mm) and Foxd? -SEGPas (Fond1-
sag) coding mpions b0 expression vectors, i onder W olest the capacity of Fodl fo
ransactivele the Mas Muscwios ol Mus spreras Pt pomoters (Ppf-mm and  Ppf-seg,
mspactively, Figome 2u). We found thet oven thouph Foxdl sep was able 1o dimulate the
expression of Ppimmy the sciivation was strongly and significamty atesed (-3 foud
wduction) compaed W that of Foxd1-mm op the Pgi-mm promoler, 55 1 the IRnscripiome
assays. Reciprocally, we abserved that she Foxd]-mm transactivabon capacity on the Pgi-seg
promer was redeced compased o its effects on the Ppi-mm promoder. This could be due ©
the nawral genomic pelymorphiso in terms of nuclectide substisutions, obsered betwsen
Muscwius a0l Sprens pemomes (10, Interestingly, our expermments showad tha the Fomd1-
mm version js significantty mose effective o transactivale te Ppfseg promoter than the
Foxdi varanls moduize the newber of prageny t0 an optmal asd ot maximaly member. Cn
this poirt il is worth ning that the sprenus it siee is naturally smatier than the musculis
ome (5.3 & 1.4, versas -7 .6 1w CFTBL/E)) (14, 159, We mlso tested the effiect of the Foxdi-
T152A mutation slome on the exprssion of Ppgf-mm A s expecied, this mutaton sipnific antly
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salbeit moderaiely) decreased the transactivation capacity of Faxdl on the Pgf promoter
contribating 1o the downrepulation of the Pg/ ke vels sbserved in the el MMLIY uerine
sissue, mdicating nevertbeless that the other Fond! spreus vamams stso panicipme in this
prenomenon (Figere 2b). Then, we imvedigaied the functional impact of spraus Foxdl on
the Mus mscdes cOMplemEnt C7, 8 gene playing a central roke in smbryonic Tesomtion, as
shown by the CBA x DEA cross. Foxdl-Se g overapression indud s higher expession ievels
of C3-men than those induced by the Foxd|-mm wersion iFigure 2c) whike the isolaied
Foxdt- T152A mustation did nol show significant differences from the control an this promiser
suggesting that the other Foxd 1 vaniants showkd comritwse 10 the phenotype. These in virro
erperiments s consisient with the wansciptomsc data in which O3 was 57 fold mos
abundant in the 66H -MML13 placenis than in the CSTBLA) tissse. Our sxperimenis
mmammunanm-ﬂumLunﬁ#ﬁu—
w as not repariad hedove,

In sum Foxdl mpulskes the expression of two ccial Py and C3) penes miplicsied in
prgnancy mainterance and its mulations momoese we Telatad o embryonic resopaion. Pgf is
hiphly expressad 1n the placenta, whem it & puiates the differentistion of vascular endothels
i1t The wenne NK cells (uNKp an endometrial lymphocyie ol sebsel mansiently fousd
dering endometrial decidualzation and edemial for Emne dislopee with trophoblast,
axpress Pyl and Vegf (17.18,1%. Pgr mice displey defects in early differentintion of
minsclear uNK colls (20) The tinks of €3 with prgnancy are shendantly described im
liteTakE; its activalion is requirad for an antiphospholipid-induced pregnancy loss that can be
muened by the administration of heparin which biocks the activation of the compilement
cascade 121, Innonmal pregnancy. te placoma appears Lo be subjectsd ot the matarmo- foelal
imerface, 10 A compiement-medssed immune sttsck. Thes, sn appropriake comple ment
mhibigtion is requined for 3 physiological pestation snd, » @ has been thoreughly
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demonstmed o mice, the deficiency of complement repelstory protems progressively i sds
0 the ambryonic kethality 132, 2% Indeed. excessive Jocal compement (7 production may
averwieim the complement repulatory mechansms leading 1o pregnancy loss. These findings
supgest that strong dismshances of O expression (activatien or imhibition; are Telted n
ambryr abortion. We stempiad o formerty demonstrase the rode of Foxd? by cmating 3 M
sl knock- in mowse i which the muscwies veTsion would be substitated by the spraw
verdon. For this perpoe, we penersied ES oolls inoa 129 penatic background. Howeser,
chimgetic mace obtned from these cells alway: exhibitad 3 low chimerizn kvl amd were
wery difficut 10 obm in significant smounts. This suggests thal Foxd] sprewr might have &
megative ¢fact on Enplanisiion. which keads i 8 countar-selection of teley am founder mice

Then, in order o essess whether mutalions i this pene would penerste o similar
prenotype in the human species we sgquencad ils antire open reading Frame in & panel of 556
idicpashic RSA and in 271 women with nomal fertility. We found a iotal of 27 distinct
varants (Table ). Eighteer were found only in RSA patients (all ot helerozypous sk )
Mutabions found 1n RSA wamen concern 37 patients | 5.9% The siatistical companson by &
comtingency Chi I @5t between the exciosive varamts idestified i the pabent populstion
versus those present in the control proup was highly significant (p = 000056 The relative
risk, calculated using all these “privak’ mutations, was 163 (3% confidence ineral 1.4 -
T7.21 Inwstingly, the statistical significance was achie ved using a enigue sequance varisn
P44 Al in which vo slanine eadues wew ineried ai position 424 of the proiein. This
mitation w as found 12 times ¢ xclsively in the patient growp (225, p= 0.015). i sems gso
that the pAIEECly may have & prolective affect since it is fquently ancounserad i the
control proug | Table 1.
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Newt, we assessed the fenctional effects of theee human FOXDI variants predictad 1o be
damaping 3= they affect nuceotide posinon: conserved amoRy mammalian spocies. These
vanants were exchisiealy found m REA women and were not previousty described in SNP
daabases. For this pempose, we perfomied similar fanctonal ests thar those camied oul for
Fozd! vananis. We tesied the FOXEU wild type (WT) amd mustanl versions (FOXD1-
AlSelty, FOXDI1-BededMet and FOKD1-420A1A1) for their transsctivation properies
an PGF and ©F promoters (Figere 3 and 3y The FOXDI- Ala®56Cy and FOXIN-
AMehiaAle were complelely unabie o aotiale e PGE promer, while e BeoadMet
mmined 3 ransactivation capacity. Thes msuits suppest that varisnts of FOXI may reduce
POF levels thus polenially affecting peegrancy mainkenance.

Comcermng the C3 promoser. the FOXIN-WT veraon induced C3 expression while the
FORIN -Ala®S60y and FOXID1- e t6dMet versions had no effect. Conversely. the FOXIN-
£19A Al construct srongly induced the transsciivation of the O3 prometer. Therefore, the
FOXI pA29AlaAle should be consserd as @ hypomorphic and bypermorphic allele on
POF and €7 promoters, respectively. In homans, ithas beop shown that O3 levels are hipher
in pabents presenting & third consecutre prepmancy loss than in women with 8 successhul
pregnancy afier teo idiopathic sbartions (24). In micz, modersie levels of O3 expession ae
necessary for a suocessfl pestation. sine al |5 davs powr coinee. O knock-out (KO animais
display 1 much tigher resorption rate than their WT countrepars, due to dysfunctions af
trophobiast and labyrinth deve lopment (25, Owr in viro experiments sagpest thal FOXE
matations thal decrease (o 8 basal level) or moresse (O3 expeession ame delesenious. This
indicates that 1 subte tuming of 3 ¢ xpression levels is necessary for m optimal function of
the foeto-placental inkrface.

We have 0 nole that, wp to now, Foud! MU amimals have esentially shown (only 8
homoz ypous sate) severe developmental delects of kidney and optic chiasm develpmen:
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i26, 27y The FOXIN human mutations (or te monse Foxd?-ms substingtion described here
display mikder functioral ¢fiects than those observed i Faxd! homarypous KO mice. Thus,
wi hypothesine that mom deastic mustations in human may be rolated W kideey andior
newroiopical phenotypes. In this conlexL wie canmot discard that Fon 00 showld be implicaied
i s yndromic forms of REA which inoisde these andror other clinical featuses,

In conclesion, we heve validatad for the fir tme the positionsl cloming of 8 QTL by
pemotyping an outheed species ihumani. The spprosch oellined may be wefal for other
positiceal clonmg projects., where & lmised set of recombination 2vems e available for
mapping perposes ias in the RCS, or more generally in mouse drains, |n addition par
sesults show thal FOXDT is 8 iew key molecular actor modulating pregnancy mainienance.
Its mulations am pardly responsible for embryonc sesoption in mice and REA in humans,
Finally, we propose that the FOXD! pA20AlaAls mutation can-be consadered as a RSA
mcbacular mmanker whach can he easily & stad by PCRsequencing.
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Methods,
Human subjects

REA patient prowp consisied of 5% women snsolled in & malched case-control sudy
of unexplaimed pregnancy loss in the Nimes Obsietricians and Hasmamdopists sedy of & lesst
theee consecotive shortions (s= 2175 patients: (28). The control groap consised of 271
women 2ach of whom had at leasl one live birth with no history of peprancy ioss. All these
submecls (RSA patent: and conrols; are from Caacasian origin,
and cell culure assays, can be found m ie Sepplemental Method:s

Study approval

The nstimtional review boand of the Hospital of Nimes approved all sigps of clinical the
study. ALl individuals gave writen informed comsent Experiments with apimals wem in
sccordence with the pobices of the Paris Descaries University, the Cochin instinie and the
Cuidetines for Riomadicsl Research Involving Animals.
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Article 4

A frequent polymorphism in ALPP protects

from recurrent spontaneous abortions

(Article en préparation)
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Résumé

L'analyse de la résorption embryonnaire chez la souris nous a permis
d’identifier des polymorphismes du geéne Alpp de la phosphatase alcaline
placentaire comme potentiellement responsables d’une augmentation de la mort

embryonnaire chez la souris.

Chez la femme, ce gene exprimé dans le placenta est associ¢ a des
pathologies de la grossesse telles que la prématurité, la pré-éclampsie et le retard
de croissance intra-utérin. Cependant, peu d'informations sont disponibles

concernant le role d’ALPP dans les RSA.

Nous avons séquencé ce gene a partir une sé€rie de 100 femmes controles
et 100 patientes RSA. Une analyse fonctionnelle a été effectuée en culture
cellulaire. Nous avons montré que plusieurs alleles et combinaisons alléliques
sont surreprésentés dans les cas de RSA. En revanche, I'un des polymorphismes
non synonymes (ILES9LEU) a ¢été associé a une protection vis-a-vis de la
maladie. L’analyse fonctionnelle de ce variant a révélé une augmentation
significative de l'activit¢ de la phosphatase. Le génotypage de deux
polymorphismes clefs a €té entrepris sur un nombre accru de patientes (550

patientes et 250 contrdles).
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A frequent functional polymorphism in the placental alkaline
phosphatase gene protects from Recurrent Spontaneous

Abortions.
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BACKGROUND: Fertility is a quantitative complex character governed by a considerable number of genes.
Despite clinical and scientific advances, several cases of human infertility remain unexplained. The use of an
original mouse model created at the Pasteur institute, permit us to identify a candidate gene, ALPP, encoding the
Placental Alkaline Phosphatase (PLAP), potentially responsible for recurrent miscarriage in women. This gene
expressed in the placenta has been reported to be associated with pregnancy diseases such as pre-term delivery,
preeclampsia and Intra Uterine Growth Restriction. However, little information is available regarding the role of
ALPP in recurrent spontaneous abortion (RSA). This study was conducted to investigate the association between
polymorphisms of 4ALPP and idiopathic miscarriages.

METHODS: This gene was sequenced in a series of 100 controls and 100 patients affected by Recurrent
Spontaneous Abortions, from the same ethnic background.

RESULTS: We showed that several alleles and allelic combination are more frequent in RSA women. In
particular, one of the polymorphism induces an amino-acid change in the protein. To better understand the
impact of the alteration of the PLAP protein on this function, both the normal and modified versions of the
protein were cloned in an expression vector and their activity analyzed. This analysis revealed a significant
different in activity between the two variants.
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CONCLUSION: This study confirms that mouse models are helpful to decipher complex multifactorial diseases
in humans and is a contribution in the understanding of the relation between ALPP and RSA.

Key words: PLAP / recurrent pregnancy loss / single nucleotide polymorphism / haplotypes
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INTRODUCTION

Fertility is the result of a series of complex interactions between parents, between
gametes and in viviparous species, between the placenta and uterus that are hemi-allogenic.
This complexity is sustained by a large number of genes, involved in gametogenesis, gamete
interaction, fetal and maternal immunity, regulation of tolerance, vasculogenesis and so on
(for a review, see (Matzuk and Lamb, 2008)). Imbalance in any factor leads to infertility and
more often to reduced fertility. Infertility is a major public health concern, since about 80
million of couples are affected around the world. Miscarriage is presumably the most
common complication of pregnancy, and is defined as the spontaneous termination of
pregnancy before the fetus has attained the stage of viability. Miscarriage includes all
pregnancy losses from the time of conception until 24 weeks of gestation. In human clinic,
several causes have been associated with this pathology: uterine anatomic abnormalities,
thrombophilic disorders, infective and systemic diseases, immune, endocrine, genetic and
epigenetic causes. There are two types of miscarriage: sporadic and recurrent. Spontaneous
recurrent miscarriages (SRM), or Recurrent Spontaneous Abortion (RSA) are defined by the
occurrence of three or more consecutive pregnancy losses and affect 1% of couples. However,
many clinicians define recurrent miscarriage as two or more losses thus increasing the number
of affected patients from 1% to 5% (Hogge et al., 2003; Rai and Regan, 2006). After standard
gynecological, hormonal and karyotypic investigations the etiology remains unknown in 50%

of cases (Jauniaux et al., 2006; Kupferminc, 2003).

To identify genetic causes of this complex pathology, we have used a mouse model of
interspecific recombinant congenic strains (IRCS) established at the Pasteur Institute in Paris
(Burgio et al., 2007; L'Hote et al., 2007). These strains are the result of an initial cross

between two species Mus spretus and Mus musculus C57BL6/J, two species that diverged
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around 1.5 million years ago (L'Hote et al., 2010), followed by two backcrosses and by sister-
brother matings for more than 30 generations. All the 53 existing IRCS encompass ~2% of
spretus genome into a musculus background. This model has proven to be a powerful tool for
dissecting fertility QTL (L'Héte et al., 2011). In 2009, phenotyping, using in vivo ultrasound
biomicroscopy allowed us to identify the 66HMMUI1 strain as presenting an increase of
embryonic death by embryonic resorption (25% compared to less than 10% in the C57BL6/J
control). This phenotype has been associated with the presence of a QTL region of ~32Mb
encompassing 215 genes localized on the unique sprefus fragment of mouse chromosome 1
(Laissue et al., 2009). This results sustained the idea that one or more genes in this fragment,
spretus in sequence present a certain incompatibility with the musculus context, and trigger

defects in implantation/early development (L'Hote et al., 2010).

Applying a candidate-gene approach, we focused on one of these genes, the Alkaline
phosphatase placental-like 2 (4/ppl2), due to his placental expression in human and because
the knock-out in mouse induce a slower development and higher rates of degeneration during
in vitro preimplantation development (Dehghani et al., 2000). Furthermore, in humans,
previous studies on ALPP (encoding the PLAP protein) have revealed an association between
some genetic polymorphisms and pathologies occurring during pregnancy in different
populations (Northern Europe and Asia). Two polymorphisms P209R and E429G have been
associated with spontaneous abortions (Wennberg et al., 1995; Wennberg et al., 2002).
Another study revealed a sequence variation in the ALPP promoter which could account for
associations with pregnancy diseases (Bellazi et al., 2010). Recently, ALPP has also been
associated with pregnancy diseases, such as pre-term delivery (Ferianec and Linhartova,

2011). In addition it is known that PLAP activity increases throughout pregnancy and
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suddenly decreases after delivery (Whyte et al., 1995). However, its physiological role is still

poorly understood.

Data from mouse studies and from the bibliography prompted us to study the impact
of this gene in spontaneous abortions in a Mediterranean population. In the present work we
performed a retrospective case/control study of recurrent miscarriages by analyzing by
sequencing a sample of human DNAs from patients and controls. We identified variants of
PLAP that are associated with RSA, one of them (Ile§9Leu) affecting the coding sequence.
Both the normal and modified versions of the protein were cloned in an expression vector and
their enzymatic activities were analyzed. A significant difference between the two variants
was revealed. This study may contribute to clarify the role of ALPP in the RSA phenotype of

the patients.
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MATERIAL AND METHODS

Patients

A 1:1 retrospective case control study was performed at the University Hospital of
Nimes (France); patients being a series of 100 women with unexplained primary recurrent
miscarriages (childless women with two to five pregnancy losses) selected from the Nimes
Obstetricians and Haematologists (NOHA) cohorts. A total of 33 women had only
experienced early, embryonic losses (< 10 weeks of gestation); 54 had only experienced late,
fetal losses (> 10 weeks of gestation) and 13 had experienced both events. These women were
compared with 100 control women with at least two children and no miscarriage reported.

Characteristics of the study population were summarized in table 1.

The study was approved by the University Hospital of Nimes Institutional Review
Board and ethics committee. This clinical investigation was performed according to the
Helsinki declaration of 1975 as revised in 1996. All the women had given their informed

consent to participate.

Methods

ALPP was amplified by polymerase chain reaction (PCR) with the Kapa Hifi
polymerase (KAPA BIOSYSTEMS) followed by sequencing performed on the human genetic

technical platform at the University Hospital of Nimes, France.

Amplification of ALPP

A 4,448 bases pair fragment of Alpp (11 introns and 12 exons) was amplified reliably
and reproducibly using the forward primer: 5>’TCACCCAAATGGCATCTGTACTCAA-3 and the

reverse primer 5’-GTTATCCACCCCTCCAGACACTGTG -3’ with the annealing temperature

117



118

fixed at 66°C. Conditions were the following: DNA 100 ng, primers 10 uM, DMSO 5%,
Kapa Hifi ready mix 1X, H20 to 25 pL. PCR program used was the following: pre-
denaturation: 98°C (2 minutes), denaturation: 98°C (20 seconds), hybridization: 66°C (15
seconds), elongation: 72°C (150 seconds), 35 cycles, final elongation: 72°C (150 seconds)

and 4°C.

Sequencing of ALPP

Commercially available reagents and kits were used. Purification of PCR products was
performed with the kit Promega (Wizzard®) and then sequenced with the amplification kit
BigDye XTerminator® (Applied Biosystems). Reactions were carried out using standard
conditions supplied by the company with nine specific primers covering the entire coding

sequence, at the annealing temperature of 50°C.

-Alpp 578: 5’TCACCCAAATGGCATCTGTA-3’, Alpp767: 5°- GGGACACAGTTCTCCCTGAT-3’, Alpp
1322: 5°-AAACTGGGGCCTGAGATACC -3°, Alpp 1500: 5>~ TGGAATCCCAGAGGACAGAG-3°, Alpp
1985: 5°-CTCCAACATGGACATTGACG -3°, Alpp 2431: 5-CAGAGGTGTGGGGCTCAG-3’, Alpp

2867: 5-AGGGCAGGCTCAGCATCT -3°, Alpp 3230: 5>-CTGACCAGGCAAAACGTG-3’, Alpp 3363:

5’- TCCTATACGGAAACGGTCCA-3’

The sequence analysis was performed through the software Seqscape® (Applied

Biosystem).

Alkaline phosphatase activity

A full-length PI" ¢cDNA of ALPP (NM 001632)was cloned in the pcDNA3.1 plasmid
(Invitrogen) by standard molecular biology methods. The Ile89Leu variant was obtained

directly from the P/’ cloned cDNA by site-directed mutagenesis. The mutated cDNA was
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fully sequenced to make sure that the target mutation (rs13026692) was inserted without other
mutations. P/’ or [le89Leu plasmids were transiently transfected in COS-7 cells for 48 h as
previously described (Fauvert et al., 2009). Empty pcDNA3.1 plasmid was used as negative
control. The plasmid pcDNA3.1/His/LacZ containing the B-galactosidase gene was used as a
positive control of transfection. Total alkaline phosphatase activity was measured with a
COBAS Integra 800 automate (Roche) and was weighted with B-galactosidase activity. For
each variant, experiments were repeated six times independently. All values were expressed
as medians of the separate experiments and statistical analysis was performed using paired
Wilcoxon test.

3D-modelingA 3D model of the PLAP molecule has been previously obtained by using its
1,8 A-resolution crystal structure (Le Du et al., 2001). The variant discussed here was

visualized and analyzed using the open source PyMOL software http://www.pymol.org/.

Statistical methods

Statistical analysis and association with single markers and haplotypes between
patients and controls were performed using Statview® (5.0, Abacus Concepts, Berkeley,
United States) and Haploview® (4.1 Daley Lab at the Broad Institute, Cambridge, USA) for
the study of haplotypes. The Chi-squared test and logistic regression analysis were used to
compare the two populations. For all analysis, p<0.05 was considered statistically significant.

Relative risk was estimated from logistic odds ratio (OR) with a 95% confidence interval (CI).
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RESULTS

Genotyping results

49 polymorphisms were identified, 36 in introns and 13 in the coding sequence.

Among these polymorphisms, 7 are not synonymous, affecting one or both alleles of the gene.

Univariable data analysis

Univariable and multivariable analysis on these polymorphisms were performed.
Single nucleotide polymorphisms (SNPs) and results of univariable analysis are summarized
in table 2. Six variants appeared to be significantly different between patients and controls:
Alpp 988, Alpp 989, Alpp 1338 (lle89Leu, rs130226692), Alpp 2498 (Tyr268Tyr, rs2260309),

Alpp 2621 and Alpp 3315.

Four variants appeared as risk factors for miscarriages: Alpp 988, Alpp 989, Alpp 2498
(Tyr268Tyr, rs2260309) and Alpp 2621 with relative risks of 2.698, 2.698, 2.253, and 3.093,

respectively (see confidence intervals in Table 2).

Two variants appeared as protecting from miscarriages: Alpp 1338 (Ile89Leu,
rs130226692) and Alpp 3315, with relative risks of 0.474 and 0.538, respectively (see Table 2

for 95% confidence intervals).

Four SNPs were located in non-coding regions: Alpp 988, Alpp 989, Alpp 2621 and
Alpp 3315, while two were in the Open Reading Frame; one is a synonymous SNP

(Tyr268Tyr, rs2260309) and one is a missense SNP (Ile§89Leu, rs130226692).

We attempted to classify the significant SNPs according to the subtypes of recurrent
miscarriages (Table 3): no striking predominance of any SNP in a peculiar clinical subgroup

could be evidenced.
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Multivariable analysis

After stepwise multivariable logistic regression analysis, two polymorphisms were
identified to be independently associated with the risk of miscarriages (Table 4): Tyr268Tyr
(rs2260309), a favoring SNP (RR = 2.82) and Ile89Leu (rs130226692), a protecting SNP (RR
= 0.27). The analysis of these two SNP-derived genotypes found heterozygosity for the
Tyr268Tyr (rs2260309) SNP and homozygosity for the Ile§89Leu (rs130226692) SNP to be
independently associated with the risk of miscarriages, the first one being a favoring

genotype, the second one being a protecting genotype (Table 5).
Linkage disequilibrium analysis and haplotype construction

The results of the haplotype study are summarized in the Haploview LD Plot®

(Figure 1). The linkage equilibrium coefficient (LD) was calculated for each pair of SNPs and
haplotypes were divided into blocks. The comparisons of haplotype frequencies between
cases and controls made it possible 10 of them being associated with recurrent pregnancy

losses, 5 being positive risk factors, 5 being negative risk factors (Table 6).

We then analyzed the different haplotypes for different combinations (Figure 2),
identifying a subset of frequent combinations amongst a theoretical total of 1640

combinations being possible.

We restricted the subsequent statistical analysis to the more frequently evidenced
haplotypes (frequencies ranging from 10.83% to 1%) (Table 7): the frequencies of two among
these 18 combinations ("B" and "Q") were significantly different in patients compared to

controls, two other combinations being very close to the statistical threshold (p = 0.065).
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From the previous results, univariate analysis (Table 8) then multivariate (Table 9)
analysis were performed, entering in the models the four haplotype combinations with a p
value lower than 0.07. The two combinations "B" and "Q" were finally identified as
independent positive risk factors for miscarriages, the later one being associated with a 5 fold

increase of the clinical risk.

Going back to the subtypes of recurrent miscarriages, the "B" combination was found
in 2 women belonging to the recurrent embryonic loss subgroup (2 out of 33, 6%) but was
absent from the 2 other subgroups. The "Q" combination was positive in 4 women from the
embryonic loss subgroup (4 out of 33, 12%) and in 6 women from the fetal loss subgroup, and

thus may explain up to 10% of the cases of recurrent miscarriages.

Functional analysis of PLAP variants

We then wished to evaluate the biological effects of the ‘protective’ [le89Leu variant.
For this we cloned the two versions of the gene in an expression vector. Then, after
transfection in COS-7 cells,the alkaline phosphatase activity was measured. COS-7 cells do
not express endogenous alkaline phosphatase. The enzymatic activity was increased by
~30% when the Ile89Leu variant was transfected (Figure 3). Analysis of the 3D model of
PLAP based on its 3D structure shows that the residue I1e89 is on the surface of the molecule

and close to the homodimer interface (Figure 4).
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DISCUSSION

A genetic analysis of a mouse model of interspecific congenic strains, comforted
results from the literature (Dehghani et al., 2000) indicating that A/ppl2 is an important gene
for early development. This prompted us to study this gene in human cases of RSA. In
humans, Alppl2 has two orthologs: ALPP and ALPPL2 encoding placental (PLAP) and
germinal (GCAP) alkaline phosphatases, respectively. PLAP is synthesized in the placenta as
early as the seventh gestational week. PLAP is a dimeric glycosyl-phosphatidylinositol-
anchored (GPI) protein that catalyses the hydrolysis of phosphomonoesters. Its natural
substrates are largely unknown although it has been shown to also dephosphorylate bone
alkaline phosphatase substrates  phosphoethanolamine, inorganic pyrophosphate and
pyridoxal 5’-phosphate (Whyte et al., 1995). Its physiological role remains elusive. Studies
performed in different models have shown that it could be involved in cell proliferation
during pregnancy (She et al., 2000a; She et al., 2000b). In 2011, Bellazi and coworkers
confirmed that PLAP exerts positive proliferative effects on trophoblastic cells (Bellazi et al.,

2010).

In the present study, we investigated the association between ALPP and the occurrence
of idiopathic recurrent pregnancy losses in Mediterranean women, ethnically homogeneous.
We found six SNPs as significantly associated with miscarriage (Table 2). Two of them were
located in the coding region: Ile89Leu (rs130226692), which is a negative risk factor (the
protecting effect culminating in homozygous women) and Tyr268Tyr (rs2260309) which is a
positive risk factor (Table 4). Ten haplotypes were associated with recurrent pregnancy
losses: five acting as negative and five as positive risk factors (Table 6). Among the

protecting haplotypes, “CACGGCACCCCTCTCCTAC” (Block 2) is the most significant
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with a p value reaching 0.0017. This result is correlated with SNPs analysis since it contains
the protecting SNP Ile89Leu (in bold, rs130226692). Another haplotype, “TCAGCC”, which
favors the risk of miscarriages, contains the SNP Tyr268Tyr (in bold, rs2260309). Concerning
crosses between the different haplotypes, two combinations (B and Q; Table 9) are
independently associated with recurrent miscarriages, the Q combination being associated
with a five-fold mean increase in the clinical risk, rendering it today one of the best predictive

markers for the risk of recurrent pregnancy loss.

As expected for a polymorphism the position I1e89 is not conserved in various alkaline
phosphatases from various species and no mutation was reported at this position in human
TNAP responsible for hypophosphatasia. Analysis of the 3D model of PLAP based on its 3D
structure shows that the residue 11e89 is on the surface of the molecule and close to the
homodimer interface (Figure 4). It is noticeable that residues in the same area have been
shown crucial to prevent non tissue-specific/tissue-specific alkaline phosphatases
dimerization and to allow dimerization between paralog isoforms (Le Du and Millan, 2002).
Since the catalytic activity of alkaline phosphatases depends on a dimeric configuration, an
effect of the Ile89Leu substitution on the dimer stability, for instance, cannot be ruled out.
However, in the present study we showed that the variant lle§89Leu expressed more alkaline
phosphatase activity than the reference variant P/’ and further kinetic studies will be needed
to clarify the effect of this variant at the biochemical level The putative effect of the variation
rs2260309 is still more unclear. In silico, however, the SNP is predicted by the web server
ESE Finder (http://rulai.cshl.edu/tools/ESE) to decrease the score of an exonic splicing
enhancer SRp55 from 3.8 (allele C) to 2.8 (allele T), suggesting that the gene carrying allele
C could more easily undergo correct splicing than allele T. This hypothesis will deserve

further analysis on the proportion of spliced mRNA variants characteristic of each allele.
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These haplotypes, grouped together, are made up of many SNPs located in introns
which may destabilize the pre-mRNA and therefore the transcription. However further
studies, including analysis of the promoter, will be needed to confirm this. We have also
previously seen, in the univariable analysis, that four intronic SNPs were associated with
miscarriages. These variant alleles, as well as other non-significant intronic SNPs (Table 2)
are not described in the Pubmed database (http://www.ncbi.nlm.nih.gov/SNP/) and may

therefore be specific of our Mediterranean population.

Furthermore, as the placenta is made up of both maternal and paternal genomes, it
would be interesting to study these SNPs and haplotypes among fathers in order to assess the

links between placental genotypes and pregnancy loss.

As mentioned above, PLAP is a GPIl-anchored protein and these proteins serve a
variety of functions that include adhesion, receptors, signal transduction and complement
activation. Lange and co-workers described three cases of women with paroxysmal nocturnal
hemoglobinuria (PNH), a rare haematological disorder. One patient had two spontaneous
miscarriages, and a 30% rate of spontaneous abortions or stillbirths was previously described
in PNH women (Langer et al., 1998). Although PNH is an acquired pathology in the X-linked
PIGA gene, it would be interesting to study the occurrence of miscarriages in women with
PNH, especially women expecting a boy (hemizygous placenta). Moreover, rare cases of
inherited GPI deficiency have also been described (Almeida et al., 2009; Krawitz et al.,
2010). Mutations in PIGV, another gene involved in GPI anchoring, have been shown to be
responsible for Marbry Disease, an inherited recessive disorder characterized by a high level
of serum bone/liver alkaline phosphatase (Krawitz et al., 2010). Interestingly, the original
publication of Marbry reported three cases of miscarriage in the affected pedigree (Mabry et

al., 1970). All these results support the hypothesis of a role of PLAP in RSA.
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Previous studies conducted in Northern Europe (Finland and Sweden) have already
associated ALPP polymorphisms with miscarriage. Beckman, as early as 1972, showed that
two polymorphisms, P209R and E429G, modify the biochemical properties of the enzyme
(Beckman et al., 1972; Wennberg et al., 2002). In the present study, however, these SNPs
were not found, maybe due to the geographical origin of our population (Mediterranean,
Southern Europe). In addition, on the wild- type allele, we find an alanine instead of a proline
for the first SNP; and a proline instead of a glutamic acid as in the reference sequence in

Pubmed (http://www.ncbi.nlm.nih.gov). These data confirm the crucial importance of the patients'

geographical origin included in linkage analysis attempts between common clinical disorders
and genetic characteristics. Similarly, in 2010, Bellazi and coworkers referred to linkage
disequilibrium between a sequence variation (rs2014683) in the promoter and the P209R

polymorphism (Bellazi et al., 2010).

CONCLUSION

The genetic of complex diseases is a very challenging issue, since the phenotype is the
result of complex interactions between numerous proteins, encoded by various genes.
Therefore it is important to diversify the approaches in order to discover the different actors.
Herein, the analysis of an unusual mouse model provides trails that directly brought us to a
promising candidate. The variants identified here in ALPP may account for ~10% of the cases
of recurrent spontaneous abortion in the studied population. With the progress in whole
genome sequencing, the setting up of a database of ‘at-risk’ variants for complex disease is
the ground for a novel personalized medicine. We hope that the present findings may

contribute to this aim in the future.
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FIGURE LEGENDS

Figure 1: Haploview LD Plot®. The 49 SNPs are represented in the abscissa (1 to 49). Each
box shows the strength of association. The boxes colored in red indicate the haplotypes
associated with each other. Several haplotypes appeared to be related. In block 2, bond
strength is important because of the proximity of SNPs (SNP7: Alpp 988, SNP8: Alpp 989,

SNP9: Alpp 991, SNP10: Alpp 992, SNP11: Alpp 994).

Figure 2: Cross between different haplotypes (Haploview®). Each haplotype is associated

with its frequency. The numbers (1 to 49) correspond to the different SNPs.

Figure 3: In vitro alkaline phosphatase activity of PI" and 1le89Leu variants of ALPP gene
after transfection in COS-7 cells. Alkaline phosphatase activity was normalized with [-
galactosidase activity as described in Materials and Methods. COS-7 cells transfected with
empty pcDNA3.1 were used as negative control of alkaline phosphatase activity. In each case,
experiments were repeated six times independently. Bars mean = SEM of the data. ** p<0.01,
paired t-testFigure 4: 3D model of the human PLAP monomer. The residue 11e89 is shown on
the surface of the molecule (yellow). Blue and red residues correspond to basic and acidic

residues, respectively .
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Table 1: Characteristics of the population analyzed

Cases (n=100)

Controls (n=100)

Average age (years) 31,72 51,47
Average number of miscarriages (per women) 2,51 0 (reported)
Average number of children (per women) 0 2,6

Early micarriages (< 10 weeks of gestation) 33 -

Late miscarriages (> 10 weeks of gestation) 54 -

Early and late miscarriages 13 -
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Table 2: SNPs and results of univariable analysis. For each SNP, heterozygous and homozygous
genotypes are grouped. OR: Odds Ratio; 95% CI: Confidence Interval; * Significant results; Alpp: SNP position on the gene.

Alpp | SNP Intron/Protein | Cases | Controls regression) (logistic OR 95% CI p (Chi Square)
1 (691 |C/T Before ATG 0 1 1 [0,062;16,217] | >0,9999
691 | T/T Before ATG 1 0
2 |805 |T/C Before ATG 1 0 0,9782 201377,628 >0,9999
3 | 943 | C/T (rs1130335) Pro25Leu 21 8 0,09 1,949 [0,901;4,217] |0,1275
943 | T/T (rs1130335) Pro25Leu 0 4
4 967 |CIT Intron 1 0 0,9782 201377,628 >0,9999
5 1977 |AC Intron 0 4 0,9713 1,77E-06 0,1297
6 |978 |C/A Intron 0 4 0,9713 1,77E-06 0,1297
7 1988 | GIC Intron 19 8 0,0268 * 2,698 [1,121;6,493] | 0,0385
8 989 |G/A Intron 19 8 0,0268 * 2,698 [1,121;6,493] | 0,0385
9 991 |CIG Intron 4 3 0,7014 1,347 [0,294;6,181] | >0,9999
10 (992 | A/G Intron 4 1 0,2087 4,125 [0,453;37,581] | 0,365
111994 | C/A Intron 4 1 0,2087 4,125 [0,453;37,581] | 0,365
1211002 | A/A (rs3748969) Intron 0 2 0,9797 1,81E-06 0,4773
13 [ 1017 | T/C (rs2014448) Intron 4 7 0,0607 0,515 [0,257;1,030] | 0,0852
1017 | C/C (rs2014448) Intron 69 77
14 11029 | C/A Intron 1 0 0,9782 201377,628 >0,9999
15[ 1153 | T/C (rs1130338) Asp64Asp 5 10 0,1877 0,474 [0,156;1,440] | 0,2829
16 (1264 | C/IT Intron 1 1 1 [0,062;16,217] | >0,9999
17 | 1338 | A/T (rs13026692) | lle89Leu 15 19 0,0162 * 0,474 [0,258;0,871] | 0,023
1338 | T/T (rs13026692) | lle89Leu 9 21
18 | 1395 | C/G (rs142439881) | Intron 2 0 0,9797 552989,648 0,4773
19 (1434 | C/A Intron 1 0 0,9782 201377,628 >0,9999
20 | 1447 | T/C Intron 1 0 0,9782 201377,628 >0,9999
2111484 | AIG Intron 2 0 0,9797 552989,648 0,4773
22| 1874 | C/A (rs150558405) | Ala176Ala 1 2 0,5684 0,495 [0,044;5,549] | >0,9999
23| 1943 | C/G (rs2853374) Ser199Ser 6 7 0,302 0,574 [0,200;1,646] | 0,4343
1943 | G/G (rs2853374) Ser199Ser 84 87
2411973 | C/C (rs17412770) | Ala209Ala 1 0 0,9782 201377,628 >0,9999
2512134 | T/C (rs12620832) | Intron 17 2 0,0825 2,023 [0,913;4,481] | 0,118
2134 | C/C (rs12620832) | Intron 3 9
26 | 2200 | G/A Intron 6 2 0,3154 2,064 [0,501;8,494] | 0,4951
2200 | A/A Intron 0 1
27 | 2287 | G/C (rs1048988) Arg231Pro 30 21 0,1681 1,533 [0,835;2,812] | 0,2192
2287 | C/C (rs1048988) Arg231Pro 5 5
28 | 2383 | G/A (rs2853378) Arg263His 0 2 0,9797 1,81E-06 0,4773
292402 | CIT Intron 5 0 0,1352 5,211 [0,598;45,436] | 0,2137
2402 | T/IT Intron 0 1
30 | 2447 | AIG Intron 26 22 0,671 1,128 [0,647;1,965] | 0,777
2447 | GIG Intron 23 24
31]2466 | T/C Intron 1 0 0,9782 201377,628 >0,9999
322498 | T/C (rs2260309) Tyr268Tyr 31 16 0,0049 * 2,253 [1,279;3,970] | 0,0072
2498 | C/C (rs2260309) Tyr268Tyr 31 26
3312585 | A/IG Intron 6 0 0,977 1567149,781 0,0382
342587 | CIG Intron 4 0 0,9713 564510,265 0,1297
35|2591 | C/G Intron 0 1 0,9782 4,97E-06 >0,9999
36 | 2599 | G/IG Intron 2 0 0,9797 552989,648 0,4773
3712621 |T/C Intron 14 5 0,0372 * 3,093 [1,069;8,946} | 0,0537
3812623 | T/C Intron 13 8 0,253 1,718 [0,679;4,348] | 0,3562
39|2671 | AIT Intron 4 0 0,9713 564510,265 0,1297
40| 3175 | C/G Intron 1 0 0,9782 201377,628 >0,9999
413217 | AIC Intron 4 0 0,9713 564510,265 0,1297
42| 3315 | C/A Intron 18 26 0,0472 * 0,538 0,0653
3315 | A/A Intron 6 11 [0,291;0,992]
43| 3463 | GIT Intron 2 0 0,9797 552989,648 0,4773
4413510 | C/IT Intron 1 0 0,9782 201377,628 >0,9999
45(3539 | T/C Intron 10 8 0,8095 1,123 [0,436;2,895] |>0,9999
3539 | C/C (rs73001984) | Intron 0 1
46 | 3578 | C/T (rs142493383) | Arg442Tryp 0 2 0,9797 1,81E-06 0,4773
47 | 3756 | C/G (rs2981374) Pro501Arg 2 1 0,5684 2,02 [0,180;22,651] | >0,9999
48 | 3789 | G/C Arg512Pro 2 0 0,9797 552989,648 0,4773
49 |3823 | C/A Ala523Ala 2 0 0,9797 552989,648 0,4773
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Table 3: Distribution of significant SNPs according to

subtypes.

134

recurrent miscarriages clinical

Number of | Number of
Number of
women with | women with
women with
miscarriages | miscarriages
Alpp both
<10 weeks | >10 weeks of
miscarriages
of gestation | gestation
(n=13)
(n=33) (n=54)
988 5 (15%) 9 (17%) 5 (38%)
989 5 (15%) 9 (17%) 5 (38%)
1338 7 (21%) 14 (26%) 3 (23%)
2498 18 (55%) 34 (63%) 10 (77%)
2621 4 (12%) 10 (19%) 0 (0%)
3315 8 (24%) 15 (28%) 1 (8%)
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Table 4: Multivariable analysis. * Significant results. These two SNPs were independently associated

with miscarriage. The first one, which is a synonymous SNP (4/pp 2498, Tyr268Tyr, rs2260309) is a positive

risk factor and the second one, a missense NP, (4/pp 1338, [le89Leu, rs130226692) is protective.

p (logistic
Alpp | SNP OR 95% CI
regression)

Tyr268Tyr
2498 0,0027 * 2,824 |[1,432;5,571]
(rs2260309)

lle89Leu
1338 0,0004 * 0,277 |[0,136;0,564]
(rs13026692)
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Table S: Influence of genotypes for the two significant polymorphisms in multivariable

analysis (rs2260309 and rs130226692). * Significant results.

T/T

p (logistic
SNP Cases Controls OR 95% ClI
regression)
Tyr268Tyr (rs2260309)
31 16 0,0026 * 3,059 [1,478;6,332]
T/C
lle89Leu (rs13026692)
31 26 0,0371 * 2,039 [1,043;3,986]
AT
Tyr268Tyr (rs2260309)
15 19 0,2208 0,623 [0,292;1,329]
C/C
lle89Leu (rs13026692)
9 21 0,0126 * 0,338 [0,144;0,793]
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Table 6: Statistical analysis of the different haplotypes (Haploview®). * Significant result
Haplotype Frequency | Case, Control Ratio Counts Case,Control Frequencies Chi Square | P Value | Protective/Risk factor
Block 1
CTC 0.897 176.0: 24.0, 183.0: 17.0 0.880, 0.915 1.332 0.2485
CTT 0.093 21.0:179.0, 16.0: 184.0 0.105, 0.080 0.745 0.3882
Block 2
CACGGCACCCCTCACCTAC 0.464 96.0:104.0, 89.7 : 110.3 0.480, 0.448 0.401 0.5267
CACGGCACCCCTCTCCTAC 0.215 30.0:170.0, 55.8 : 144.2 0.150, 0.279 9.879 0.0017 * | Protective
CACGGCACCTCTCACCTAC 0.158 40.0:160.0, 23.3: 176.7 0.200, 0.117 5.224 0.0223 * | Risk factor
CACCACACCTCTCACCTAC 0.045 13.0:187.0,5.0: 195.0 0.065, 0.025 3.723 0.0537
CACGGCACCCCCCACCTAC 0.034 5.0:195.0,8.5:191.5 0.025, 0.043 0.945 0.3311
CACCAGGACTCTCACCTAC 0.013 4.0:196.0, 1.0: 199.0 0.020, 0.005 1.823 0.177
CCAGGCACCTCTCACCTAC 0.010 0.0:200.0, 4.0: 196.0 0.000, 0.020 4.04 0.0444 * | Protective
Block 3
GTTGGGC 0.611 111.3:88.7,133.0: 67.0 0.557, 0.665 4.935 0.0263 * | Protective
GTTGCGC 0.166 36.2:163.8,30.0: 170.0 0.181, 0.150 0.702 0.402
CTTGGGC 0.099 23.5:176.5,16.0: 184.0 0.118, 0.080 1.583 0.2083
GTCGGGC 0.073 13.1:186.9, 16.0: 184.0 0.066, 0.080 0.305 0.5808
GTCAGGC 0.013 5.0:195.0, 0.0 : 200.0 0.025, 0.000 5.087 0.0241* | Risk factor
Block 4
TTACCC 0.580 101.0:99.0, 131.0: 69.0 0.505, 0.655 9.236 0.0024 * | Protective
TCACCC 0.380 84.0:116.0,68.0: 132.0 0.420, 0.340 2.716 0.0993
TTGCCC 0.010 4.0:196.0, 0.0 : 200.0 0.020, 0.000 4.04 0.0444 * | Risk factor
TCAGCC 0.010 4.0:196.0, 0.0 : 200.0 0.020, 0.000 4.04 0.0444 * | Risk factor
Block 5
ACAC 0.785 162.0: 38.0, 152.0 : 48.0 0.810, 0.760 1.481 0.2236
ACAA 0.195 30.0:170.0, 48.0 : 152.0 0.150, 0.240 5.16 0.0231* | Protective
TCAC 0.010 4.0:196.0, 0.0 : 200.0 0.020, 0.000 4.04 0.0444 * | Risk factor
Block 6
GCTCCGC 0.935 187.0:13.0,187.0: 13.0 0.935, 0.935 0.0 1.0
GCCCCGC 0.045 8.0:192.0, 10.0: 190.0 0.040, 0.050 0.233 0.6295
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Table 7: Representation of the 18 combinations with a frequency between 10.83% and

1%.

* Significant results ° Results near the significance threshold.

Frequency
Combinations | Block 1 | Block 2 Block 3 Block 4 Block 5 | Block 6 of p Chi Square
Haplotype
A CTC CACGGCACCCCTCACCTAC | GTTGGGC | TTACCC | ACAC | GCTCCGC | 10,83% 0,8774
B CTC CACGGCACCCCTCACCTAC | GTTGGGC | TCACCC | ACAC | GCTCCGC | 7,09% 0,0646 °
C CTC CACGGCACCCCTCTCCTAC | GTTGGGC | TTACCC | ACAC | GCTCCGC | 5,01% 0,0646 °
D CTC CACGGCACCTCTCACCTAC | GTTGGGC | TTACCC | ACAC | GCTCCGC | 3,69% > 0,9999
E CTC CACGGCACCCCTCTCCTAC | GTTGGGC | TCACCC | ACAC | GCTCCGC | 3,23% 0,541
F CTC CACGGCACCCCTCACCTAC | GTTGCGC | TTACCC | ACAC | GCTCCGC |2,94% 0,8471
G CTC CACGGCACCCCTCACCTAC | GTTGGGC | TTACCC | ACAA | GCTCCGC | 2,69% 0,4218
H CTC CACGGCACCTCTCACCTAC | GTTGGGC | TCACCC | ACAC | GCTCCGC | 2,41% 0,3562
| CTC CACGGCACCCCTCACCTAC | GTTGCGC | TCACCC | ACAC | GCTCCGC | 1,92% 0,3082
J CTC CACGGCACCCCTCACCTAC | GTTGGGC | TCACCC | ACAA | GCTCCGC | 1,76% 0,8277
K CTC CACGGCACCCCTCACCTAC | CTTGGGC | TTACCC | ACAC | GCTCCGC | 1,75% 0,4951
L CTC CACGGCACCCCTCTCCTAC | GTTGCGC | TTACCC | ACAC | GCTCCGC | 1,36% 0,4951
M CTC CACGGCACCCCTCACCTAC | GTCGGGC | TTACCC | ACAC | GCTCCGC | 1,29% 0,9999
N CTC CACGGCACCCCTCTCCTAC | GTTGGGC | TTACCC | ACAA | GCTCCGC | 1,25% 0,0407 *
(6] CTC CACGGCACCCCTCACCTAC | CTTGGGC | TCACCC | ACAC | GCTCCGC | 1,14% 0,2137
P CTT CACGGCACCCCTCACCTAC | GTTGGGC | TTACCC | ACAC | GCTCCGC | 1,12% >0,9999
Q CTC CACCACACCTCTCACCTAC | GTTGGGC | TTACCC | ACAC | GCTCCGC | 1,05% 0,019 *
R CTC CACGGCACCTCTCACCTAC | GTTGCGC | TTACCC | ACAC | GCTCCGC | 1,00% >0,9999
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Table 8: Univariable analysis on the aforementioned four haplotype combinations. All of

these four combinations are significant. Two combinations are protective and two are positive risk factors for

miscarriages.

p (logistic
Combinations Block 1 | Block 2 Block 3 Block 4 | Block 5 Block 6 OR 95% CI
regression)
CACGGCAC GTTG TCA GCTC
B CTC ACAC 0,0458 * 1,994 | [1,013; 3,926]
CCCTCACCTAC GGC CCC CGC
CACGGCAC GTTG TTA GCTC
C CTC ACAC 0,0458 * 0,501 | [0,255; 0,987]
CCCTCTCCTAC GGC CCC CGC
CACGGCAC GTTG TTA GCTC
N CTC ACAA 0,0443 * 0,116 | [0,014; 0,947]
CCCTCTCCTAC GGC CCC CGC
CACCACAC GTTG TTA GCTC
Q CTC ACAC 0,0166 * 4,831 | [1,332; 17,524]
CTCTCACCTAC GGC CCC CGC

Table 9: Results of the stepwise multivariable analysis performed on the aforementioned

four haplotype combinations. * Significant results. Two combinations ("B" and "Q") are independent

positive risk factors for miscarriages.

p (logistic
Combinations | Block 1 Block 2 Block 3 | Block4 | Block 5 Block 6 OR 95% ClI
regression)
CACGGCACC GTTG TCA GCTC
B CTC ACAC 0,0174 * 2,346 | [1,162; 4,737]
CCTCACCTAC GGC CCC CGC
CACGGCAC GTTG TTA GCTC
C CTC ACAC 0,4485 0,753 |[0,362; 1,567]
CCCTCTCCTAC | GGC CCC CGC
CACGGCAC GTTG TTA GCTC
N CTC ACAA 0,0897 0,152 |[0,017; 1,339]
CCCTCTCCTAC | GGC CCC CGC
CACCACAC GTTG TTA GCTC
Q CTC ACAC 0,0137 * 5,207 | [1,401; 19,349]
CTCTCACCTAC | GGC CCC CGC
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Figure 1:
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Figure 2:
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Figure 4 :
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Article 5

Identification of new QTL region on mouse chromosome 1

responsible for a partial globozoospermia

(Résultats préliminaires)
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Résultats préliminaires

Dans le cadre de travaux récents, j’ai réalisé¢ le phénotypage des lignées
recombinantes obtenues a partir de 66HMMUI par échographie a haute
fréquence et j’ail observé une diminution significative de la moyenne du nombre
d’embryons implantés dans le croisement homozygote de la lignée IRCS Rc3
comparée au croisement contréle homozygote B6. J’ai démontré que le
phénotype observé résulte d’un défaut de fertilit¢ des males Rc3, a savoir une

globozoospermie partielle.

En effet, par la réalisation de FIV en utilisant les spermatozoides Rc3, j’ai
observé une diminution significative du nombre d’ovocytes fécondés. De plus,
I’observation de la morphologie des spermatozoides a révélé une anomalie au
niveau de la téte a savoir une réduction de la taille de 1’acrosome voire son
absence sur une partie de la population spermatique. Les premicres observations
en microscopie électronique semblent confirmer ces résultats relatifs au défaut
d’acrosome mais révelent également la présence en grand nombre de

gouttelettes lipidiques au niveau du flagelle.
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Dans le but d’identifier la région génomique contenant le gene causal, j’ai
réalis¢ différents croisements homozygotes et la mise en relation
génotype/phénotype a permis de réduire la région QTL a une région de 6Mb sur
le chromosome 1. Dans le but de proposer des geénes candidats, la méme
approche que celle des précédentes études est employée en se basant sur leur
niveau d’expression testiculaire, sur la présence de SNP entre SEG et B6 et sur
les données de la littérature. Ces travaux sont actuellement en cours de

réalisation.
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Identification of new QTL region on mouse chromosome 1 responsible for a
partial globozoospermia

Magalie Vatin, Virginie Firlej, Carmen Marchiol, Come laly-radio, Jana Auer, Daniel
Vaiman, Catherine Serres and Ahmed Ziyyat

Université Paris Descartes, Institut Cochin Inserm U1016 CNRS UMR 8104, Paris, France.
Abstract

Globozoospermia is rare but severe form of teratozoospermia meanly
characterized by round-head spermatozoa that lack an acrosome. This disorder
in male infertility takes his origin in a disturbed spermatogenesis, which is
expected to be induced by genetic factors. To date, mutation in two genes
including Spatal6 have been identified as responsible for globozoospermia. The
phenotyping of the Interspecific Recombinant Congenic strains revealed a
diminution of sperm fertilizing ability due to a severe teratozoospermia. The
similarity in the human pathology of globozoospermia and the mouse phenotype
permitted us to propose three candidate genes specifically expressed in
spermatocytes and spermatids: dnajb3, efhdl and spata3.
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Introduction

In approximately half of the 15% of couples who cannot conceive, the cause is ascribed to
male infertility, a multifactorial syndrome encompassing a wide variety of syndrome. Causes
of male infertility may be classified into four categories: defects in sperm production,
reproductive tract obstruction, inflammation and sexual disorders. In more than half infertile
men, the cause is idiopathic and may be due to genetic factors. Genetic defects leading to
male infertility often affect spermatogenesis or sperm function .

Spermatogenesis is one of the most efficient cell-providing system in the adult mammalian
organism (Sharpe RM, McKinnell C, 2003). This biological process is composed of a series
of highly complex cellular events. It can be broadly divided into several discrete events: (1)
renewal of spermatogonial stem cells and spermatogonia via mitosis, (2) proliferation (via
mitosis) and differentiation of spermatogonia, (3) meiosis, (4) spermiogenesis (transformation
of round spermatids into elongated spermatids and spermatozoa) and (5) spermiation (the
release of sperm from the epithelium into the tubule lumen) (Cheng CY, Mruk DD.2010;
O’Donnell L, Nicholls PK, 2011).

All the steps are highly regulated and dysfunctions in this key physiological process can result
in infertility. Regulation of this complex process depends on the cooperation of many genes,
which are expressed at the different stages . Problems during spermatogenesis are reflected in
a lower or null production of spermatozoa and are described by routine semen analysis using
terms such as azoospermia, oligozoospermia, teratozoospermia, asthenozoospermia or a
combination of the last three (oligoasthenoteratozoospermia). Globozoospermia is a rare
(incidence <0,1% in male infertile patients) form of teratozoospermia).

Identification of genes playing a crucial role in spermatogenesis is mainly based on
observations in rodents, particularly in the mouse model. Mice appear to be an excellent
model to study human infertility due to the conservation of the great majority of genes and
processes involved in sperm production (Claire L. Borg, katja M Wolski, 2009). The
production of haploid germ cells involves the coordinated expression of more than 2300
different genes (Schultz N, Hamra FK, 2003) and through knockout mouse models, at least
388 genes have been shown to be associated with spermatogenesis in mice (Massart A,
Lissens W, 2012).

Teratozoospermia includes the deformation of the acrosome and the nucleus. During
spermatogenesis diverse cellular and molecular processes allow sperm head formation and
organization. Mutant models have improved the understanding of the etiology of
teratozoospermia and clarified the mechanism involved in sperm head formation and
organization (Venables JP, Cookes HJ, 2000; Escalier D 2001; Cookes HJ, Saunders PT,
2002). At the premeiotic and meiotic levels the genes from Daz family and Tspy! are highly
expressed, however, during the postmeiotic stage the expression of the following genes,
mainly responsible for sperm head formation and the normal sperm function, increased:
Prm2, Tnpl, Synj2, and Zpbp (Fox MS, Ares VX, 2003).

In order to identify genetic causes of infertility, we used the interspecific recombinant
congenic mouse strains (IRCS) developed at the Pasteur Institute (Paris, France). The IRCS
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model harbors about 2% of Mus spretus (SEG/Pas) genome in a Mus musculus domesticus
(C57BL6/J) background. The high polymorphism between spretus and musculus allows us to
identify in the spretus region, QTL responsible for phenotypic variation in IRCS strain
compared to the reference strain, C57BL6/J (B6) (Burgio G, Szatanik M,, 2007, L'Hote D,
Serres C, 2007, L'Hote D, Laissue P, 2010). The phenotyping of the Rc3 strain permit us to
identify spermatogenesis defects as acrosomal and flagellar anomalies absent in the referent
strain. The combination of phenotypic and cartographic approaches allows us to rapidly map
the QTL region on this unique spretus fragment on the chromosome 1 and to identify
candidate genes.
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Materials and methods
Ethics Statement

Procedures for handling and experimentation were conducted in accordance with the policies
of the Paris Descartes University, the Cochin Institute and the Guidelines for Biomedical
Research Involving Animals. The experiments were approved by the departmental veterinary
services of Paris (approval number: A75 14-02).

Animals

The generation of the recombinant substrains from 66HMMUI1 at the Pasteur Institute (Paris)
has been previously reported (Burgio et al, 2007; Vatin et al, 2012). After weaning, 4 weeks
aged mice were maintained in an animal facility of the Cochin Institute (Paris) at normal
temperature (21-23°C) and 14 h light/10 h dark photoperiods with free access to water and
food. For all experiences, animals were killed by cervical dislocation.

Phenotyping by high frequency ultrasonography

To evaluate the implantation rate, mice from B6 (reference strain) and Rc strains were crossed
and phenotyped at the small animal imaging facility of the Cochin Institute using high
frequency ultrasonography (VEVO 770, Visulasonics, Toronto, Canada). Each female was
used one time to collect phenotypic data from the primo-gestation. Briefly, a chemical hair
remover was used to eliminate abdominal hair. Ultrasonographic contact gel was used to
ensure contact between the skin surface and the transducer. Body temperature,
electrocardiographic and respiratory profiles were monitored using ultrasound device’s
integrated heating pad and monitoring device (THM150, Indus Instruments, Webster, TX,
USA). The implantation rate was determined early in the gestation, at E7.5 and E9.5. At these
stages, the small size of embryos permits a fluent count and resorbed embryos are also visible.

Evaluation of in vivo fertilization

B6 females were mated with Rc3 or B6 males on the night (a couple per cage) and the next
day females with a positive plug were isolated. Oocytes were collected from their ampullae of
oviducts and freed from the cumulus cells by brief incubation at 37°C with hyaluronidase in
M2 medium. Oocytes were rinsed and kept in M2 medium in a humidified 5% CO2
atmosphere at 37°C before their mounting with Vectashield/DAPI. The number of fertilized
oocytes was evaluated using 4', 6-diamidino-2-phenylindole (DAPI) immune-fluorescent
staining to visualize the DNA.

In vitro fertilization

QOocytes Preparation: B6 females (5 weeks old) were injected with 5 U of PMSG (pregnant
mare's serum gonadotrophin) (Intervet, France) followed by 5 U of hCG (human chorionic
gonadotrophin) (Intervet) 48 h later. After the super-ovulation, cumulus-oocyte complexes
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were collected from ampullae of oviducts 14—16 h after hCG injection. Oocytes were freed
from the cumulus cells by 3-5 min incubation at 37°C with hyaluronidase (Sigma) in M2
medium (Sigma). The oocytes were rinsed and kept in M2 medium at 37°C under 5% CO2
atmosphere under mineral oil. When experiments were performed with zona-free oocytes, ZP
was then dissolved with acidic Tyrode’s (AT) solution (pH 2.5, Sigma) under visual
monitoring. The zona-free eggs were rapidly washed in M2 medium and kept at 37°C under
5% CO2 atmosphere for 2 to 3 hr to recover their fertilization ability.

Sperm preparation: Mouse spermatozoa were collected from the caudae epididymis of B6 and
Rc3 males (8—13 weeks old) and capacitated at 37°C under 5% CO2 for 90 min in a 500 ml
drop of Ferticult medium (FertiPro, Belgium) supplemented with 3% BSA (Sigma), under
mineral oil.

In Vitro Fertilization: Cumulus-intact and zona-free eggs were inseminated with capacitated
sperm for 3 hr in a 100 pl drop of Ferticult 3% BSA medium at a final concentration of 10%/ml
or 10°/ml, respectively. Then, they were washed and directly mounted in Vectashield/DAPI
for microscopy observation. The oocytes were considered fertilized when they showed at least
one fluorescent decondensed sperm head within their cytoplasm.

Assessment of Rc3 sperm head morphology

Freshly recovered or capacitated sperm were washed in PBS containing 1% BSA, centrifuged
at 300 g for 5 minutes and immediately fixed in 4% PFA in PBS-1% BSA at 4°C for 1 hr.
After washing, the fixed spermatozoa were submitted to the PSA-staining protocol for the
detection of acrosomal status. Spermatozoa were treated for 30 minutes in 95% ethanol at
4°C, washed by centrifugation through PBS and stained with FITC-conjugated lectin PSA (25
pg/ml in PBS) for 10 minutes. The nucleus was stained in red with Ethidium bromide. After
repeated washing with double distilled water, a drop of sperm suspension was smeared on
slide, air-dried, mounted with Vectashield.

Suspension cell sorting

Cells from 2-month old mice were obtained as described previously (Lassalle et al, 2003).
The albuginea were removed and the seminiferous tubules were dissociated using enzymatic
digestion by collagenase type I at 100u/ml for 15 minutes at 32°C in HBSS supplemented
with 20 mM HEPES pH 7.2, 1.2 mM MgS047H20, 1.3 mM CaCl22H20, 6.6 mM sodium
pyruvate, 0.05% lactate. After an HBSS wash and centrifugation, the pelleted tubules were
further incubated in Cell Dissociation Buffer (Invitrogen) for 25 minutes at 32°C. The
resulting whole cell suspension was successively filtered through a 40 um nylon mesh and
through a 20 um nylon mesh to remove cell clumps. After an HBSS wash, the cell pellet was
resuspended in incubation buffer (HBSS supplemented with 20 mM HEPES pH 7.2, 1.2 mM
MgSO47H20, 1.3 mM CaCI22H20, 6.6 mM sodium pyruvate, 0.05% lactate, glutamine and
1% fetal calf serum) and stained with Hoechst 33342 (5pug/ml) for 1h at 32°C in a water bath.
Cells were then labeled with monoclonal antibodies (1 pg per 10° cells) from BD
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Pharmingen: anti-c-Kit-biotin (2BS8), and anti-a-6 integrin-PE (GoH3). Cell-sorting were
performed on ARIA (Becton Dickinson).

RNA extraction and Quantitative RT-PCR

Total RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) in
accordance with the manufacturer's instructions. After RNA preparation, the total RNA was
treated with DNase I (Invitrogen Life Technologies) for 10 min at room temperature followed
by inactivation with EDTA (Sigma-Aldrich). Total RNA was reverse transcribed to obtain
cDNA using M-MLV Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) following
manufacturer’s protocols. Quantitative PCR was carried out using fast SYBR Green Master
Mix (Applied Biosystems) and a real time PCR system (Light Cycler 1.5, Roche Diagnostics,
Division Applied Sciences, Meylan, France) according to standard PCR conditions. To
validate the primers used in qRT-PCR, four pairs of primers were tested for each candidate
gene and reference gene. For quantitative calculations, values were normalized to mouse
Cyclophiline A expression.

Statistical Analysis
Results are presented as the mean + SEM calculated from the variation between individual
female. The statistical significance of the differences observed between Rc strains and the B6

control was evaluated by t-test using the Bonferroni-corrected levels. Statistically significant
results are labeled as follows in all figures: *: p<0.05; **: p<0.01; ***: p<0.001.
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Results and Discussion

In vivo phenotyping:

Previously we have presented the generation by recombination of the IRCS substrains (Rc)
from 66HMMU1 (Vatin et al. 2012). Each of them harbored one spretus fragment that overlap
with those of the other substrains. These substrains differ from B6 (control) by the presence in
there genome of a unique spretus fragment on the chromosome 1 (Figure 1). Here we present
the phenotyping of two substrains Rc3 and Rc4 by the use of an in vivo ultrasonic method to
evaluate the implantation rate. In this aim, we performed homozygous crosses with males and
females from each substrain and determined the mean of implanted embryos. The results were
compared to those from the homozygous cross B6 control (Figure 2). We observed a
significant diminution of the mean of implanted embryos in the Rc3 crosses compared to B6
control (p=0.0003). To know whether the defect observed in Rc3 concern the female or the
male side, we performed two heterozygous crosses: dRc3x9B6 and 4B6x$Rc3.We found
the phenotype only in the cross dRc3xPB6 (p=0.0002) and we concluded that the defect was
in the male side (Figure 2).

OTL fine mapping:

The Rc3 substrain differs from the B6 control by his spretus fragment of 10 Mb on the
MMUI1 chromosome delimited by D1Mit438 and Rs3692309 markers (see Figure 1). This
spretus region containing genes responsible for the observed phenotype, but in the aim to
identify the minimal QTL region we performed a genotype/phenotype segregation. We
therefore excluded the sprefus region of 4Mb between the two markers D1Mit440 and
Rs3692309 shared by Rc3 and Rc4 that not have the phenotype of interest (see Figure 1).
Furthermore, to exclude the hypothesis of putative epistatic interaction, we also analyzed the
phenotype of the Rcl substrain. This last strain shared a large spretus region with Rc3 (see
Figure 1). It’s also exhibited the phenotype (p = 0.034 compared to B6 control) but the genetic
difference between Rc3 and Rcl not leads to difference on their phenotype (p= 0.17) (Figure
3). This observation exclude the influence of the region delimited by Rs622012 and
Rs3692309 markers (see Figure 1). We can define a QTL region of about 6Mb responsible for
a diminution of the litter size on the chromosome 1 between D1Mit438 and D1Mit440
(hatched zone in Figure 1). Using the BioGPS database we identify 4 genes hightly and
specifically expressed in the testis : dnajb3, efhdl, spata3 and pdebd.

Phenotype characterization:

To identify the origin of the male’s defect, we performed matings using Rc3 males and B6
females. The next day, we collected and count the number of fertilized oocytes from ampullae
of oviducts of females with a positive plug to investigate in vivo fertilization (figure 4). We
compared the results from Rc3 with those from B6 control and observed a significant
diminution of fertilization rate (FR) with Rc3 male (p= 0,039). We also performed in vitro
fertilization using B6 oocytes and Rc3 epididymal spermatozoa and we observed a significant
diminution of their fertilizing ability compared to B6 control in terms of Fertilization Index
(FI) (p=2,4*10" and 2,5*10™" for FR and FI respectively). Interestingly, when we increased
the concentration of Rc3 spermatozoa (10 times), the fertilization rate and index were
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corrected (Figure 5). Indeed, we estimated that in Rc3 sperm there are approximately 80% of
immobile sperm versus 15 to 20% in B6 sperm.

All this results suggest a dysfunction of Re3 sperm. To check the origin of this dysfunction,
and after an inconclusive observation under phase-contrast microscopy, Rc3 spermatozoa
were observed using fluorescence microscopy with PSA-FITC to analyze sperm acrosome. In
a significant percentage of sperm, the acrosome was reduced and sometimes completely
absent even though sperm were labeled immediately after their recovery, before they do their
capacitation (Figure 6). A second observation of Rc3 spermatozoa using another method,
electron microscopy, confirmed the acrosome defect (Figure 7) but also reveled anomalies of
the flagella (figure 8). Indeed in Rc3 sperm, there is a residual body at flagella not found on
B6 sperm. In addition, these residual bodies contain large lipid droplets that likely reflect a
metabolic dysfunction. This morphological abnormalities seems to characterize a severe
teratozoospermia, namely globozoospermia.

Identification of candidate genes in the QTL region responsible for globozoospermia

Globozoospermia is a rare and severe teratozoospermia characterized by round-headed
spermatozoa lacking an acrosome, an important actor playing a crucial role during
fertilization (Dam AH, Koscinski I,, 2007). Also maturation defects such as persisting residual
cytoplasmic body/droplet surrounding the nucleus or midpiece have frequently been reported
(Dam AH, Koscinski I,, 2007). Similar pathogenesis is found in both mice and men. These
morphological anomalies leading to globozoospermia, suggest that the defect occurs during
the last step of spermatogenesis. The pathogenesis of globozoospermia most probably
originates during acrosome formation and head elongation. We can propose that the causal
gene is crucial for the spermatid-spermatozoa transition and maturation. The expression level
of the four genes (dnajb3, efhdl, spata3 and pde6d) in the different cellular population of the
testis was investigated using RT-PCR. Three of them are expressed in the cellular population
of interest, spermatids: dnajb3, ethd1 and spata3 (Figure 9). To date, mutations in two genes
SPATA16 (also named NYD-SP12) and DPYI9L2 have been identified as responsible for
globozoospermia. Interestingly, in our study, we have identified a QTL region on mouse
chromosome 1 containing gene among them Spata3 is a member of the spermatogenesis-
associated family. Like SPATAI6 (Xu M, Xiao J, 2003), we demonstrated that Spata3 is
specifically expressed in mouse testis in spermatocyte and spermatids. These are the first
elements of this gene as a good candidate to explain the phenotype.
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Figures legends:

Figure 1: Genotypes of the different recombinant strains (Rc) and the parental strains
(66HMMU1 (SEG) and B6).

Recombinant strains (Rc) were generated at the Pasteur institute (Paris) from 66HMMU 1
strain by recombination events inside the MMU 1 spretus segment. Blue regions correspond to
B6 background and yellow regions to spretus fragments on chromosome 1. Marker positions
are given in mega base pairs (Mbp).

Figure 2: Ultrasonographic examination of the implantation in different crosses using
mice from Rc3, Rc4 and B6 strains.

Different crosses were perfomed using males and females from Rc3, Rc4 and B6 strains
(three homozygous crosses using Rc3, Rc4 and B6 strains and two inverse heterozygous
crosses with Rc3 and B6 strains). The results are presented as the mean (= SEM) of implanted
embryos for (n) gestations.

Figure 3: Ultrasonographic phenotyping of the Re3 and Rcl strain on the implantation
rate.

Homozygous crosses were performed using the Rc3, Rcl and B6 strain and the number of
implanted embryos were determined. The results are prensented as the mean of implanted
embryos (= SEM) for (n) gestations.

Figure 4: Evaluation of in vivo fertilization rate.

B6 females were mated with B6 or R3 males to evaluate their respective capacity to fertilize
oocytes. The mating was performed on the night and the next day, oocytes from ampullae of
oviducts of females with a positive plug were collected. The fertilization was assessed using
DAPI immune-fluorescent staining. The results are presents as the mean of fertilization rate +
SEM.

Figure 5: In vitro fertilization (IVF) using B6 or Re3 sperm

Fertilization rate (or mean + SEM of fertilized eggs) and fertilization index (or mean + SEM
of sperm number fused by egg) on zona-free IVF assay at 10° spermatozoa per ml for 3 hr.
The experiments were repeated three times.

Figure 6: Morphology of B6 (A) and Rc3 (B) epididymal sperm observed by
fluorescence microscopy.
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The nucleus (N) was stained in red with Ethidium bromide and the acrosomal
region (a) in green with PSA-FITC. We noted reduced acrosome and sometimes
its total absence in some Rc3 sperm.

Figure 7: Observation of B6 (A and B) and Re3 (C to E) sperm using electron
microscopy.

Electron microscopy examination revealed acrosomal defect in Re3 spermatozoa absent in B6
sperm.

Figure 8: Observation of B6 (A) and Rc3 (B to D) flagella using electron microscopy

Electron microscopy examination revealed anomalies in the flagella of Rc3 spermatozoa, as
lipoid drop. This phenomenon is present only on Re3 spermatozoa and never observed in B6.

Figure 9: Expression level of the four candidate genes during the different steps of
spermatogenesis.

To determine the step of spermatogenesis in which the four candidate genes are expressed, the
different cellular population were separated and the expression level were measured by RT-
PCR.
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Le privilege de se marier et de fonder une famille est considéré comme un
droit humain fondamental (Organisation des Nations Unies, 1948). Cependant,
15% des couples présentent des problémes d’hypofertilité¢ voire de stérilité. Des
facteurs génétiques mais également des facteurs liés au mode de vie sont en
cause dans I’augmentation de I'infertilit¢ observée dans les pays industrialisés.
Ces derniers incluent 1'age des femmes, le tabagisme, le poids, 1'alimentation,
l'exercice, le stress psychologique, la consommation de caféine, Ila
consommation d'alcool et I'exposition a des polluants environnementaux
(Homan et al., 2007). Par exemple, I'augmentation de la prévalence de 'obésité
est associée a une anovulation et au syndrome des ovaires polykystiques (Nelson
and Fleming, 2007), l’'incidence des maladies sexuellement transmissibles
affectent les organes reproducteurs, par exemple, les cas d’infection par
chlamydia (Low and Ward, 2007) et le recul de I’age de la conception du
premier enfant peut entrainer une infertilit¢ (Commission des Communautés
Européennes, 2005, 2006). L’augmentation des cas d'infertilité se traduit par une
hausse croissante du recours aux techniques de reproduction assistée (Nybo
Andersen et al., 2004; Nygren and Andersen, 2001a; Nygren and Andersen,
2001b). La reproduction assistée regroupe «tous les traitements ou les
procédures qui comprennent la manutention in vitro des ovocytes, des

spermatozoides et des embryons humains dans le but d'établir une grossesse
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(Zegers-Hochschild et al., 2006a). La grande souffrance psychologique des
couples qui consultent, le colt économique trés ¢€levé des traitements et des
interventions (pris en charge a 100 % par la sécurité¢ sociale), les nombreuses
questions éthiques soulevées par les pratiques médicales dans ce domaine font
de la reproduction un enjeu de santé publique majeur dont 1’étude des défauts

semble incontournable.

L’¢tude de la génétique des maladies complexes est délicate car le phénotype
observé est le résultat d'interactions entre de nombreuses protéines, codées par
des genes différents. Par conséquent, il est indispensable de diversifier les
approches afin de découvrir les différents acteurs. Ainsi, au laboratoire, nous
avons choisi un modele d’étude original, les lignées murines interspécifiques
recombinantes congéniques (IRCS) créées a I'Institut Pasteur par de Dr
Montagutelli. Dans ce mod¢le, environ 2% du génome spretus est dispersé dans

le fond génétique B6 (Burgio et al., 2007; L'Hote et al., 2007).

Dans le cadre d’une collaboration avec le Dr Montagutelli, 1’exploitation du
modele IRCS pour la recherche de génes candidats responsables de défaut de
fertilit¢ humaine a été initiée en 2005 au sein de I’équipe du Dr Daniel
VAIMAN. Ces travaux ont permis la réalisation de 3 théses dont celle qui fait

I’objet du présent manuscrit et ont permis la publication de plusieurs articles
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scientifiques avec d’autres travaux en cours de finalisation pour publication. Il
s’agissait en effet d’un travail laborieux de phénotypage a grande échelle
(organes reproducteurs, gametes, fécondation, implantation et développement
embryonnaire), suivi de la cartographie fine de QTL puis du clonage positionnel
de génes. Ces travaux ont toutefois été fructueux car, ils ont permis la
localisation de 4 QTL dans lesquels des génes candidats ont pu étre identifiés

(L'Hote et al., 2011; Laissue et al., 2009; Vatin et al., 2012).

Au cours de ma thése je me suis intéressée aux causes génétiques
d’infertilit¢ masculine liée a des défauts de spermatogencse. La régulation du
processus complexe de la spermatogenése dépend de la coopération de
nombreux geénes qui sont exprimés a différents stades de différenciation, de
division mitotiques et méiotiques, et de deéveloppement post-méiotique

conduisant finalement a des spermatozoides (Sharpe et al., 1994).

J’ai donc pu participer au clonage positionnel d'un géne capable de moduler
le poids des testicules en interférant avec la méiose. Ce géne Fign/l est localisé
sur le chromosome 11 chez la souris et code pour une protéine appartenant au
groupe des AAA-ATPases associées aux diverses activités cellulaires. Par les

travaux réalisés au laboratoire, Fignll a ét€¢ montré comme étant principalement
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exprimé au niveau des cellules germinales méiotiques, les spermatocytes. Son
role, en particulier dans le passage de la mitose a la méiose chez C. elegans
(Luke-Glaser et al., 2007) et I’existence de SNP non synonymes entre spretus et
musculus laisse penser que Fignll pourrait jouer un réle déterminant dans la
régulation de la durée de la méiose. Dans notre modele, Fignll en version
spretus a probablement des difficultés a étre pris en charge par le systéme
d’ubiquitinylation musculus du fait du polymorphisme entre SEG et B6. Une
autre différence entre le Fignll spretus et musculus est I’existence d’une version
spretus tronquée supplémentaire correspondant a un variant d’épissage pouvant
rentrer en competition avec le variant de grande taille dans le processus de
dégradation. C’est donc 1’accumulation de la protéine capable de ralentir le
processus de la méiose se traduisant par une apoptose et une fréquence accrue
d'anomalies des spermatozoides, qui est a l’origine du phénotype observé.
Cependant la génération de souris KO pour le géne ou la substitution de Fignll
spretus dans un contexte génomique B6, constituerait la preuve ultime de
I'implication du gene. En effet, les études utilisant des modeles animaux de
souris transgéniques invalidées et présentant un phénotype de stérilité,
continueront a nous apporter, dans les années a venir, des informations

précieuses sur d'autres genes impliqués dans l'infertilité.
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D’autre part, dans le cadre de travaux récents, j’ai réalisé¢ le phénotypage
des lignées recombinantes obtenues a partir de 66HMMUI par échographie a
haute fréquence et j’ai observé une diminution significative de la moyenne du
nombre d’embryons implantés dans le croisement homozygote de la lignée
IRCS Rc3 comparée au croisement controle homozygote B6. J’ai démontré que
le phénotype observé résulte d’un défaut de fertilité des males Rc3, a savoir une
globozoospermie partielle. En effet, ’observation de la morphologie des
spermatozoides a révélé une anomalie au niveau de la téte : une réduction de la
taille de I’acrosome voire son absence sur une partie de la population
spermatique. Les premieres observations en microscopie €lectronique semblent
confirmer ces résultats relatifs au défaut d’acrosome mais révelent également la
présence en grand nombre de gouttelettes lipidiques au niveau du flagelle. La
région QTL en cause a été cartographi¢e finement sur le chromosome 1. Dans le
but de proposer des génes candidats susceptibles d’étre a I’origine de cette
hypofertilité¢, la méme approche que celle des précédentes études est employée
en se basant sur leur niveau d’expression testiculaire, sur la présence de SNP
entre SEG et B6 et sur les données de la littérature. Ces travaux sont

actuellement en cours de réalisation.
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La recherche sur I’infertilit¢ masculine et la variété de causes possibles ont
déja permis de mieux comprendre le processus de la spermatogenese et de la
fertilit¢ masculine. Une meilleure connaissance des mécanismes de la
spermatogenése, sans négliger le role de I'environnement, devrait permettre de
trouver de nouvelles solutions thérapeutiques. L’'identification des genes
potentiellement impliqués dans la spermatogenése doit étre poursuivie afin
d'accroitre l'efficacité des tests de diagnostic indispensables pour envisager un
traitement médical appropri¢ des individus stériles. Le « microarray » est un
outil puissant de recherche permettant d'extraire des informations importantes du
génome des mammiferes. Par exemple, en 2012, Waclawska et Kurpisz ont
présenté 1’utilisation de la technique de puces pour identifier des genes critiques
de la spermatogenese afin de réaliser une corrélation avec des cas d'infertilité
(Waclawska and Kurpisz, 2012). Aux niveaux pré-méiotique et méiotique, des
genes de la famille DAZ et TSPY1 sont fortement exprimés, alors qu’au cours de
la phase post-méiotique, I’expression des génes PRM?2, TNP1, SYNJ2, et ZPBP
augmente. Ces geénes sont principalement responsables de la formation de la téte
des spermatozoides et du fonctionnement normal de ces derniers (Fox et al.,
2003). Chez les patients atteints de la microdélétion AZFc, quelques genes post-
méiotiques comme TNPI et PRM?2 sont faiblement exprimés dans le groupe de

patients caractérisés par un faible nombre de cellules post-méiotiques, d'ou
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l'indication de leur importance a ce stade de la spermatogenese (Gatta et al.,

2010).

L’objectif ultime est d’identifier des biomarqueurs potentiels utilisables dans
le cadre de plateforme de diagnostic afin de permettre I'application de la thérapie
médicale appropriée. Ainsi, il semble possible de simplifier les tests de
diagnostic pour la stérilit¢ en utilisant les profils de I'expression de genes
(Moldenhauer et al., 2003). Le gene Fignll pourrait étre ¢tudi¢ dans le cadre de

stérilit¢ humaine avec arrét idiopathique de la méiose.

Au cours de mon travail de these, je me suis également intéress€ée a une
pathologie de la grossesse. Un a 5% des couples sont concernés par les fausses
couches répétees (RSA), définies par I’interruption subite de trois ou plusieurs
grossesses consécutives (Rai and Regan, 2006). Les anomalies chromosomiques
dans I'embryon sont la cause la plus fréquente tandis que les facteurs utérins sont
invoqués pour expliquer les RSA non liées a une anomalie chromosomique. Ces
facteurs utérins sont cependant mal définis (Teklenburg et al., 2010). Au
laboratoire, deux régions QTL ont ét¢ identifiées comme étant associées a une
augmentation des cas de mort embryonnaire chez la souris (Laissue et al., 2009).

La premicre au niveau du chromosome 1 correspond a un intervalle d’une
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trentaine de Mb contenant plus de 200 geénes. En utilisant une approche de
phénotypage in vivo par échographie a haute fréquence, j’ai pu réaliser la
cartographie fine du QTL et proposer une région de 6 Mb contenant une
trentaine de geénes. L'analyse génétique suggere que le phénotype observé est lié
a un dysfonctionnement utérin. Alors, appliquant plusieurs filtres comme le
niveau d’expression dans 1’utérus et I’existence de SNP, et m’appuyant sur une
recherche bioinformatique j’ai pu proposer 7 geénes candidats (Nc/, Cab39,
Eif4e2, Tripl2, Psmdl, Cops7b and Usp40) qui ont €té retenus comme
potentiellement responsables du phénotype observe (Vatin et al., 2012). De plus,
les candidats retenus codent pour des protéines appartenant a différentes voies
de signalisation telles que la voie mTOR ou celle de la dégradation des protéines
dépendante de l'ubiquitine/protéasome, et sont impliqués dans plusieurs

processus physiologiques tels que I'angiogenese.

Le second QTL correspond a une région de 3Mb environ contenant une
trentaine de geénes, localisée sur le chromosome 13 murin. Son étude, combinant
une approche de clonage positionnel, I'analyse transcriptomique et des tests in
vitro, a permis de valider pour la premiere fois le clonage positionnel d'un QTL
par génotypage dans ’espéce humaine. Nos résultats montrent que le facteur de

transcription Foxdl, qui module I’expression du facteur de croissance
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placentaire Pgf et du facteur C3 du complément, est un nouvel acteur
moléculaire majeur nécessaire au bon déroulement de la grossesse. En effet, en
collaboration avec le Pr Gris du CHU de Nimes, par le séquencage de FOXDI
chez des patientes atteintes de RSA idiopathiques et chez des femmes controles,
nous avons identifi¢ des variants FOXDI exclusivement chez les patientes

atteintes de RSA (Laissue et al, en préparation).

Les études sur le modele murin nous ont ¢galement amené a nous intéresser
au gene Alpp codant pour I’alkaline phosphatase placentaire. J’ai mis au point et
réalis¢ le séquencage de 100 patientes RSA idiopathiques et 100 contrdles
d’origine méditerranéenne. Cette étude préliminaire a permis de mettre en
¢vidence des variations de séquence dans le geéne susceptibles d’expliquer
environ 10% des cas d'avortements spontanés répétés dans la population étudiée.
Des SNP ont été identifiés comme significativement associés a des cas de RSA
parmi lesquels le polymorphisme rs130226692 (Ile§9Leu) Une analyse en 3D de
la structure de la protéine montre que le résidu I1e89 est sur la surface de la
molécule et a proximité de l'interface homodimérique. Il est a noter que les
résidus dans la méme zone ont €t¢ montrés comme €tant indispensables pour
¢viter la dimérisation entre isoformes paralogues. De plus, un effet de la

substitution Ile89Leu sur la stabilit¢ du dimere, par exemple, ne peut pas étre
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exclu. Des études antérieures menées en Europe du Nord (Finlande et Suede)
ont dé¢ja associ¢ des polymorphismes d’ALPP avec les RSA, cependant nous
n’avons pas trouvé, dans notre population méditerranéenne, les SNP identifiés
dans I’é¢tude d’Europe du Nord, sans doute en raison de l'origine géographique

des populations (Beckman et al., 1972).

La plupart des études d’association génétique ciblant les RSA ont été
congues comme des hypotheses fondées sur des ¢tudes de genes candidats. Les
genes les plus souvent étudiés sont associés a I’immunotolérance. Les
polymorphismes dans pres de 90 genes différents ont été étudiés, cependant dans
la plupart des études, I’association entre un polymorphisme et la pathologie est
négative. En clinique, les polymorphismes les plus souvent testés chez des
patientes RSA sont les mutations de la prothrombine (G20210A) et celle de

I'enzyme méthyléne tétrahydrofolate réductase (C667T) (Rull et al., 2012).

Aussi, nous proposons que la mutation FOXDI1 (p.429AlaAla) peut étre
considérée comme un marqueur moléculaire des RSA qui peut facilement étre
test¢ par PCR / séquengage et pourrait étre utilis€ comme un marqueur

moléculaire de la maladie (Laissue et al, en préparation).
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En conclusion, nos études confirment le fait que le modele IRCS est tres
utile pour la compréhension des maladies multifactorielles complexes chez
I'Homme. En effet, I’exploitation des lignée IRCS nous a permis de positionner
de nouveaux QTL de fertilit¢, mais surtout de cloner de nouveaux genes
impliqués dans la fertilité. Ces études pourraient contribuer a ¢lucider les bases
moléculaires de certaines infertilités et permettre de proposer de nouveaux
marqueurs diagnostiques des différentes pathologies, anomalies de Ila
spermatogenése et RSA grace aux progres dans le séquencage du génome entier
et la mise en place d'une base de données des variants «a risque» pour les

maladies complexes.

176



177

Références
bibliographiques

(2008). Genetic aspects of female reproduction. Hum Reprod Update 14, 293-
307.

Almeida, A., Layton, M. and Karadimitris, A. (2009). Inherited
glycosylphosphatidyl inositol deficiency: a treatable CDG. Biochim Biophys
Acta 1792, 874-80.

Andersen, A. N. and Loft, A. (2006). [Use of single embryo in assisted
reproduction]. Tidsskr Nor Laegeforen 126, 3082.

Anderson, R. A. and Baird, D. T. (2002). Male contraception. Endocr Rev 23,
735-62.

Balasch, J., Fabregues, F. and Arroyo, V. (1998). Peripheral arterial
vasodilation hypothesis: a new insight into the pathogenesis of ovarian
hyperstimulation syndrome. Hum Reprod 13, 2718-30.

Beckman, L., Beckman, G. and Magnusson, S. S. (1972). Relationship
between placental alkaline phosphatase phenotypes and the frequency of
spontaneous abortion in previous pregnancies. Hum Hered 22, 15-7.

Bellazi, L., Germond, S., Dupont, C., Brun-Heath, 1., Taillandier, A., De
Mazancourt, P., Dieudonne, M. N. and Mornet, E. (2010). A sequence
variation in the promoter of the placental alkaline phosphatase gene (ALPP) is
associated with allele-specific expression in human term placenta. Placenta 31,
764-9.

Bhasin, S., Ma, K. and de Kretser, D. M. (1997). Y-chromosome
microdeletions and male infertility. Ann Med 29, 261-3.

Burgio, G., Szatanik, M., Guenet, J. L., Arnau, M. R., Panthier, J. J. and
Montagutelli, X. (2007). Interspecific recombinant congenic strains between
C57BL/6 and mice of the Mus spretus species: a powerful tool to dissect genetic
control of complex traits. Genetics 177, 2321-33.

Carlborg, O. and Haley, C. S. (2004). Epistasis: too often neglected in
complex trait studies? Nat Rev Genet 5, 618-25.

177



178

Carreau, S. and Hess, R. A. (2010). Oestrogens and spermatogenesis. Philos
Trans R Soc Lond B Biol Sci 365, 1517-35.

Caserta, D., Mantovani, A., Marci, R., Fazi, A., Ciardo, F., La Rocca, C.,
Maranghi, F. and Moscarini, M. (2011). Environment and women's
reproductive health. Hum Reprod Update 17, 418-33.

Cheng, Y. H., Wong, E. W. and Cheng, C. Y. (2011). Cancer/testis (CT)
antigens, carcinogenesis and spermatogenesis. Spermatogenesis 1, 209-220.
Clermont, Y. and Rambourg, A. (1978). Evolution of the endoplasmic
reticulum during rat spermiogenesis. Am J Anat 151, 191-211.

Craig, L. B., Ke, R. W. and Kutteh, W. H. (2002). Increased prevalence of
insulin resistance in women with a history of recurrent pregnancy loss. Fertil
Steril 78, 487-90.

de La Rochebrochard, E., Soullier, N., Peikrishvili, R., Guibert, J. and
Bouyer, J. (2008). High in vitro fertilization discontinuation rate in France. Int J
Gynaecol Obstet 103, 74-5.

Dehghani, H., Narisawa, S., Millan, J. L. and Hahnel, A. C. (2000). Effects
of disruption of the embryonic alkaline phosphatase gene on preimplantation
development of the mouse. Dev Dyn 217, 440-8.

Demant, P. and Hart, A. A. (1986). Recombinant congenic strains--a new tool
for analyzing genetic traits determined by more than one gene. Immunogenetics
24, 416-22.

Edmonds, D. K., Lindsay, K. S., Miller, J. F., Williamson, E. and Wood, P.
J. (1982). Early embryonic mortality in women. Fertil Steril 38, 447-53.
Empson, M., Lassere, M., Craig, J. C. and Scott, J. R. (2002). Recurrent
pregnancy loss with antiphospholipid antibody: a systematic review of
therapeutic trials. Obstet Gynecol 99, 135-44.

Evers, J. L. (2002). Female subfertility. Lancet 360, 151-9.

Fauvert, D., Brun-Heath, 1., Lia-Baldini, A. S., Bellazi, L., Taillandier, A.,
Serre, J. L., de Mazancourt, P. and Mornet, E. (2009). Mild forms of
hypophosphatasia mostly result from dominant negative effect of severe alleles
or from compound heterozygosity for severe and moderate alleles. BMC Med
Genet 10, 51.

Ferianec, V. and Linhartova, L. (2011). Extreme elevation of placental
alkaline phosphatase as a marker of preterm delivery, placental insufficiency
and low birth weight. Neuro Endocrinol Lett 32, 154-7.

Foster, W. G., Neal, M. S., Han, M. S. and Dominguez, M. M. (2008).
Environmental contaminants and human infertility: hypothesis or cause for
concern? J Toxicol Environ Health B Crit Rev 11, 162-76.

178



179

Fox, M. S., Ares, V. X,, Turek, P. J., Haqq, C. and Reijo Pera, R. A. (2003).
Feasibility of global gene expression analysis in testicular biopsies from infertile
men. Mol Reprod Dev 66, 403-21.
Gatta, V., Raicu, F., Ferlin, A., Antonucci, 1., Scioletti, A. P., Garolla, A.,
Palka, G., Foresta, C. and Stuppia, L. (2010). Testis transcriptome analysis in
male infertility: new insight on the pathogenesis of oligo-azoospermia in cases
with and without AZFc microdeletion. BMC Genomics 11, 401.
Gnoth, C., Godehardt, E., Frank-Herrmann, P., Friol, K., Tigges, J. and
Freundl, G. (2005). Definition and prevalence of subfertility and infertility.
Hum Reprod 20, 1144-7.
Griswold, M. D., Heckert, L. and Linder, C. (1995). The molecular biology of
the FSH receptor. J Steroid Biochem Mol Biol 53, 215-8.
Guenet, J. L. and Bonhomme, F. (2003). Wild mice: an ever-increasing
contribution to a popular mammalian model. Trends Genet 19, 24-31.
Hilbert, P., Lindpaintner, K., Beckmann, J. S., Serikawa, T., Soubrier, F.,
Dubay, C., Cartwright, P., De Gouyon, B., Julier, C., Takahasi, S. et al.
(1991). Chromosomal mapping of two genetic loci associated with blood-
pressure regulation in hereditary hypertensive rats. Nature 353, 521-9.
Hirahara, F., Andoh, N., Sawai, K., Hirabuki, T., Uemura, T. and
Minaguchi, H. (1998). Hyperprolactinemic recurrent miscarriage and results of
randomized bromocriptine treatment trials. Fertil Steril 70, 246-52.
Hogge, W. A., Byrnes, A. L., Lanasa, M. C. and Surti, U. (2003). The clinical
use of karyotyping spontaneous abortions. Am J Obstet Gynecol 189, 397-400;
discussion 400-2.
Homan, G. F., Davies, M. and Norman, R. (2007). The impact of lifestyle
factors on reproductive performance in the general population and those
undergoing infertility treatment: a review. Hum Reprod Update 13, 209-23.
Jacobs, P. A. and Strong, J. A. (1959). A case of human intersexuality having
a possible XXY sex-determining mechanism. Nature 183, 302-3.
Jauniaux, E., Farquharson, R. G., Christiansen, O. B. and Exalto, N. (2006).
Evidence-based guidelines for the investigation and medical treatment of
recurrent miscarriage. Hum Reprod 21, 2216-22.
Kelly-Weeder, S. and Cox, C. L. (2006). The impact of lifestyle risk factors on
female infertility. Women Health 44, 1-23.
Knudsen, U. B., Hansen, V., Juul, S. and Secher, N. J. (1991). Prognosis of a
new pregnancy following previous spontaneous abortions. Eur J Obstet Gynecol
Reprod Biol 39, 31-6.
Krawitz, P. M., Schweiger, M. R., Rodelsperger, C., Marcelis, C., Kolsch,
U., Meisel, C., Stephani, F., Kinoshita, T., Murakami, Y., Bauer, S. et al.
179



180

(2010). Identity-by-descent filtering of exome sequence data identifies PIGV
mutations in hyperphosphatasia mental retardation syndrome. Nat Genet 42,
827-9.

Kumar, S. (2004). Occupational exposure associated with reproductive
dysfunction. J Occup Health 46, 1-19.

Kupfermine, M. J. (2003). Thrombophilia and pregnancy. Reprod Biol
Endocrinol 1, 111.

L'Hote, D., Laissue, P., Serres, C., Montagutelli, X., Veitia, R. A. and
Vaiman, D. (2010). Interspecific resources: a major tool for quantitative trait
locus cloning and speciation research. Bioessays 32, 132-42.

L'Hote, D., Serres, C., Laissue, P., Oulmouden, A., Rogel-Gaillard, C.,
Montagutelli, X. and Vaiman, D. (2007). Centimorgan-range one-step
mapping of fertility traits using interspecific recombinant congenic mice.
Genetics 176, 1907-21.

L'Héte, D., Vatin, M., Auer, J., Castille, J., Passet, B., Montagutelli, X.,
Serres, C. and Vaiman, D. (2011). Fidgetin-Likel Is a Strong Candidate for a
Dynamic Impairment of Male Meiosis Leading to Reduced Testis Weight in
Mice. PLoS One, in press.

Laissue, P., Burgio, G., I'Hote, D., Renault, G., Marchiol-Fournigault, C.,
Fradelizi, D., Fellous, M., Serres, C., Montagutelli, X., Monget, P. et al.
(2009). Identification of Quantitative Trait Loci responsible for embryonic
lethality in mice assessed by ultrasonography. /nt J Dev Biol 53, 623-9.

Lander, E. S. and Botstein, D. (1989). Mapping mendelian factors underlying
quantitative traits using RFLP linkage maps. Genetics 121, 185-99.

Langer, B., Simeoni, U. and Schlaeder, G. (1998). Prognostic criteria for fetal
pyelectasis. Ultrasound Obstet Gynecol 11, 82-3.

Le Du, M. H. and Millan, J. L. (2002). Structural evidence of functional
divergence in human alkaline phosphatases. J Biol Chem 277, 49808-14.

Le Du, M. H., Stigbrand, T., Taussig, M. J., Menez, A. and Stura, E. A.
(2001). Crystal structure of alkaline phosphatase from human placenta at 1.8 A
resolution. Implication for a substrate specificity. J Biol Chem 276, 9158-65.
Leblond, C. P. and Clermont, Y. (1952). Spermiogenesis of rat, mouse,
hamster and guinea pig as revealed by the periodic acid-fuchsin sulfurous acid
technique. Am J Anat 90, 167-215.

Liu, P. Y., Swerdloff, R. S. and Wang, C. (2010). Recent methodological
advances in male hormonal contraception. Contraception 82, 471-5.

Low, N. and Ward, H. (2007). Focus on Chlamydia. Sex Transm Infect 83,
251-2.

180



181

Luke-Glaser, S., Pintard, L., Tyers, M. and Peter, M. (2007). The AAA-
ATPase FIGL-1 controls mitotic progression, and its levels are regulated by the
CUL-3MEL-26 E3 ligase in the C. elegans germ line. J Cell Sci 120, 3179-87.
Mabry, C. C., Bautista, A., Kirk, R. F., Dubilier, L. D., Braunstein, H. and
Koepke, J. A. (1970). Familial hyperphosphatase with mental retardation,
seizures, and neurologic deficits. J Pediatr 77, 74-85.

Matzuk, M. M. and Lamb, D. J. (2008). The biology of infertility: research
advances and clinical challenges. Nat Med 14, 1197-213.

Misell, L. M., Holochwost, D., Boban, D., Santi, N., Shefi, S., Hellerstein, M.
K. and Turek, P. J. (2006). A stable isotope-mass spectrometric method for
measuring human spermatogenesis kinetics in vivo. J Urol 175, 242-6;
discussion 246.

Moldenhauer, J. S., Ostermeier, G. C., Johnson, A., Diamond, M. P. and
Krawetz, S. A. (2003). Diagnosing male factor infertility using microarrays. J
Androl 24, 783-9.

Navarro-Costa, P., Plancha, C. E. and Goncalves, J. (2010). Genetic
dissection of the AZF regions of the human Y chromosome: thriller or filler for
male (in)fertility? J Biomed Biotechnol 2010, 9365609.

Nelson, S. M. and Fleming, R. (2007). Obesity and reproduction: impact and
interventions. Curr Opin Obstet Gynecol 19, 384-9.

Newman, T. L., Tuzun, E., Morrison, V. A., Hayden, K. E., Ventura, M.,
McGrath, S. D., Rocchi, M. and Eichler, E. E. (2005). A genome-wide survey
of structural variation between human and chimpanzee. Genome Res 15, 1344-
56.

Nieschlag, E. (2010). Male hormonal contraception. Handb Exp Pharmacol,
197-223.

Nieschlag, E., Vorona, E., Wenk, M., Hemker, A. K., Kamischke, A. and
Zitzmann, M. (2011). Hormonal male contraception in men with normal and
subnormal semen parameters. /nt J Androl 34, 556-67.

Norman, R. J., Noakes, M., Wu, R., Davies, M. J., Moran, L. and Wang, J.
X. (2004). Improving reproductive performance in overweight/obese women
with effective weight management. Hum Reprod Update 10, 267-80.

Nybo Andersen, A. M., Hansen, K. D., Andersen, P. K. and Davey Smith, G.
(2004). Advanced paternal age and risk of fetal death: a cohort study. 4m J
Epidemiol 160, 1214-22.

Nygren, K. G. and Andersen, A. N. (2001a). Assisted reproductive technology
in Europe, 1997. Results generated from European registers by ESHRE.
European IVF-Monitoring Programme (EIM), for the European Society of
Human Reproduction and Embryology (ESHRE). Hum Reprod 16, 384-91.

181



182

Nygren, K. G. and Andersen, A. N. (2001b). Assisted reproductive technology
in Europe, 1998. Results generated from European registers by ESHRE.
European Society of Human Reproduction and Embryology. Hum Reprod 16,
2459-71.
O'Donnell, L., Nicholls, P. K., O'Bryan, M. K., McLachlan, R. I. and
Stanton, P. G. (2011). Spermiation: The process of sperm release.
Spermatogenesis 1, 14-35.
O'Donnell, L., Robertson, K. M., Jones, M. E. and Simpson, E. R. (2001).
Estrogen and spermatogenesis. Endocr Rev 22, 289-318.
Oku, K., Amengual, O. and Atsumi, T. (2012). Pathophysiology of thrombosis
and pregnancy morbidity in the antiphospholipid syndrome. Eur J Clin Invest.
Plouffe, L., Jr., White, E. W., Tho, S. P., Sweet, C. S., Layman, L. C.,
Whitman, G. F. and McDonough, P. G. (1992). Etiologic factors of recurrent
abortion and subsequent reproductive performance of couples: have we made
any progress in the past 10 years? Am J Obstet Gynecol 167, 313-20; discussion
320-1.
Poongothai, J., Gopenath, T. S. and Manonayaki, S. (2009). Genetics of
human male infertility. Singapore Med J 50, 336-47.
Rai, R., Backos, M., Rushworth, F. and Regan, L. (2000). Polycystic ovaries
and recurrent miscarriage--a reappraisal. Hum Reprod 15, 612-5.
Rai, R. and Regan, L. (2006). Recurrent miscarriage. Lancet 368, 601-11.
Rai, R. S., Clifford, K., Cohen, H. and Regan, L. (1995). High prospective
fetal loss rate in untreated pregnancies of women with recurrent miscarriage and
antiphospholipid antibodies. Hum Reprod 10, 3301-4.
Ravel, C., Chantot-Bastaraud, S. and Siffroi, J. P. (2004). [Molecular
mechanisms in sex determination: from gene regulation to pathology]. Gynecol
Obstet Fertil 32, 584-94.
Regan, L., Braude, P. R. and Trembath, P. L. (1989). Influence of past
reproductive performance on risk of spontaneous abortion. BMJ 299, 541-5.
Roussev, R. G., Stern, J. J. and Kaider, B. D. (1998). Anti-endothelial cell
antibodies: another cause for pregnancy loss? Am J Reprod Immunol 39, 89-95.
Rull, K., Nagirnaja, L. and Laan, M. (2012). Genetics of recurrent
miscarriage: challenges, current knowledge, future directions. Front Genet 3, 34.
Russell, L. B. (1961). Genetics of mammalian sex chromosomes. Science 133,
1795-803.
Salim, R., Regan, L., Woelfer, B., Backos, M. and Jurkovic, D. (2003). A
comparative study of the morphology of congenital uterine anomalies in women
with and without a history of recurrent first trimester miscarriage. Hum Reprod
18, 162-6.

182



183

Schultz, N., Hamra, F. K. and Garbers, D. L. (2003). A multitude of genes
expressed solely in meiotic or postmeiotic spermatogenic cells offers a myriad
of contraceptive targets. Proc Natl Acad Sci U S 4 100, 12201-6.

Sekido, R. and Lovell-Badge, R. (2008). Sex determination involves
synergistic action of SRY and SF1 on a specific Sox9 enhancer. Nature 453,
930-4.

Sharpe, R. M., Kerr, J. B., McKinnell, C. and Millar, M. (1994). Temporal
relationship between androgen-dependent changes in the volume of
seminiferous tubule fluid, lumen size and seminiferous tubule protein secretion
in rats. J Reprod Fertil 101, 193-8.

She, Q. B., Mukherjee, J. J., Chung, T. and Kiss, Z. (2000a). Placental
alkaline phosphatase, insulin, and adenine nucleotides or adenosine
synergistically promote long-term survival of serum-starved mouse embryo and
human fetus fibroblasts. Cell Signal 12, 659-65.

She, Q. B., Mukherjee, J. J., Huang, J. S., Crilly, K. S. and Kiss, Z. (2000b).
Growth factor-like effects of placental alkaline phosphatase in human fetus and
mouse embryo fibroblasts. FEBS Lett 469, 163-7.

Stephenson, M. D. and Sierra, S. (2006). Reproductive outcomes in recurrent
pregnancy loss associated with a parental carrier of a structural chromosome
rearrangement. Hum Reprod 21, 1076-82.

Steptoe, P. C. and Edwards, R. G. (1978). Birth after the reimplantation of a
human embryo. Lancet 2, 366.

Stevens, V. C. (1997). Some reproductive studies in the baboon. Hum Reprod
Update 3, 533-40.

Teklenburg, G., Salker, M., Heijnen, C., Macklon, N. S. and Brosens, J. J.
(2010). The molecular basis of recurrent pregnancy loss: impaired natural
embryo selection. Mol Hum Reprod 16, 886-95.

Thonneau, P., Marchand, S., Tallec, A., Ferial, M. L., Ducot, B., Lansac, J.,
Lopes, P., Tabaste, J. M. and Spira, A. (1991). Incidence and main causes of
infertility in a resident population (1,850,000) of three French regions (1988-
1989). Hum Reprod 6, 811-6.

Tiepolo, L. and Zuffardi, O. (1976). Localization of factors controlling
spermatogenesis in the nonfluorescent portion of the human Y chromosome long
arm. Hum Genet 34, 119-24.

Tietze, C., Guttmacher, A. F. and Rubin, S. (1950). Time required for
conception in 1727 planned pregnancies. Fertil Steril 1, 338-46.

Vatin, M., Burgio, G., Renault, G., Laissue, P., Firlej, V., Mondon, F.,
Montagutelli, X., Vaiman, D., Serres, C. and Ziyyat, A. (2012). Refined

183



184

mapping of a quantitative trait locus on chromosome 1 responsible for mouse
embryonic death. PLoS One 7, ¢43356.

Viudes-de-Castro, M. P. and Vicente, J. S. (1997). Effect of sperm count on
the fertility and prolificity rates of meat rabbits. Anim Reprod Sci 46, 313-9.
Waclawska, A. and Kurpisz, M. (2012). Key functional genes of
spermatogenesis identified by microarray analysis. Syst Biol Reprod Med.
Wennberg, C., Kivela, A. and Holmgren, P. A. (1995). Placental and germ
cell alkaline phosphatase RFLPs and haplotypes associated with spontaneous
abortion. Hum Hered 45, 272-7.

Wennberg, C., Kozlenkov, A., Di Mauro, S., Frohlander, N., Beckman, L.,
Hoylaerts, M. F. and Millan, J. L. (2002). Structure, genomic DNA typing,
and kinetic characterization of the D allozyme of placental alkaline phosphatase
(PLAP/ALPP). Hum Mutat 19, 258-67.

Whyte, M. P., Landt, M., Ryan, L. M., Mulivor, R. A., Henthorn, P. S.,
Fedde, K. N., Mahuren, J. D. and Coburn, S. P. (1995). Alkaline
phosphatase: placental and tissue-nonspecific isoenzymes hydrolyze
phosphoethanolamine, inorganic pyrophosphate, and pyridoxal 5'-phosphate.
Substrate accumulation in carriers of hypophosphatasia corrects during
pregnancy. J Clin Invest 95, 1440-5.

Wilcox, A. J., Weinberg, C. R., O'Connor, J. F., Baird, D. D., Schlatterer, J.
P., Canfield, R. E., Armstrong, E. G. and Nisula, B. C. (1988). Incidence of
early loss of pregnancy. N Engl J Med 319, 189-94.

Zegers-Hochschild, F., Nygren, K. G., Adamson, G. D., de Mouzon, J.,
Lancaster, P., Mansour, R. and Sullivan, E. (2006a). The ICMART glossary
on ART terminology. Hum Reprod 21, 1968-70.

Zegers-Hochschild, F., Nygren, K. G., Adamson, G. D., de Mouzon, J.,
Lancaster, P., Mansour, R. and Sullivan, E. (2006b). The International
Committee Monitoring Assisted Reproductive Technologies (ICMART)
glossary on ART terminology. Fertil Steril 86, 16-9.

184



