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Ces dix dernières années, l’investigation des maladies génétiques a été bouleversée par
l’émergence des techniques de séquençage haut-débit. Celles-ci permettent désormais de
ne plus séquencer les gènes un par un, mais d’avoir accès à l’intégralité de la séquence
génomique ou transcriptomique d’un individu. La difficulté devient alors d’identifier
les variants causaux parmi une multitude d’artefacts techniques et de variants bénins,
pour ensuite comprendre la physiopathologie des gènes identifiés.

L’application du séquençage haut débit est particulièrement prometteuse dans le
champ de la génétique de l’infertilité masculine car il s’agit d’une pathologie dont
l’étiologie est souvent génétique, qui est génétiquement très hétérogène et pour laquelle
peu de gènes ont été identifiés. Mon travail de thèse est donc centré sur la l’infertilité
et comporte deux parties majeures : l’analyse des données issues du séquençage haut
débit d’homme infertiles et de modèles animaux et la caractérisation moléculaire d’un
phénotype spécifique d’infertilité, la globozoospermie.

Le nombre de variants identifiés dans le cadre d’un séquençage exomique pouvant
s’élever à plusieurs dizaines de milliers, l’utilisation d’un outil informatique performant
est indispensable. Pour arriver à une liste de variants suffisamment restreinte pour
pouvoir être interprétée, plusieurs traitements sont nécessaires. Ainsi, j’ai développé
un pipeline d’analyse de données issues de séquençage haut-débit effectuant de manière
successive l’intégralité des étapes de l’analyse bio-informatique, c’est-à-dire l’alignement
des reads sur un génome de référence, l’appel des génotypes, l’annotation des variants
obtenus ainsi que le filtrage de ceux considérés comme non pertinents dans le contexte
de l’analyse. L’ensemble de ces étapes étant interdépendantes, les réaliser au sein du
même pipeline permet de mieux les calibrer pour ainsi réduire le nombre d’erreurs
générées. Ce pipeline a été utilisé dans cinq études au sein du laboratoire, et a
permis l’identification de variants impactant des gènes candidats prometteurs pouvant
expliquer le phénotype d’infertilité des patients. L’ensemble des variants retenus ont
ensuite pu être validés expérimentalement.

J’ai également pris part aux investigations génétiques et moléculaires permettant
la caractérisation du gène DPY19L2, identifié au laboratoire et dont la délétion
homozygote entraine une globozoospermie, caractérisée par la présence dans l’éjaculât
de spermatozoïdes à tête ronde dépourvus d’acrosome. Pour cela, j’ai contribué à
caractériser les mécanismes responsables de cette délétion récurrente, puis, en utilisant
le modèle murin Dpy19l2 knock out (KO) mimant le phénotype humain, j’ai réalisé
une étude comparative des transcriptomes testiculaires de souris sauvages et de souris
KO Dpy19l2-/-. Cette étude a ainsi permis de mettre en évidence la dérégulation de
76 gènes chez la souris KO. Parmi ceux-ci, 23 sont impliqués dans la liaison d’acides
nucléiques et de protéines, pouvant ainsi expliquer les défauts d’ancrage de l’acrosome
au noyau chez les spermatozoïdes globozoocéphales.

Mon travail a donc permis de mieux comprendre la globozoospermie et de développer un
pipeline d’analyse bioinformatique qui a déjà permis l’identification de plus de 15 gènes
de la gamétogenèse humaine impliqués dans différents phénotypes d’infertilité.
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In the last decade, the investigations of genetic diseases have been revolutionized
by the rise of high throughput sequencing (HTS). Thanks to these new techniques
it is now possible to analyze the totality of the coding sequences of an individual
(exome sequencing) or even the sequences of his entire genome or transcriptome. The
understanding of a pathology and of the genes associated with it now depends on our
ability to identify causal variants within a plethora of technical artifact and benign
variants.

HTS is expected to be particularly useful in the field infertility as this pathology is
expected to be highly genetically heterogeneous and only a few genes have so far been
associated with it. My thesis focuses on male infertility and is divided into two main
parts : HTS data analysis of infertile men and the molecular characterization of a
specific phenotype, globozoospermia.

Several thousands of distinct variants can be identified in a single exome, thereby
using effective informatics is essential in order to obtain a short and actionable list of
variants. It is for this purpose that I developed a HTS data analysis pipeline performing
successively all bioinformatics analysis steps : 1) reads mapping along a reference
genome, 2) genotype calling, 3) variant annotation and 4) the filtering of the variants
considered as non-relevant for the analysis. Performing all these independent steps
within a single pipeline is a good way to calibrate them and therefore to reduce the
number of erroneous calls. This pipeline has been used in five studies and allowed the
identification of variants impacting candidate genes that may explain the patients’
infertility phenotype. All these variants have been experimentally validated using
Sanger sequencing.

I also took part in the genetic and molecular investigations which permitted to
demonstrate that the absence of the DPY192 gene induces male infertility due to
globozoospermia, the presence in the ejaculate of only round-headed and acrosomeless
spermatozoa. Most patients with globozoospermia have a homozygous deletion of
the whole gene. I contributed to the characterization of the mechanisms responsible
for this recurrent deletion, then, using Dpy19l2 knockout (KO) mice, I realized the
comparative study of testicular transcriptome of wild type and Dpy19l2 -/- KO mice.
This study highlighted a dysregulation of 76 genes in KO mice. Among them, 23 are
involved in nucleic acid and protein binding, which may explain acrosome anchoring
defaults observed in the sperm of globozoospermic patients.

My work allowed a better understanding of globozoospermia and the development of
a HTS data analysis pipeline. The latter allowed the identification of more than 15
human gametogenesis genes involved in different infertility phenotypes.



CHAPITRE 1
Introduction
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1.1 La spermatogenèse

La spermatogenèse des mammifères est un processus long et complexe contrôlé par
plusieurs mécanismes étroitement liés [1–3]. C’est au cours de celle-ci, qu’à partir de
cellules germinales, seront produits les spermatozoïdes matures. Ce processus est divisé
en trois phases principales : la phase de multiplication, la phase de division (appelée la
méiose) et la phase de maturation. Chez les hommes, ces étapes se déroulent en continu
dans la paroi des tubes séminifères du testicule depuis la puberté jusqu’à la mort et
impliquent trois types de cellules germinales : les spermatogonies, les spermatocytes et
les spermatides. Le temps nécessaire pour obtenir un spermatozoïde mature à partir
de cellules germinales est de 74 jours et la production quotidienne de spermatozoïdes
s’élève environ à 45 millions par testicule [4]. Le cycle spermatogénétique est défini
comme la succession chronologique des différents stades de différenciation d’une
génération de cellules germinales (depuis la spermatogonie jusqu’au spermatozoïde).
Chacune des étapes du cycle spermatogénétique a une durée fixe et constante selon
les espèces (Table : 1.1).

Table 1.1 – Durée de vie moyenne des cellules germinales humaines

Cellules germinales Durée de vie moyenne (jours)
Spermatogonies Ap 16-18
Spermatogonie B 7.5-9
Spermatocytes primaires 23
Spermatocytes secondaires 1
Spermatides 1
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1.1.1 Rappels sur le testicule

Les testicules sont les organes sexuels masculins. Ils possèdent deux fonctions princi-
pales plus ou moins exprimées selon les périodes de la vie de l’individu : une fonction
endocrine caractérisée par la synthèse des hormones stéroïdes sexuelles masculines
(la stéroïdogenèse) et une fonction exocrine au cours de laquelle seront produits les
gamètes masculins. Chez un individu adulte en bonne santé, le testicule présente
une forme ovoïde ayant un volume moyen de 18 cm3. Chez l’homme, comme chez la
plupart des mammifères terrestres, ils sont localisés sous le pénis dans une poche de
peau appelée scrotum et reliés à l’abdomen par le cordon spermatique (Figure : 1.1).
Cette externalisation des testicules permet leur maintien à une température plus basse
que celle du reste du corps, nécessaire à la spermatogenèse.

L’intérieur du testicule contient des tubes séminifères enroulés ainsi que du tissu
entre les tubules appelé espace interstitiel. Les tubes séminifères sont de longs tubes
compactés sous forme de boucles et dont les deux extrémités débouchent sur le rete
testis (Figure : 1.1). C’est le long des parois du tube séminifère que se déroulera
l’ensemble des étapes de la spermatogenèse.

Figure 1.1 – Schéma anatomique du testicule humain.
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1.1.2 La phase de multiplication

La phase de multiplication est la phase au cours de laquelle les spermatogonies se
divisent par mitoses pour aboutir au stade de spermatocytes primaires. Les sper-
matogonies sont des cellules diploïdes à l’origine de l’ensemble des autres cellules
germinales humaines. Pour cela, elles vont s’auto-renouveler par mitoses successives
afin de maintenir une production continue de spermatozoïdes tout au long de la vie de
l’individu. Ces cellules sont localisées dans le compartiment basal des tubes séminifères.
Les analyses histologiques ont permis de distinguer trois types de spermatogonies en
fonction de leur contenu en hétérochromatine [5–7] : Les spermatogonies de type A
dark (ou Ad), les spermatogonies de type A pale (ou Ap) et les spermatogonies de
type B.

Chez l’Homme, les spermatogonies Ad ont une activité mitotique au cours de la
spermatogenèse et servent de réserve. Elles vont au cours d’une première mitose former
une spermatogonie Ad et un spermatogonie Ap (Figure : 1.2). Cette propriété permet
à la fois de se différencier en spermatocytes tout en constituant un compartiment
de réserve de spermatogonies Ad pour la régénération de la population de cellules
germinales au sein de l’épithélium séminifère. L’entrée en division des spermatogonies
Ap se fait par groupes cellulaires tous les 16 jours. Les cellules d’une même génération
maintiennent entre elles des ponts cytoplasmiques jusqu’à la spermiogenèse ce qui
permet la synchronisation parfaite du développement gamétique de toutes les cellules
filles issues d’un groupe de spermatogonies Ap. Ce phénomène est appelé onde sper-
matogénétique. Chaque spermatogonie Ap va former, lorsqu’elle se divise par mitose,
deux spermatogonies B qui elles-mêmes se diviseront en deux spermatocytes primaires
diploïdes (Figure : 1.2).
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Figure 1.2 – Les différentes phases de la spermatogenèse
d’après medizin-kompakt : L’évolution de la spermatogenèse est
strictement coordonnée, tant dans le sens transversal des tubules, que
dans le sens longitudinal. Le sens transversal correspond au sens unique
de la différenciation germinale, les cellules souches sont situées à la base
du tube séminifère alors que les spermatozoïdes aboutissent à la lumière.
Dans le sens longitudinal de ces tubules, on retrouve l’ensemble des
cellules d’un même cycle donnant ainsi l’onde spermatique.

http://www.medizin-kompakt.de/spermatogenese
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1.1.3 La méiose

La méiose, ou phase de maturation, est l’étape au cours de laquelle, à partir de
cellules diploïdes (les spermatogonies B) vont se former des cellules haploïdes, les
spermatocytes secondaires (spermatocytes II). Ce résultat est le fruit de deux divisions
successives (Figure : 1.3) appelées respectivement méiose réductionnelle ou méiose I
(MI) et méiose équationnelle ou méiose II (MII). La MI va séparer les chromosomes
homologues, produisant deux cellules et réduisant la ploïdie de diploïde à haploïde
(d’où son nom réductionnelle). En plus de son rôle de division vu précédemment,
la méiose joue un rôle clef dans le brassage génétique (mélange des gènes) et ce,
grâce à deux mécanismes de brassage : le brassage inter-chromosomique, lorsque les
chromosomes sont séparés et le brassage intra-chromosomique impliquant notamment
des enjambements chromosomiques (crossing-over) (Figure : 1.4).

La méiose est initiée dès la fin de la phase de multiplication à partir des spermatocytes
primaires issus de la division des spermatogonies de type B. Ces cellules nouvellement
formées se situent dans le compartiment basal du tube séminifère. C’est là qu’elles
vont tout d’abord subir une interphase (stade préleptotène) durant entre 2 et 4 jours.
Au cours de cette phase a lieu la réplication de l’ADN. Cette réplication se fait lorsque
l’ADN est à l’état de chromatine, pendant la phase S (pour synthèse) de l’interphase.
À l’issue de cette phase, chaque chromosome sera composé de deux chromatides reliées
entre elles par le centromère, le matériel génétique de chaque cellule ayant donc été
multiplié par deux. Par la suite, ces cellules vont subir deux divisions méiotiques,
chacune composée de quatre étapes distinctes (Figure : 1.3) :

Figure 1.3 – Les différentes étapes de la méiose gamétique
masculine d’après [8] : Les spermatogonies B servent de point d’ini-
tiation et se différentient en spermatocyte primaire. Les cinq étapes
de la prophase I sont suivies d’une première division cellulaire, don-
nant deux cellules haploïdes au sein desquelles les chromosomes sont
composés de deux chromatides. Celles-ci seront séparées au cours de la
méiose II donnant ainsi quatre spermatides qui après plusieurs étapes
de maturation donneront les spermatozoïdes.
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1. Méiose réductionnelle : (Figure : 1.5)
a. La prophase I : cette longue étape dure 23 jours chez l’homme et peut

être subdivisée en cinq phases successives : leptotène, zygotène, pachytène,
diplotène et diacinèse.

i. Leptotène : condensation de la chromatine et formation des chromo-
somes.

ii. Zygotène : appariement des chromosomes homologues par paires ap-
pelés bivalents grâce à l’intermédiaire d’une structure multi-protéique :
le complexe synaptonémal.

iii. Pachytène : ce stade dure 16 jours. Il est le plus long de la prophase
I. C’est au cours de celui-ci, qu’a lieu l’échange de matériel génétique
par le biais des crossing-over entre les chromatides non-sœurs appelées
nodules de recombinaison (Figure : 1.4).

iv. Diplotène : la dissociation du complexe synaptonémal va permettre
aux chromosomes homologues d’initier leur séparation. Certains
sites d’appariement étroits nommés chiasmas demeurent néanmoins
liés permettant une séparation plus progressive des chromosomes
et réduisant ainsi le risque d’aneuploïdies (nombre anormal de
chromosomes) [9].

v. Diacinèse : cette étape marque la fin de la méiose I et fait office de
transition avec la méiose II. Elle est caractérisée par une condensation
maximale des chromosomes et la disparition de la membrane nucléaire
et du nucléole. Le fuseau méiotique commence à s’assembler, les
centromères des chromosomes homologues s’éloignent et les chiasmas
glissent progressivement vers les télomères.

b. La métaphase I : phase au cours de laquelle les chromosomes vont s’aligner
à l’équateur de la cellule pour former la plaque équatoriale.

c. L’anaphase I : les chromatides sœurs (ou les chromosomes homologues
en fonction de la phase méiotique) vont se séparer et migrer aux pôles
opposés de la cellule.

d. La télophase I : qui est l’étape finale, les chromosomes se décondensent et
l’enveloppe nucléaire se reforme autour des chromosomes. La cellule mère
se sépare alors en deux cellules filles appelées spermatocytes secondaires.
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2. Méiose équationnelle : (Figure : 1.6) la MII est similaire à une division
mitotique et peut se décomposer en quatre parties distinctes :
a. La prophase II : contrairement à la prophase I, la prophase II est très

courte. Les chromosomes alors formés de deux chromatides sœurs se
dirigent vers la plaque équatoriale.

b. La métaphase II : à ce stade, les chromosomes sont alignés le long de la
plaque équatoriale au niveau de leur centromère.

c. L’anaphase II : les centromères de chaque chromosome se séparent
permettant aux chromatides sœurs de se diriger vers les pôles opposés des
spermatocytes II.

d. La télophase II : comme en télophase I, les cellules mères se séparent en
deux cellules filles haploïdes appelées spermatides, contenant chacune n
chromosomes.

Figure 1.4 – Schéma simplifié d’un enjambement chromo-
somique (crossing-over).
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Figure 1.5 – Les différentes étapes de la première division
méiotique masculine adapté d’après [10].

Figure 1.6 – Les différentes étapes de la deuxième division
méiotique masculine adapté d’après [10].
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1.1.4 La spermiogenèse

La spermiogenèse est la phase finale de la spermatogenèse. Elle dure environ 23 jours
chez l’humain et peut être subdivisée en sept étapes (Figure : 1.7). La spermiogenèse
définit la cytodifférentiation des spermatides en spermatozoïdes. C’est au cours de cette
phase que les caractéristiques morphologiques et fonctionnelles du spermatozoïde seront
déterminées [11]. Elle est caractérisée par trois évènements majeurs : la formation
de l’acrosome, la compaction de l’ADN nucléaire et la formation du flagelle. Le
développement de l’acrosome et la formation du flagelle commencent au niveau des
spermatides rondes [12]. Pendant l’élongation de la spermatide, le noyau se condense
et devient hautement polarisé [13]. Les spermatides sont situées dans le compartiment
adluminal, à proximité de la lumière du tube séminifère. Ce sont de petites cellules (8
à 10 µm) que l’on peut schématiquement diviser en trois classes :

1. Les spermatides rondes (Figure : 1.7 - 1 et 2) : l’identification de ces
cellules représente une difficulté technique. Elles ont cependant pu être décrites
en détail par différentes techniques de coloration sous microscope optique [5,
14–17]. Plusieurs études animales ont pu démontrer le potentiel des spermatides
rondes à donner la vie à des individus sains et fertiles, [18–20], la même chose
ayant été également observée plus récemment chez l’homme [21] bien que le
taux de fécondation et d’implantation soit extrêmement faible [22]. Ils possèdent
un noyau rond avec une chromatine pâle et homogène. C’est à partir de ces
étapes que démarre la biogenèse de l’acrosome avec la production par l’appareil
de Golgi des vésicules pro-acrosomales (phase de Golgi). Les deux centrioles
contenus dans le cytoplasme vont se déplacer au futur pôle caudal. Le centriole
proximal est inactif alors que le centriole distal donne naissance à un ensemble
de microtubules à l’origine de l’axonème du futur flagelle.

2. Les spermatides en élongation (Figure : 1.7 - 3 et 4) : à ce stade, l’acrosome
va s’étendre le long du noyau lui donnant une forme plus allongée et la chromatine
devient plus sombre. Un réseau de microtubules se forment autour du noyau
créant ainsi la manchette qui participera également à l’allongement de la tête
du spermatozoïde et permettra la migration des mitochondries vers la pièce
intermédiaire du flagelle pour former le manchon de mitochondries [23]. Les
spermatides en élongation peuvent aussi permettre la fécondation et d’initier des
grossesses avec un meilleur taux de réussite que les spermatides rondes. De plus,
ils engendreraient théoriquement moins de risques d’anomalies génétiques [22].
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3. Les spermatides en condensation (Figure : 1.7 - 5 et 7) : c’est le stade
final de la différenciation du spermatide en spermatozoïde. À ce stade le noyau
est très allongé, avec une partie caudale globulaire et une partie antérieure
saillante. La chromatine est sombre et condensée. L’axonème va continuer à
s’allonger pour former le flagelle mature. Les différentes organelles inutiles pour
la physiologique spermatique et l’excès de cytoplasme vont former la gouttelette
cytoplasmique qui va se détacher et donner le corps résiduel qui va ensuite être
phagocyté par les cellules de Sertoli [24].

Une fois ces étapes de différentiation finies, les spermatides sont relâchées en tant que
spermatozoïdes dans la lumière du tube séminifère. Ce procédé est appelé spermia-
tion.

Figure 1.7 – Principales étapes et modifications structurales
lors de la spermiogenèse d’après [25] : 1. La spermatide imma-
ture avec un gros noyau arrondi. La vésicule acrosomale est attachée
au noyau, l’ébauche du flagelle n’atteint pas le noyau. 2. La vésicule
acrosomale a augmenté de taille et apparaît aplatie au niveau du noyau.
Le flagelle entre en contact avec le noyau. 3-7. Formation de l’acrosome,
condensation du noyau et développement des structures flagellaires. Ac
= Acrosome, Ax = Axonème, CC = Corps Chromatoïdes, CR = Corps
Résiduel, FD = Fibres Denses, GF = Gaine Fibreuse, M = Mitochondrie,
Ma = Manchette.
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1.2 Structure et fonction du spermatozoïde

Le spermatozoïde est une cellule hautement différenciée dont la taille, l’orientation
et la symétrie sont déterminées. La morphologie générale du spermatozoïde éjaculé
est similaire à celle du spermatozoïde testiculaire. Le spermatozoïde humain normal
mature mesure environ 60 µm de long et est essentiellement constitué de deux parties :
la tête et le flagelle (Figure : 1.8). En plus d’être unique dans sa morphologie, le
spermatozoïde l’est aussi dans sa fonction puisque c’est la seule cellule produite de
manière endogène et dont l’action est exercée de manière exogène. La fécondation d’un
ovocyte par un spermatozoïde formera un zygote diploïde qui pourra se développer
ensuite en embryon dans l’utérus féminin.

Figure 1.8 – Anatomie simplifiée du spermatozoïde d’après
medical-dictionary.

http://medical-dictionary.thefreedictionary.com/Human+sperm
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1.2.1 La tête

1. L’acrosome : c’est une vésicule de sécrétion géante située dans la moitié
supérieure de la tête du spermatozoïde. Elle se développe à partir de l’ap-
pareil de Golgi lors de la spermiogenèse. Au cours de sa formation, l’acrosome
forme tout d’abord un granule sphérique qui se colle sur la partie apicale du
noyau. En s’aplatissant contre celui-ci, l’acrosome va prendre une forme hémis-
phérique recouvrant la membrane nucléaire formant la coiffe céphalique. Le
rôle de l’acrosome est fondamental dans le processus de fécondation puisqu’il
permet d’excréter notamment l’acrosine, une enzyme de digestion permettant
au spermatozoïde de traverser la zone pellucide qui entoure les ovocytes. Ce
processus de relargage est appelé réaction acrosomale.

2. L’acroplaxome : l’acroplaxome est une structure cytosquelette composée de mi-
crofilaments d’actine (F- actine) et de kératine 5. Cette structure est positionnée
en face de l’appareil de golgi et contre le noyau et sert de point d’attachement
ainsi que de guide aux vésicules pro-acrosomales [26]. C’est une structure tran-
sitoire qui disparaît pour être remplacée par la thèque périnucléaire dans le
spermatozoïde mature.

3. Le noyau : c’est une structure cellulaire présente dans la majorité des cellules
eucaryotes. Il contient l’essentiel du matériel génétique. Le noyau du sperma-
tozoïde est caractérisé par une compaction extrêmement importante de l’ADN.
Dans les cellules somatiques l’ADN est enroulé par unité de 146 paires de
bases autour d’un octamère d’histones dit de cœur (H2A, H2B, H3 et H4) afin
d’organiser les trois milliards de paires de bases du génome humain dans un
noyau de quelques microns (Figure : 1.9). L’ADN des spermatides va subir une
réorganisation chromatinienne plus importante au cours de la spermatogenèse
afin d’augmenter sa compaction. Ainsi, les octamères d’histones présents dans les
cellules somatiques sont remplacés par les protéines de transition (TPN1, TPN2)
puis par les protamines (PRM1, PRM2), deux protéines riches en arginine et
en cystéine (Figure : 1.9). L’intégrité des deux protéines composant ce dimère
est nécessaire pour la procréation [27]. Cette compaction extrême permet de
réduire la taille du noyau, mais aussi de protéger l’ADN d’agents de dégradation
comme l’oxydation des bases. Parallèlement à cette condensation chromatinienne
se produit un arrêt des processus de transcription cellulaire [28]. Le noyau du
spermatozoïde est donc un noyau au repos, transcriptionnellement inactif [29].
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Figure 1.9 – Schéma de la compaction de l’ADN dans les
cellules somatiques et dans les spermatozoïdes d’après [30] :
Dans les cellules somatiques, l’ADN est enroulé sous forme de nucléosome.
Les nucléosomes vont s’agencer entre eux pour former un solénoïde
qui sera attaché à la matrice nucléaire par sa base. Dans le noyau
spermatique les nucléosomes sont remplacés par des protamines qui
vont compacter l’ADN sous forme de “doughnut”. Le remplacement
des histones est facilité par des acétylations, des ubiquitinations et des
phosphorylations.
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1.2.2 Le flagelle

Le flagelle représente la queue du spermatozoïde. Celui-ci permet, par mouvements
d’oscillation à haute vitesse, le déplacement du spermatozoïde. Cette mobilité est
générée par un cytosquelette interne extrêmement conservé durant l’évolution appelé
l’axonème. Celui-ci est composé de neuf doublets de microtubules périphériques et
de deux doublets internes [31] (Figure : 1.10), on parle alors de structure “9 + 2”.
Les doublets externes sont reliés entre eux par des ponts de nexine et au doublet
central par des ponts radiaires. Les doublets externes sont également reliés entre eux
par les complexes protéiques qui forment les dynéines externes et internes. Ce sont
ces protéines qui en exerçant une contraction alternée permettent le mouvement du
spermatozoïde.

Figure 1.10 – Structure simplifiée de l’axonème d’après [31] :
L’axonème est constitué de neuf doublets de microtubules périphériques
reliés entre eux par des liens de nexine et d’un doublet central relié aux
doublets périphériques par des ponts radiaires.

Le flagelle du spermatozoïde peut être divisé en trois parties distinctes (Figure :
1.11) :

1. La pièce intermédiaire : elle fait jonction avec la tête du spermatozoïde. Elle
est composée de la gaine de mitochondrie qui fournira une partie de de l’énergie
nécessaire au battement flagellaire (grâce à la phosphorylation oxydative qui
produit de l’ATP). L’axonème qui se prolonge dans la pièce principale est un
ensemble de neuf faisceaux de fibres denses.
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2. La pièce principale : ici, la gaine de mitochondrie a disparu ainsi que deux
des faisceaux de fibres denses présents dans la pièce intermédiaire. On note
cependant la présence d’une structure supplémentaire, la gaine fibreuse. Cette
gaine entoure l’axonème et comporte deux épaississements diamétralement
opposés, appelés colonnes longitudinales sur lesquelles s’insèrent les fibres denses
3 et 8. C’est le long de la gaine fibreuse qu’est produit la majorité de l’énergie
nécessaire au glissement des microtubules [32].

3. La pièce terminale : elle est située au niveau de l’extrémité distale du flagelle
et ne contient que l’axonème [31].

Figure 1.11 – Structure du flagelle d’un spermatozoïde
d’après [33] : Coupes transversales en microscopie électronique. Le
flagelle se compose de trois parties : la pièce intermédiaire, contenant
les mitochondries, la pièce principale et la pièce terminale. L’axonème,
en position centrale, parcours tout le flagelle. Des structures périaxonè-
males sont observables : les fibres denses dans la pièce intermédiaire et
principale, et la gaine fibreuse dans la pièce principale seulement.
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1.3 L’infertilité masculine

L’organisation mondiale de la santé définie l’infertilité comme étant : “une pathologie
du système reproductif définie par l’échec d’une grossesse clinique après 12 mois ou
plus de rapports sexuels réguliers non protégés” (Who.int. 2013-03-19. Retrieved
2013-06-17). L’étude de l’infertilité représente un des enjeux scientifique et médical
majeur de ces dernières années. On estime qu’environ 10 à 15% des couples humains
font face à des problèmes d’infertilité soit plus de 70 millions de personnes dans
le monde [34]. Dans la moitié des cas, la cause sous-jacente serait masculine. On
estime que les facteurs causaux sous-jacents de l’infertilité masculine peuvent être
attribués à des toxines environnementales, des troubles systémiques tels que la maladie
hypothalamo-hypophysaire, les cancers testiculaires et l’aplasie des cellules germinales.
Les facteurs génétiques, y compris les aneuploïdies et les mutations de gènes uniques,
contribuent également à l’infertilité masculine. Cependant, aucune cause n’est identifiée
dans près de la moitié des cas. Comme nous avons pu le voir, la spermatogenèse est
une succession de processus complexes qui s’effectue de manière coordonnée ; de
fait la moindre altération génétique affectant une seule de ces étapes est susceptible
d’entraîner un phénotype d’infertilité [35].

1.3.1 Les différents phénotypes d’infertilité mas-
culine

Chez l’homme, l’infertilité est associée à une altération quantitative et / ou qualitative
des spermatozoïdes présents dans l’éjaculat. L’ensemble de ces altérations peut être dé-
tecté et quantifié dans des laboratoires spécialisés, par réalisation d’un spermogramme.
Au cours de celui-ci, plusieurs critères tels que le volume de sperme sécrété, son pH, la
quantité et la vitalité des spermatozoïdes qu’il contient seront évalués. La proportion
de cellules immatures sera elle aussi analysée. Ces cellules rondes, se retrouvent à
la fois dans l’éjaculat des individus ayant une quantité de spermatozoïdes “normale”
[36], chez les individus présentant une quantité basse de spermatozoïdes [38, 39] ou
en étant dépourvu [40]. Cependant, leur nombre augmente tandis que la quantité de
spermatozoïde diminue [41].

http://www.who.int/reproductivehealth/topics/infertility/definitions/en/
http://www.who.int/reproductivehealth/topics/infertility/definitions/en/
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Anomalies liées à la quantité spermatique

Chez l’humain, l’arrêt de la spermatogenèse est défini comme l’incapacité des cellules
spermatogénétiques à devenir des spermatozoïdes matures. Elle peut survenir à n’im-
porte quelle étape de la formation des cellules germinales. Les blocages méiotiques,
au stade de spermatocyte I, sont les plus fréquents, suivis par l’arrêt au niveau des
spermatides et moins fréquemment au niveau des spermatogonies [42].

1. L’oligozoospermie : l’oligozoospermie est définie comme un phénotype d’in-
fertilité masculine caractérisé par une production inférieure à 15 millions de
spermatozoïdes par ml de sperme [43]. Un arrêt de la spermatogenèse a été
observé dans 4 à 30% des biopsies testiculaires des hommes présentant une
oligospermie sévère [44–47]. Cet arrêt a longtemps été considéré comme sans
espoir pour les couples désirant concevoir, jusqu’à l’émergence de l’injection
mécanique d’un spermatozoïde dans l’ovocyte appelé intracytoplasmic sperm
injection (ICSI) [48].

2. L’azoospermie : comme l’oligozoospermie, l’azoospermie est un phénotype
d’infertilité masculine cette fois-ci caractérisé par l’absence totale de spermato-
zoïdes dans l’éjaculat. On distingue des causes excrétoires empêchant l’excrétion
des spermatozoïdes, on parle alors d’azoospermie obstructive et des causes sécré-
toires, les plus fréquentes, accompagnées d’un défaut de la spermatogenèse, on
parle alors d’azoospermie non-obstructive.

Anomalies liées à la morphologie

Ces anomalies sont observables en effectuant un spermocytogramme. Plusieurs classifi-
cations ont été établies. Cependant, c’est la classification de David modifiée (Table :
1.12) qui est la plus répandue en France. Pour ce faire, on procède généralement à
une observation de 100 spermatozoïdes au cours de laquelle l’ensemble des anomalies
observées est relevé et quantifié permettant ainsi de définir un index d’anomalies
multiples (nombre total d’anomalies/nombre de spermatozoïdes anormaux) révélant
le nombre moyen d’anomalies par spermatozoïdes.



1.3. L’infertilité masculine 27

Figure 1.12 – Classification morphologique de spermatozoïdes
humains normaux et anormaux d’après [49].
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Anomalies liées à la mobilité

Le succès du passage du spermatozoïde le long du tractus génitale féminin dépend
en grande partie de la mobilité et de la vitesse du spermatozoïde [50, 51]. La vitesse
moyenne d’un spermatozoïde étant de 25 µm/s. Une mauvaise mobilité observée dans
plus de 50% des spermatozoïdes éjaculés se révèle être un prédicteur de l’échec de la
fécondation [52].

1.3.2 La génétique de l’infertilité

Comme il a déjà été dit, il est estimé que 10 à 15% des couples humains font face à
des problèmes d’infertilité. Par ailleurs, 30% des infertilités restent inexpliqués et près
de 40% ont des causes incertaines. Ainsi, l’infertilité masculine d’origine génétique
pourrait concerner près d’un homme sur quarante [53].

Les causes fréquentes

1. Les microdélétions du chromosome Y : le chromosome Y est un petit
chromosome atteignant une taille d’environ 53 Mb. Il est porteur de 78 gènes
principalement impliqués dans la différentiation sexuelle masculine et la spermato-
genèse [54]. De fait, le chromosome Y représente une région d’intérêt évidente
dans l’étude de facteurs génétiques liés à l’infertilité masculine. L’évolution
des technologies a permis de mettre en évidence des délétions invisibles au
caryotype dans la région du facteur AZF (Azoospermia Factor). Cette région
peut être subdivisée en trois sous-parties, AZFa, AZFb et AZFc (Figure : 1.13).
Depuis plusieurs années, de nombreuses séries de patients azoospermiques ou
oligozoospermiques ont été étudiées et publiées et tendent à montrer que les
microdélétions du chromosome Y seraient responsables de 10% des cas d’a-
zoospermie non-obstructive et chez 5% des cas d’oligozoospermie sévère (<5
millions de spermatozoïdes/ml) [55].
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Figure 1.13 – Représentation schématique du chromosome Y
adapté d’après [56] : Visualisation la région AZF ainsi que des trois
sous-régions AZF a, b, c et des principaux gènes compris dans chacune
des sous-régions.

2. Anomalies chromosomiques : des anomalies chromosomiques de nombre
ou de structure impliquant les autosomes ou, le plus souvent, les gonosomes,
peuvent être impliquées dans des cas d’infertilité masculine. Le pourcentage
d’individus concernés varie entre 2 et 8% et peut atteindre 15% pour les patients
azoospermiques soit 10 à 20 fois la fréquence retrouvée dans la population
générale [57].
a. Syndrome de Klinefelter : le syndrome de Klinefelter (ou 47,XXY) fut

décrit pour la première fois en 1942 par Harry F. Klinefelter. Il décrit une
affection due à la présence d’un chromosome X supplémentaire suite à
une erreur de ségrégation des chromosomes au moment de la méiose. Sa
prévalence dans la population générale est estimée à environ 1 sur 1200
(1 homme sur 600) [58] mais elle est environ 50 fois supérieure chez les
patients infertiles azoospermiques [59].

b. Les anomalies de structure : les translocations et les inversions sont les
anomalies de structure retrouvées le plus fréquemment chez les patients
infertiles.

i. La translocation est définie comme l’échange de matériel génétique
entre deux chromosomes non homologues. On en distingue deux types,
les translocations réciproques et les translocations robertsonniennes.
Les premières (Figure : 1.14 - A) décrivent un échange équilibré
entre deux mêmes segments chromosomiques de deux chromosomes
différents. Elles sont retrouvées 4 à 10 fois plus fréquemment chez les
patients infertiles que dans la population générale [60]. Les secondes
(Figure : 1.14 -B) impliquent deux chromosomes acrocentriques et sont
caractérisées par la fusion entre les brins longs de deux chromosomes, les
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brins courts étant perdus. Elles sont retrouvées chez 1.6% des patients
oligozoospermiques et 0.09% des patients azoospermiques [56].

Figure 1.14 – Les différents types de translocation d’après
embryology.ch : A : La translocation réciproque. B : La translocation
robertsonniènne

ii. Les inversions chromosomiques caractérisent le mécanisme de cassure d’un
fragment de chromosome suivi de son retournement à 180° et sa réintégration
à la même position. Ces inversions vont gêner l’appariement des chromosomes
homologues (formation d’une boucle d’inversion) pendant la méiose et sont,
comme les translocations, retrouvées plus fréquemment chez les patients infertiles
que dans la population générale [61].
c. Autres anomalies chromosomiques : parmi les anomalies chromo-

somiques responsables d’infertilité masculine, on peut par exemple citer
les hommes de formule 46,XX. Ces patients sont généralement totalement
infertiles et présentent une azoospermie par absence des sous- régions AZF
a, b et c [62] bien qu’ils aient un phénotype masculin normal. Ces anomalies
sont souvent le fait de la translocation du gène SRY sur un des chromosomes
X du patient.

3. Mutations du gène CFTR : l’identification du gène CFTR (Cystic Fibrosis
Transmembrane conductance Regulator) chez les patients atteints de mucovis-
cidose et présentant une agénésie bilatérale des canaux déférents (ABCD) a
permis d’associer ce gène au phénotype d’azoospermie obstructive. Cette malfor-
mation serait responsable de 2% des cas d’infertilité masculine et de 25% des
cas d’azoospermie obstructive [63].

Bien que la prévalence de ces anomalies génétiques varie en fonction du phénotype
concerné, il est estimé que ces défauts sont seulement retrouvés chez 5% des cas
d’infertilité masculine, tous phénotypes confondus. Cette observation suggère fortement
l’implication de nombreux autres gènes encore inconnus dans les différents phénotypes
d’infertilité masculine.

http://www.embryology.ch/francais/kchromaber/abweichende03.html


1.3. L’infertilité masculine 31

Les nouveaux gènes

1. Les anomalies quantitatives : Ces dernières années, de nombreux gènes
impliqués dans l’oligo/azoospermie ont été identifiés principalement grâce au
séquençage exomique. En voici une liste non exhaustive :

a. 2014 : deux familles consanguines (non liées entre elles) ont fait l’objet
d’une étude portant sur les gènes de l’azoospermie. À la suite de cette étude
le variant c.1831C>T, p.R611X impactant le gène AF4B a été retrouvé
à l’état homozygotes chez les trois frères azoospermes de la famille 1. De
même, la délétion homozygote c.1520_1523delAACA, p.K507Sfs*3 sur le
gène ZMYND15 a été retrouvée chez les trois frères infertiles de la famille
2 [64].

b. 2015 :

i. Une analyse par CGH array de huit patients azoospermes a permis
d’identifier une micro-duplication 20q11.22 englobant le gène E2F1
chez un des patients. Dans cette même étude, des variations du nom-
bre de copies (CNVs) dans ce gène ont été cherchées chez 102 autres
patients. Parmi ceux-ci, sept portaient soit une délétion soit une du-
plication impliquant E2F1 [65]. Ce gène était déjà considéré comme
potentiellement associé à l’infertilité masculine puisque des études sur
le modèle murin avaient déjà révélées que l’excès ou la déficience de
la protéine E2f1, entrainait une atrophie testiculaire causée par une
anomalie de la spermatogenèse [66]. Cependant, certains éléments vi-
ennent mettre en cause la pertinence de cette étude, notamment le
fait que cette étude, faite sur des individus non apparentés, suggère
que 7.2% des cas d’azoospermie non obstructive seraient causés par un
CNV impactant le gène E2F1. Cela peut paraître surprenant lorsque
l’on connait la grande hétérogénéité des causes génétiques impliquées
dans l’azoospermie.

ii. Une étude portant sur l’analyse par carte d’homozygotie sur puce à
ADN de deux frères issus d’une union consanguine a permis d’identifier
le variant c.197-2 A>G un site consensus d’épissage du gène SCYE1
[67]. Ce variant est retrouvé à l’état homozygote uniquement chez les
deux frères atteins et est soit absent soit retrouvé à l’état hétérozygote
chez les autres membres de la famille. De plus ce variant est extrême-
ment rare puisqu’il est retrouvé uniquement chez un individu (à l’état
hétérozygote) dans la base de données ExAC sur les 59940 génotypés
à cette position.

iii. Cette même année, deux études ont publié des résultats décrivant la
présence de mutations sur le gène TEX11 chez des patients azoospermes.
Dans la première étude, une analyse par CGH array a été effectuée
sur 15 individus américains souffrant d’azoospermie. Une délétion
hémizygote de 90 kb emportant en, partie le gène TEX11 sur le
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chromosome Xq13.1 a été identifiée chez un des 15 patients [68]. Par
la suite la séquence codante de TEX11 a été séquencée chez 48 autres
patients. L’un d’entre eux présentait un variant faux-sens c.511A>G,
p.M171V. Ce variant est retrouvé chez neuf individus dans ExAC,
cependant, leur sexe n’étant pas connu, il est difficile d’en tirer une
conclusion. Un autre des 48 patients s’est révélé être porteur d’une
délétion emportant les exons 10 à 12 de ce gène. Dans une seconde
étude, parue en septembre 2015, le gène TEX11 a été spécifiquement
séquencé chez 246 individus soufrant d’azoospermie, 93 individus sains
et 82 dont la fertilité n’est pas connue [69]. Cette étude a mis en
évidence 21 variants dans la séquence de TEX11, chacun d’entre eux
n’étant retrouvé que chez un seul patient. Il faut tout de même noter
que seul deux d’entre eux, une insertion dans l’exon 16 entrainant
un décalage du cadre de lecture et une substitution altérant un site
accepteur d’épissage, ont un effet délétère avéré. Parmi les autres
variants décrits, il est peu probable que les deux variants synonymes
et les 11 variants introniques soient responsables du phénotype de ces
patients. De même, aucune analyse n’étant effectuée dans ce sens, il est
difficile de conclure quant à l’effet pathogène des six variants faux-sens
retrouvés.

iv. Une autre étude portant sur l’analyse de deux familles consanguines
a permis d’identifier, grâce à un séquençage exomique, deux variants
homozygotes dans le gène MCM8. [70]. Le premier, c.1954-1G>A,
entraine un défaut d’épissage tandis que le second, c.1469-1470insTA,
entraine un décalage du cadre de lecture. Pour les deux familles, les
variants de MCM8 sont retrouvés à l’état homozygote uniquement chez
les individus atteins. De plus, aucun de ces deux variants n’est retrouvé
dans les 100 contrôles génotypés dans cette étude.

v. Une autre analyse familiale, également par séquençage exomique, a
permis d’identifier le variant c.2130T>G, p.Y710*, causant un codon
stop prématuré sur le gène TEX15, comme responsable du phénotype
d’azoospermie de trois frères turcs issus d’une famille consanguine [71].
Ces résultats sont confortés par le fait que le phénotype de ces trois
frères est très similaire à celui observé chez les souris Tex15 KO, c’est-
à-dire un arrêt prématuré de la méiose et une réduction significative
de la taille des testicules [71].

c. 2017 :

i. Une analyse de trois familles par séquençage haut-débit a permis
d’identifier trois gènes MEIOB, TEX14 et DNAH6 impliqués dans un
phénotype d’azoospermie [72]. Dans cette étude les individus provenant
de trois familles ont été analysés soit en séquençage exomique soit en
séquençage génomique. Dans la famille A, un variant faux-sens, dont
le génotype n’est pas mentionné, a été retrouvé dans le gène MEIOB
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déjà connu pour entrainer des arrêts de la méiose chez les souris mâles
et femelles Meiob knock-out [73, 74]. Leur étude indique que ce variant
a été prédit comme délétère cependant, le peu d’information au sujet
des critères de filtres utilisés nous pousse à rester méfiants quant au
réel effet délétère de ce variant. De plus, le gène MEIOB est également
décrit comme exprimés dans l’ovaire au stade fœtal suggérant un rôle
dans la méiose féminine [74]. Or, aucune des quatre sœurs, toutes mères,
n’a été analysée dans cette étude. L’analyse par séquençage génomique
de la famille B, a permis d’identifier une délétion homozygote de 10pb
menant à un décalage du cadre de lecture et à la formation d’un
codon stop prématuré de plus de 500 codons dans la séquence du
gène TEX14. L’effet délétère du variant ainsi que le fait que celui-ci
soit déjà décrit comme étant essentiel à la spermatogenèse [75] font
effectivement de ce variant un excellent candidat pour expliquer le
phénotype d’azoospermie des deux frères de cette famille. Pour finir,
la famille C, ayant un historique de consanguinité, a été analysée par
séquençage exomique. Parmi les individus analysés figuraient deux
frères azoospermes, deux frères sains et un cousin présentant un taux
de spermatozoïdes bas, bien qu’il ait réussi à concevoir naturellement.
Suite à l’analyse de ces individus, un variant faux-sens homozygote sur
le gène DNAH6 a été identifié. Aucune autre preuve n’est apportée
dans cette étude pour lier ce variant au phénotype d’infertilité des deux
frères laissant ainsi planer un doute quant à la causalité de ce variant
dans le phénotype d’azoospermie retrouvé dans cette famille.

ii. Une seconde étude décrit une analyse par séquençage génomique
effectué sur cinq individus provenant d’une famille consanguine. À
l’issus de celle-ci, une délétion homozygote de quatre paires de bases
menant à un décalage du cadre de lecture sur le gène TDRD9 a pu
être identifiée chez les cinq individus atteins. En revanche aucun
des hommes sains de cette famille ne la portait à l’état homozygote [76].

iii. Pour finir, une autre étude suggère que des variants dans le gène ZFP92
seraient responsables d’azoospermie [77]. Néanmoins, le manque de
preuves concrètes fournis par cette étude force à émettre des réserves
quant à la pertinence de celle-ci.

2. Les anomalies morphologiques liées à la tête du spermatozoïde :

a. La macrozoospermie : Ce phénotype d’infertilité masculine rare est car-
actérisé par la présence de 100% des spermatozoïdes de l’éjaculat présentant
une tête anormalement grosse ainsi que plusieurs flagelles. Il fut observé
pour la première fois en 1978 [78], mais ce n’est qu’en 2007 qu’une ex-
plication génétique fut enfin trouvée. Une étude portant sur 14 patients
nord-africains a permis d’identifier la délétion c144delC du gène AURKC
(Aurora kinase C ) comme responsable du phénotype de l’ensemble des
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individus de l’étude [79]. Depuis, d’autres études ont permis d’associer
d’autres variants sur ce même gène à ce phénotype [80]. Des anomalies du
gène AURKC seraient ainsi responsables d’environ 83.7% des cas macro-
zoospermie chez des patients non apparentés [79]. Le gène AURKC, étant
impliqué dans la méiose, conduit lorsqu’il est muté à un blocage de la
première division méiotique, entraînant la production de spermatozoïdes
tétraploïdes, c’est à dire, portant une quantité de matériel génétique quatre
fois supérieure à la normale [81].

b. La globozoospermie : La globozoospermie est aussi un phénotype rare
d’infertilité dont la prévalence est estimée à de 0,1%. Il fut identifié pour
la première fois en 1971 et est caractérisé par la présence dans l’éjaculat
d’une majorité de spermatozoïdes dépourvus d’acrosome, empêchant le
spermatozoïde de franchir la zone pellucide de l’ovocyte et compromettant
ainsi la fécondation [82–84]. En 2007, une étude familiale a permis
de lier ce phénotype à la mutation c.848G>A dans le gène SPATA16
(spermatogenesis-associated protein 16 ) [85] dont la protéine va, au cours
de la spermatogenèse, fusionner avec les vésicules proacrosomales pour
former l’acrosome [85, 86]. Plus tard, en 2011, une étude portant sur 20
patients tunisiens permit d’identifier une délétion homozygote de 200 kb
emportant la totalité du gène DPY19L2 (Dpy-19 Like 2 ) chez 15 des 20
patients [87]. cf globo

c. Spermatozoïdes acéphaliques : Ce phénotype rapporté plusieurs fois
[88–90] caractérise les patients présentant des spermatozoïdes dépourvus
de tête dans leur éjaculat. Une étude récente a pu lier ce phénotype à une
mutation c.824C>T homozygote ainsi qu’à deux variants hétérozygotes
composites c.1006C>T et c.485T>A dans le gène SUN5 [91] qui avait
précédemment été décrit comme localisant à la jonction noyau / flagelle du
spermatozoïde [92].

3. Le phénotype MMAF : Le phénotype MMAF (Multiple morphological abnor-
malities of the sperm flagella) décrit les patients atteints d’asthenozoospermie
dont les spermatozoïdes présentent de multiples anomalies morphologiques
touchant en particulier les flagelles. Plus précisément, ce phénotype décrit les
asthenozoospermie résultant d’une mosaïque d’anomalies morphologiques au
niveau du flagelle tel que l’absence totale de flagelle, des flagelles enroulés, courts,
anguleux. . . [93, 94]. Récemment, le gène DNAH1 (Dynein Axonemal Heavy
Chain 1 ) codant pour une dynéine de la chaine lourde de l’axonème a été retrouvé
muté chez près d’un patient sur trois dans sa cohorte comportant 18 patients
[94]. Deux autres études ont retrouvé des mutations dans le gène DNAH1 chez
des patients venant de Chine, d’Iran et d’Italie, laissant suggérer que ce gène est
l’un des acteurs majeurs dans le syndrome MMAF [95, 96].

4. Les échecs de fécondation du spermatozoïde : Au moment de la fécon-
dation, l’activation ovocytaire repose sur le relargage par le spermatozoïde de
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“facteurs spermatiques” qui déclenchent un signal de calcium, constitué d’oscilla-
tions Ca2+. Ce processus est médié par une protéine spécifique du spermatozoïde,
la phospholipase C Zeta 1 (PLCζ1) codée par le gène PLCZ1 [97, 98]. Plusieurs
cas d’échec d’activation ovocytaire ont été liés à l’absence ou à la mauvaise
localisation de la protéine PLCζ1. Malgré cela, aucune preuve génétique directe
n’avait été reportée jusqu’à récemment où deux mutations au sein du gène
PLCζ1 furent retrouvées chez un patient [99] et un peu plus tard une mutation
homozygote chez deux frères consanguins [100].
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1.4 Généralités sur l’ovogenèse et l’ovocyte

Chez l’humain, la production d’ovocyte est un processus long commençant dès le
développement embryonnaire. A ce stade, les ovocytes sont immatures et rentrent en
phase de quiescence après avoir débuté l’étape de prophase I. Cette production est
ensuite suivie d’une diapause de plusieurs dizaines d’années pour ensuite produire
un ovocyte mature à chaque cycle menstruel. Les ovocytes vont dès lors compléter la
MI et entamer la MII jusqu’au stade de la métaphase [101]. Cette phase est, chez la
plupart des mammifères, la seule à laquelle l’ovocyte peut être fécondé avec succès
[102]. La MII se poursuivra ensuite dans le cas d’une fécondation [103].

La fécondation implique la fusion entre le spermatozoïde et l’ovocyte. Elle a été observée
pour la première fois en 1876 par Oscar Hertwig chez l’oursin [104]. La première étape
de la fécondation consiste en la liaison du spermatozoïde à la zone pellucide de
l’ovocyte [105]. Cette liaison est permise chez l’humain grâce à quatre glycoprotéines :
zona pellucida spermbinding protein 1-4 (ZP1-4). Cette phase est ensuite suivie de
l’activation ovocytaire. Cette étape est produite chez l’ensemble des animaux par la
fertilisation d’un spermatozoïde. Elle entraîne une augmentation de la concentration
cytosolique en Ca2+ [106]. Chez les mammifères, la fusion spermatozoïde-ovocyte est
le déclencheur de séries distinctes d’oscillations du Ca2+ cytosolique nécessaires au
développement normal de l’embryon [106, 107]. Ces observations ont rapidement permis
l’émergence de l’hypothèse d’un facteur spermatique qui, lors de la fécondation, serait
relargué et générerait ces oscillations Ca2+ [106, 108]. Cette hypothèse est supportée
par deux principales observations. Tout d’abord, le fait que la fusion des cytoplasmes
du spermatozoïde et de l’ovocyte est le prélude à oscillations [109, 110]. Ensuite, le fait
que l’injection d’un spermatozoïde ou d’extrait soluble de spermatozoïdes entrainait
des oscillations Ca2+ similaires à celles observées lors de la fécondation [108, 111–114].
C’est en 2002 que la protéine PLC zeta (ζ) codée par le gène PLCZ1 fut pour la
première fois reportée comme étant, chez la souris, responsable de ces oscillations
déclenchant ensuite une cascade de réactions dont découlent éventuellement l’activation
ovocytaire et le développement embryonnaire [115] (Figure : 1.15).

Parmi les différents cas d’infertilité féminine, plusieurs études décrivent le cas de femmes
produisant principalement des ovocytes non matures ou dégénérés. Ce phénotype peu
décrit est connu sous le nom de bad eggs syndrome [116–119]. En 2016, une équipe
a identifié des mutations hétérozygotes sur le gène TUBB8, une tubuline spécifique
à l’ovocyte nécessaire à la création des fuseaux méiotiques, comme responsable du
phénotype de déficience méiotique ovocytaire (oocyte meiotic defect (OMD)) dans une
cohorte de femmes chinoises [120], faisant de TUBB8 le premier gène formellement
identifié dans le cadre d’OMD.
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Figure 1.15 – La fécondation, liaison spermatozoïde-ovocyte
et sortie de la méiose adapté d’après [121] : Suite à la fusion
spermatozoïde-ovocyte, la protéine PLCZ1 induit la production de
nositol 1,4,5-trisphosphate (Ins(1,4,5)P3) qui se lie à son recepteur
causant ainsi le relargage de Ca2+ qui, entre autres, fera sortir l’ovocyte
de son stade de méiose pour rentrer en mitose
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1.5 Les techniques d’analyses génétiques

L’acide désoxyribonucléique (ADN) a été identifié comme étant le porteur de l’in-
formation génétique par Oswald Theodore Avery en 1944. Sa structure en double
hélice composée par quatre bases, la thymine (T), l’adénine (A), la guanine (G) et la
cytosine (C) fut caractérisée en 1953 par James D. Watson et Francis Crick. Cepen-
dant, l’existence “d’entités d’information génétiques discrètes” que sont les gènes fut
suggéré dès la deuxième moitié du XIXième siècle grâce aux travaux de Gregor Mendel
portant sur l’hérédité de certains traits chez le pois. Depuis, de nombreuses méthodes
permettant de lier le phénotype d’un individu à son génotype ont vu le jour au gré
des améliorations technologiques.

1.5.1 Approche “gènes candidats”

L’approche “gènes candidats” consiste à rechercher des mutations chez un patient
dans un ou plusieurs gènes cibles. Le choix des gènes cibles se fera en fonction de
plusieurs critères. Le premier d’entre eux est l’étude de gènes reliés à des phénotypes
proches du phénotype étudié dans différents modèles animaux et notamment murins.
Dans ce cas, les mutations seront recherchées sur le gène orthologue humain [122]. Une
autre possibilité consiste à rechercher des variants dans des gènes paralogues à un gène
précédemment identifié avec l’idée sous-jacente que leur structure proche implique une
fonction similaire. Enfin la dernière méthode consiste à étudier des gènes connus comme
étant des partenaires de gènes déjà identifiés dans cette pathologie, en supposant
que si un variant dans un gène donné entraîne une pathologie, un variant dans un
partenaire de ce gène pourrait entraîner le même phénotype. Cette approche est bien
souvent infructueuse, ceci étant dû, en grande partie, à l’hétérogénéité génétique des
phénotypes étudiés, au nombre limité de patients testés [123] et aux connaissances
souvent incomplètes sur le phénotype. De fait, cette approche a quasiment disparu au
profit des méthodes à haut débit que sont les puces et le séquençage nouvelle génération
(NGS). Néanmoins, cette méthode compte à son actif plusieurs succès retentissants
avec dans le domaine de l’infertilité masculine, les gènes SOHLH1, NR5A1 et TEX11
entraînant tous les trois un phénotype d’azoospermie [124–126]. De même, le variant
hétérozygote p.Ile215LeufsTer2 entrainant un décalage du cadre de lecture sur le gène
SYCP3, fut décrit en 2003 comme entrainant la production d’une protéine SYCP3
tronquée chez 2 des 19 hommes de l’étude [127]. Cette observation a mené l’équipe
à conclure que ce variant hétérozygote entrainait un blocage méiotique menant à
une azoospermie non-obstructive transmise sur le mode dominant. Néanmoins, ce
variant ainsi que p.Ile215AsnfsTer27 sont retrouvés mutés à l’état hétérozygote chez
respectivement 259 et 8 individus dans la base de données ExAC [128]. Puisqu’il est
estimé qu’environs 1% des hommes souffrent d’azoospermie, cela signifierait que ces
variants seraient responsables de 50% des cas Ce qui n’est pas le cas dans l’étude
de 2003 puisque seul 10,5% des patients sont porteurs du variant. Ces informations
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récentes permettent ainsi de mettre en doute le lien entre le variant p.Ile215LeufsTer2
et le phénotype d’azoospermie de ces patients.

1.5.2 Les puces

Les puces à ADN furent initialement conçues dans le but de mesurer le niveau de
transcription des transcrits provenant de plusieurs milliers de gènes lors d’une seule
et unique expérience. Cette technologie a ainsi permis de déterminer des patterns
d’expression de gènes à un statu physiologique donné. L’analyse des “signatures”
d’expression a ainsi permis de caractériser plusieurs cancers [129–132], mais aussi
la réponse physiologique à plusieurs types de stimuli tel que la prise de certains
médicaments [133].

Suite à cela, l’usage des puces à ADN dans le domaine biomédical s’est étendu pour ne
plus être limité à la simple quantification de l’expression génique. Ainsi, cette technolo-
gie a également été utilisée afin de détecter des single nucleotide polymorphisms (SNPs)
au sein de notre génome permettant notamment l’émergence du HapMap Project qui
recense les SNPs de plusieurs milliers d’individus [134]. De même, l’utilisation des
puces à ADN a permis la détection de copy number variation (CNVs).

Pendant plus de 10 ans, la grande qualité des puces, l’existence de protocoles d’hybri-
dation standardisés ainsi que des algorithmes d’analyses robustes ont fait des puces à
ADN l’outil d’analyse génomique le plus puissant avant l’arrivée du séquençage haut
débit
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Les puces à expression

L’utilisation principale des puces à ADN a été de mesurer l’expression des gènes dans
un tissus donné. Dans cette application, l’ARN est extrait des cellules d’intérêt puis
est généralement converti en ADNc. Dans un second temps, l’ADNc est hybridé à la
puce qui subira par la suite une étape de lavage. Pour finir, l’intensité de fluorescence
est mesurée à chaque spot de la puce et déterminera le niveau d’expression d’un
gène.

Figure 1.16 – Représentation schématique des méthodes d’-
analyse d’expression génique par puce à ADN d’après [135] :
Présentation des méthodes à double et à simple colorant, respectivement
à gauche et à droite. Pour les analyses à double colorant, une seule
puce et nécessaire, les échantillons de la référence et du test sont mis
en compétition sur la même puce, un signal de sortie vert indiquera
une surexpression chez le test tandis qu’un signal rouge indiquera une
sous-expression. Pour celles à simple colorant, deux puces sont néces-
saires, une première pour la référence et une seconde pour le test. Les
données des deux puces sont ensuite comparées pour déterminer quels
sont les gènes différentiellement exprimés. Dans le cas de la CGH array,
le principe est similaire, en remplaçant simplement l’ARNm par de
l’ADNg.
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Les puces à SNP, plateforme génotypage

Bien que leur utilité principale ait été d’analyser l’expression des gènes, les puces à
ADN ont également été extrêmement utilisées comme moyen de génotyper les SNP
(single-nucleotide-polymorphism). De nombreuses méthodes ont été mises en place
pour cela ; cependant la plus employée est la méthode de discrimination allélique par
hybridation telle qu’elle est utilisée par Affymetrix [136] malgré le “bruit de fond”
causé par l’hybridation non spécifique dont elle souffre (Figure : 1.17).

Figure 1.17 – Méthode de génotypage par discrimination al-
lélique par hybridation d’après [137] : Des sondes complémentaires
à chacun des allèles sont positionnées sur la puce. L’ADN génomique
fragmenté et labélisé est mis en contact de la puce. Après nettoyage de
la puce, l’analyse du signal émis par l’ADN génomique permettra de
déterminer si l’individu est homozygote pour cette allèle (hybridation
à une seule des deux sondes) ou bien hétérozygote pour cette allèle
(hybridation aux deux sondes).
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Les puces à indels

L’implication de réarrangements génomiques tel que des duplications, translocations
ou délétions dans divers pathologies est bien connue. C’est afin de détecter ces
réarrangements que la Comparative Genomic Hybridization array (CGH array) a été
développée dès 1999 [138]. Son principe est très similaire à celui utilisé dans les puces
à expression (Figure : 1.16) en remplaçant simplement l’ARN messager (ARNm) par
de l’ADN génomique (ADNg). Ainsi, la présence d’un CNV sera facilement détectée
en comparant le signal émis par un individu test avec celui émis par un contrôle.

Limitation

Bien que cette technologie ait été largement utilisée dans divers champs d’applications,
elle présente deux limitations principales.

1. Limitation n°1 : Pour les génomes complexes (tel que les mammifères), il
est difficile, si ce n’est impossible de designer une puce ne permettant pas
de l’hybridation non spécifique. En effet, la séquence d’une puce prévue pour
détecter le gène “A” pourra également détecter les gènes “B”, “C” et “D” si
ceux-ci présentent une forte homologie avec “A” Ce qui est particulièrement
problématique dans le cas d’analyse de gènes d’une même famille.

2. Limitation n°2 : les puces détectent uniquement ce pour quoi elles ont été
designer. Ainsi, si la solution que l’on hybride sur la puce contient des séquences
d’ADN ou d’ARN pour lesquelles il n’y a aucune sonde complémentaire sur la
puce, celles-ci ne seront pas détectées. Cela peut avoir de grandes répercutions
puisque par exemple dans le cas des puces à expression, les gènes qui n’ont pas
encore été annotés risquent de ne pas être représentés sur la puce.
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1.5.3 Le séquençage NGS

Le terme séquençage de l’ADN fait référence à l’ensemble des techniques permettant
de déterminer l’ordre des nucléotides A, T, C et G de l’intégralité ou d’une partie d’une
molécule d’ADN. Avant de parler des nouvelles technologies de séquençage (NGS)
faisons un bref historique du séquençage de l’ADN. En 1977 Frederick Sanger développe
une technologie de séquençage d’ADN basée sur la méthode chain-termination. Ce
procédé est désormais connu sous le nom de séquençage Sanger. D’autres méthodes
furent développées à la même période, notamment celle de Walter Gilbert basée sur la
modification chimique de l’ADN, cependant sa grande efficience et sa faible utilisation
de la radioactivité permirent au séquençage Sanger de s’imposer comme référence dans
la “première génération” de séquenceur à application commerciale et de recherche.
Apparus en 1998, les instruments de séquençage automatique ainsi que les logiciels
associés utilisant le séquençage par capillarité et la technologie Sanger furent les outils
principaux qui permirent la complétion du human genome project en 2001 [139].

Contrairement à la méthode Sanger, le NGS est capable de “lire” des fragments d’ADN
provenant d’un génome entier. On parle alors de séquençage de génomes entiers ou
whole genome sequencing (WGS). Pour cela, la molécule d’ADN est “coupée” en
plusieurs fragments d’une taille donnée. Ce sont ensuite ces fragments qui seront,
après une étape d’amplification spécifique aux différentes plateformes, séquencés
simultanément. C’est pourquoi on parle souvent de séquençage parallèle massif pour
décrire le NGS. Le produit de ce séquençage est appelé read. Cette technologie est
avantageuse de par la masse de reads qu’elle produit et par son faible coût par base
séquencée [140]. Ces caractéristiques ont permis au séquençage Haut-débit d’être
couramment utilisé dans le domaine de la recherche clinique.

La taille des reads obtenus par séquençage NGS est, hormis dans le cas de la technologie
PacBio, nettement inférieure à celle atteinte par le séquençage Sanger. À l’heure
actuelle, les reads obtenus par séquençage NGS ont une taille comprise entre 50 et 500
pb pour la plupart des plateforme contre une taille d’environ 800 nucléotides obtenus
par Sanger (Figure : 1.18) ; c’est pour cela que les résultats du séquençage NGS sont
appelés des reads courts ou short reads.
Étant donné que le NGS produit à l’heure actuelle des reads courts la notion de
couverture est importante et représente l’un des critères majeur à considérer dans
l’analyse des données [141]. La couverture est définie comme le nombre de reads qui,
après l’étape d’alignement, se chevauchent les uns les autres au sein d’une région
génomique spécifique. Par exemple, une couverture de 30x pour le gène XXXX signifie
que chaque nucléotide de ce gène est chevauché par au moins 30 reads distincts.
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Figure 1.18 – Présentation de la taille des reads et du nombre
de reads par run en fonction de la technologie de séquençage
utilisée d’après [142] : Chaque point représente une plateforme de
séquençage, la couleur détermine la marque du séquenceur.

La capture des parties à séquencer, avantages et in-
convénients

Pour de nombreuses applications, il peut être intéressant de ne séquencer qu’une partie
du génome et non pas son intégralité. Dans cette sous partie de génome ciblé on peut
trouver par exemple : une région génomique spécifique à laquelle une pathologie a déjà
été associée, l’ensemble des exons de certains gènes candidats, ou encore l’intégralité
des exons de l’ensemble des gènes codant pour une protéine. Dans ce dernier cas, on
parle alors de séquençage exomique ou whole exome sequencing (WES). Les principaux
avantages du WES par rapport au WGS sont son coût réduit ainsi qu’une masse de
données moins importante à stocker et à analyser. En effet, l’ensemble de l’exome ne
représente qu’environ 1% du génome entier. On considère cependant que ces parties
codantes contiennent plus de 90% des anomalies responsables de pathologies génétiques
chez l’homme. Pour ces raisons, le WES est considéré comme le standard dans le cadre
de recherche sur des pathologies génétiques et se révèle être un outil puissant pour
l’identification de variants associés à des pathologies [143]. Le procédé de séquençage
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est identique au WGS, il est simplement précédé d’une étape d’enrichissement au cours
de laquelle les exons sont capturés par hybridation à des sondes. De fait les exons
capturés sont donc dépendants du kit de capture utilisé, cette technique permet donc
de séquencer uniquement les exons connus et ciblés par les sondes. Il faut également
noter que depuis quelques années, plusieurs études ont remis en cause l’intérêt du
WES au profit du WGS, notamment car dans des conditions de séquençage standards,
la proportion des régions codantes, définies à la fois par RefSeq et Ensembl, séquencée
est plus importante dans le cas du WGS que dans le WES [144, 145]. De plus le WES
montre une plus grande sensibilité au pourcentage de GC contenu dans la région à
séquencer et à la sélection des kits de capture utilisés [145]. Ainsi, bien que le WES soit
encore à l’heure actuelle le choix privilégié dans la majorité des études, la réduction des
coûts de séquençage et du stockage des données, pourrait permettre prochainement au
WGS de remplacer totalement le WES ainsi que l’ensemble des techniques impliquant
la capture de séquences ciblées [145].

L’amplification

Dans la plupart des technologies, la phase de séquençage est précédée par une étape
d’amplification de l’ADN. Cette amplification se fait dans la grande majorité des
cas sur une surface solide excepté pour la PCR en émulsion qui s’effectue en phase
aqueuse. Elle permet d’obtenir dans une région définie plusieurs milliers de copies du
même fragment d’ADN, appelés des clones. Cette étape assure que le signal émis lors
du séquençage pourra être distingué du bruit. Chacun de ces spots d’amplification
appelés aussi centre de réaction, se retrouve donc être le représentant d’un unique
fragment d’ADN. Ceux-ci seront ensuite séquencés parallèlement aux autres spots.
Une plateforme de séquençage peut gérer plusieurs millions de ces centres de réactions
simultanément, séquençant ainsi plusieurs millions de molécules d’ADN en parallèle,
donnant ainsi le nom de séquençage massif en parallèle à ces techniques. Cette étape
d’amplification est généralement précédée d’une phase de fragmentation de l’ADN.
Cette fragmentation peut être physique, enzymatique ou bien chimique. Ce sont les
résidus d’ADN résultant de cette fragmentation qui seront ensuite amplifiés. Il existe
quatre stratégies utilisées pour le clonage de l’ADN dans le cadre du NGS :

1. La PCR en émulsion ou emPCR (Figure : 1.19 - a) : Le patron d’ADN
fragmenté simple brin est lié à une séquence adaptatrice complémentaire. Il
est capturé par une gouttelette aqueuse appelée micelle contenant une bille
recouverte d’adaptateur complémentaire à celui fixé sur le fragment d’ADN ainsi
que tous les composants nécessaires à la réaction de PCR. En respectant un ratio
nombre de molécules d’ADN / nombre de billes, on va fixer un seul fragment
d’ADN sur chaque bille. Chacune de ces billes sera donc, en fin de réaction,
recouverte par plusieurs milliers de copies de la même séquence d’ADN.

2. L’amplification par pont sur face solide (Figure : 1.19 - b) : Les fragments
d’ADN sont liés à des séquences adaptatrices et liés par une de leurs extrémités
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à une amorce fixée sur un support solide. Du fait de la dilution, les molécules
d’ADN se trouvent éloignées les unes des autres. L’extrémité libre du fragment
interagit avec les amorces situées à proximité formant une structure en pont,
d’où le nom de PCR en pont ou bridge-PCR. La PCR va alors synthétiser un
deuxième brin complémentaire aux fragments immobilisés sur le support. En
procédant à des cycles de température comme pour une réaction PCR classique,
on obtient à l’emplacement de chaque molécule d’ADN un massif de molécules
fixé sur la plaque, toutes identiques à la molécule initiale.

3. Amplification par modèle mobile ou walking-template (Figure : 1.19 -
c) : L’ADN fragmenté est lié à un adaptateur et à une amorce complémentaire
fixée sur un support solide. Le brin complémentaire du fragment sera synthétisé
par PCR à partir de l’amorce fixée. La molécule double brin nouvellement formée
sera ensuite partiellement dénaturée permettant à l’extrémité libre de se fixer à
une séquence amorce voisine. Des amorces reverse sont ensuite utilisées pour
resynthétiser un fragment d’ADN libre à partir des fragments fixés sur le support.

Figure 1.19 – Présentation des différentes stratégies d’am-
plification de l’ADN dans le cadre du NGS d’après [146] : a :
PCR en émulsion. b : amplification par pont. c : amplification par
modèle mobile.
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La réaction de séquence

La réaction de séquence est l’étape suivant l’amplification. Elle consiste à déterminer
l’ordre dans lequel se succèdent les nucléotides de l’ensemble des clones générés dans la
phase d’amplification. Il existe deux technologies principales permettant le séquençage
de reads courts :

1. Séquençage par synthèse (SBS) : Ce type de séquençage regroupe l’ensemble
des méthodes utilisant l’ADN polymérase pour synthétiser de l’ADN. En 2016,
Sahra Goodwin et ses collègues ont différenciés deux catégories de séquençage
par synthèse [146] :
a. Terminaison par cycle réversible, cyclic reversible termination (CRT)

(Figure : 1.20) : Cette méthode est caractérisée par l’utilisation de molécule
dites terminatrices auxquelles le groupement 3′ −OH est modifié de sorte
à éviter l’élongation [147], on parlera de groupement 3′ − bloqué. Une
amorce liée au fragment d’ADN permettra l’initialisation du processus de
polymérisation. À chaque cycle, un mix comprenant l’ensemble des quatre
désoxynucléotides (dNTPs), préalablement labélisés par un fluorophore
3′ − bloqué, est mis en contact du fragment. Après l’incorporation d’un
unique dNTP au fragment, les dNTPs non liés sont éliminés et la nature
du dNTP ajouté est identifiée grâce à son fluorophore. Le fluorophore et le
groupement 3′ − bloqué sont retirés permettant ainsi à un nouveau cycle
de commencer.

Figure 1.20 – Séquençage CRT tel qu’il est effectué par Illu-
mina d’après [146] : a : ajout d’un dNTP labellisé par un fluorophore
3’-bloqué. b : identification du dNTP ajouté grâce au fluorophore. c : le
fluorophore est clivé du dNTP et le groupement 3’-OH est reformé à
partir du groupement 3’-bloqué permettant ainsi l’élongation.
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b. Addition de nucléotides uniques (SNA) (Figure : 1.21) : l’initialisation de
la méthode SNA est identique à celle de la méthode CRT. La différence se fait
donc au moment de la phase d’élongation. Contrairement à la méthode CRT, le
mix contenant les dNTPs ne contient qu’un seul type de dNTP. Quatre mixes
différents sont donc présentés successivement au fragment d’ADN à séquencer,
ceux-ci se fixeront uniquement s’ils sont complémentaires à la séquence. Ces
dNTPs n’ont donc pas besoin d’être 3′ − bloqué puisqu’un seul dNTP est ajouté
à chaque itération. Après avoir présenté un mix, on vérifie si un dNTP s’est lié au
fragment. Lors des séquences homopolymériques (plusieurs nucléotides identiques
successifs dans la séquence), plusieurs dNTPs sont donc liés simultanément,
cela sera détecté car le signal émis est proportionnel au nombre de nucléotides
ajoutés.

Figure 1.21 – Séquençage SNA tel qu’il est effectué par Ion
Torrent d’après [146] : a : mise en présence du patron d’ADN à
séquencer avec un mix contenant un seul type de dNTP, si le dNTP
est complémentaire au patron, il se fixe et libère un proton permettant
d’identifier la liaison. b : dans le cas d’homopolymère, autant de protons
sont relâchés que de bases constituant l’homopolymère, le signal émis
est donc plus fort permettant d’identifier le nombre des dNTPs liés.
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2. Séquençage par ligation (SBL) (Figure : 1.22) : Par définition, cette méth-
ode est basée sur l’hybridation et la ligation de l’ADN à une sonde liée à un
fluorophore [148]. Ce processus utilise les caractéristiques de la ligase, une en-
zyme qui a pour fonction de catalyser la liaison de deux brins d’ADN par des
liaisons phosphodiester. La sonde est constituée d’une de ou deux bases connues,
on parle alors de one-base-encoded probes ou de two-bases-encoded probes suivies
d’une succession de bases “dégénérées” ou universelles, c’est à dire, de bases
capables de s’apparier avec n’importe laquelle des quatre bases de l’ADN.

Figure 1.22 – Séquençage SBL tel qu’il est effectué par SOLiD
d’après [146] : a : dans cette phase d’initialisation, un ensemble de
sondes composées de deux nucléotides connus suivis de bases dégénérées
et de bases universelles est reliée en 5’ à un fluorophore. De fait qu’il n’y
ait que quatre fluorophores différents, un même fluorophore est utilisé
pour quatre combinaisons de dinucléotides parmi les seize possibles. b :
après avoir été hybridé grâce à une ligase, au brin d’ADN à séquencé,
le fluorophore est identifié permettant ainsi de déduire l’une des quatre
combinaisons possibles à ce locus. c : le fluorophore ainsi qu’une partie
des bases non spécifiques sont clivés. d : les étapes b et c sont ensuite
répétées 10 fois permettant à chaque fois d’identifier de réduire la liste
des dinucléotides possibles au locus en question. e : les étapes b, c, et d
sont répétées sur le même brin avec un décalage d’un nucléotide jusqu’à
ce que chaque position ait été séquencée deux fois. f : en recoupant
les informations obtenues à chaque itération du cycle, la séquence
nucléotidique est reconstituée.
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1.6 L’analyse bioinformatique des données de
NGS

La stratégie consistant à séquencer en parallèle plusieurs millions de reads courts a
engendré de nombreux et nouveaux défis bioinformatiques dans l’analyse et l’interpré-
tation des données de séquençage et la recherche de variants dans le génome humain
[149, 150]. Ces techniques ont été appliquées dans différents contextes, notamment la
métagénomique [151], la détection de SNPs [152] et de variants structuraux [153, 154]
mais également dans des études portant sur la méthylation de l’ADN [155], l’analyse
de l’expression des ARNs messagers [156], dans la génétique du cancer [157] et la
médecine personnalisée [158]. Cependant, pour l’ensemble de ces applications, la grande
quantité de données générées par chaque analyse pose plusieurs défis informatiques
[159]. En effet, les progrès techniques des dernières décennies ont rendu possible le
séquençage de plusieurs millions des reads d’ADN en un temps relativement court et à
coût raisonnable. Ainsi, l’émergence du séquençage haut débit et notamment du WGS
et du WES a permis de réunir une quantité jusqu’à présent inégalée d’informations
sur les variations génétiques, et sur les gènes et leurs fonctions [160, 161]. Cependant,
de par leur nature et leur quantité, l’acquisition de ces nouvelles données a engendré
de nouvelles problématiques qui freinent les biologistes dans leurs recherches.

1.6.1 Les données fournies par le NGS

Un read, c’est quoi ?

Après la phase d’amplification, chaque clone est analysé, puis la séquence composant
chacun de ce clone est déterminée. La taille de cette séquence varie en fonction des
plateformes de séquençage mais est généralement comprise entre 40 et 300 pb pour le
NGS (Figure : 1.18). Depuis quelques années, un nouveau type de read est apparu,
le read paired-end. Contrairement au reads classiques (single-end), les deux extrémités
(les ends) du fragment d’ADN sont désormais séquencées. La distance approximative
séparant les deux extrémités du read étant connue, cela permet aux aligneurs d’utiliser
cette information afin d’améliorer leur précision, notamment dans les zones répétées
[162]. En plus de SNP, ce format permet de mettre en évidence des variants structuraux
[163].
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Le format FASTQ

Le format FASTQ (Figure : 1.23) est actuellement le format de données le plus
couramment utilisé dans le cadre du séquençage haut-débit. Sa création est cependant
antérieure à l’émergence du NGS puisqu’il fut inventé à la fin du XXième par Jim
Mullikin au Wellcome Trust Sanger Institute alors que le séquençage commençait
à prendre de l’ampleur grâce à des projets tels que le Projet Génome Humain. La
quantité de données générées par ces programmes a nécessité une analyse automatisée.
C’est ainsi que chaque base séquencée s’est vu associer un score de qualité appelé
Phred-score. Chaque séquence générait ainsi deux fichiers, un fichier FASTA contenant
les séquences et un fichier QUAL contenant les scores Phred associés à chaque base
du fichier FASTA [164]. Plus tard, afin de n’avoir à manipuler qu’un seul fichier, les
fichiers FASTA et QUAL furent fusionnés en ce que l’on appelle désormais le fichier
FASTQ. Ce format est aujourd’hui le plus utilisé par les différents séquenceurs. On
peut cependant noter certaines différences dans les formats FASTQ provenant des
différentes plateformes, puisqu’à l’époque, aucune spécification officielle n’avait été
donnée [164].

Figure 1.23 – Présentation d’un fichier FASTQ : Chaque read
présent au sein d’un fichier FASTQ est composé d’un label, d’une
séquence et d’un score de qualité associé à chaque nucléotide de la
séquence.

https://fr.wikipedia.org/wiki/Wellcome_Trust_Sanger_Institute
https://fr.wikipedia.org/wiki/Projet_G%C3%A9nome_Humain
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1.6.2 L’alignement

L’alignement constitue la première étape de l’analyse des données de NGS lorsqu’un
génome de référence est disponible. L’objectif de l’alignement est de déterminer la
position correcte de chacun des reads séquencés le long du génome de référence. Cette
référence est souvent construite à partir des données de séquençage de plusieurs
donneurs et ne représente donc pas la séquence d’un individu en particulier mais est
censée représenter la séquence consensus d’une espèce donnée. Par exemple, la séquence
de référence humaine GRCh37 (Genome Reference Consortium human build 37 ) a été
créée à partir de treize volontaires anonymes New-Yorkais. Dès lors, cette référence
servira de patron aux aligneurs afin qu’ils replacent correctement les différents reads
des individus séquencés. Cette étape peut être comparée à la reconstruction d’un
puzzle dans lequel les reads seraient les pièces et le génome de référence le modèle
(Figure : 1.24). Elle constitue probablement l’étape la plus importante de l’analyse
des données issues du séquençage haut débit [165] car elle est la base sur laquelle
repose l’ensemble des étapes effectuées en aval, notamment l’appel des variants [166].
Cependant, l’étape d’alignement est sujette à de nombreuses erreurs dont certaines
proviennent directement des erreurs survenues lors de l’étape de séquençage. D’autres,
sont dues aux caractéristiques des régions séquencées comme par exemple les séquences
répétées [167] qui pourront entraîner l’alignement d’un même read à plusieurs régions
du génome [168]. De nombreux aligneurs ont émergé afin de répondre au mieux à cette
problématique tel que Bowtie [169], Bowtie2 [167], BWA [170], NovoAlign, MAGIC
[171]. De nombreuses études ont cependant montré de grandes différences entre ces
aligneurs, au niveau du temps de calcul, de leur coût en mémoire et de leur taux
d’erreur [172–174].
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Figure 1.24 – Représentation schématique de l’alignement de
reads paired-end : A : représentation du génome de référence ainsi
que de reads paired-end avant l’étape d’alignement. Les reads paired-end
sont composés d’une extrémité forward (en vert) complémentaire du
brin sens du génome de référence et d’une extrémité réverse (en jaune),
complémentaire du brin anti-sens du génome de référence. Chacune
de ces extrémités est séparée par un insert de taille connue mais de
séquence inconnue. B : après l’étape d’alignement, chaque read est
repositionné sur la région du génome avec laquelle il présente la plus
grande homologie de séquence. Le nombre de reads différents recouvrant
une même position du génome de référence est appelé couverture.
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1.6.3 L’appel des variants

L’appel des variants, ou variant calling, fait référence à l’ensemble des méthodes
permettant d’identifier des SNVs ou des indels à partir des résultats de l’alignement.
Cette étape est souvent différenciée de l’alignement, cependant, les résultats de l’appel
étant extrêmement dépendants de l’alignement, il est conseillé d’effectuer son appel
en tenant compte de l’aligneur choisi [166, 175, 176]. On appellera variant toute
différence de séquence observée entre un individu et la séquence de référence utilisée.
Pour reprendre la comparaison avec la construction d’un puzzle, cette étape consiste
à détecter quelles sont les pièces qui présentent des différences avec le modèle.

Figure 1.25 – Illustration schématique du processus d’appel
des variants : Pour chaque position couverte, le pourcentage de read
portant un allèle variant est analysé. Lorsque l’on est proche des 100%
l’appel est homozygote pour le variant, lorsque l’on est proche des 50%
l’appel est hétérozygote. Lorsqu’à une position donnée, peu de reads
portent un variant, la cause est souvent une erreur de séquençage.

De nombreux logiciels d’appel des variants, ou callers, basés sur des algorithmes
différents ont émergé ces dernières années pour répondre à cette problématique. Parmi
les plus connus on note SAMtools [177], Genome Analysis Tool Kit - HaplotypeCaller
(GATK-HC) [178], Freebayes [179], SOAPsnp [180] et Torrent Variant Caller (TVC).
Les quatre premiers, peuvent être utilisés pour analyser des données provenant de tout
type de plateforme de séquençage tandis que TVC a été développé spécifiquement
pour les données provenant de Ion Proton. La plupart de ces callers se basent soit sur
des méthodes heuristiques, soit sur des méthodes probabilistes :

1. Les méthodes heuristiques : dans ces méthodes, le nombre d’allèle variant
et le nombre d’allèle référence observés sont comptés pour chaque individu sur
l’ensemble des positions séquencées. Le génotype de l’individu à cette position
donnée est ensuite déterminé en utilisant des valeurs seuils. Ces valeurs seuils
peuvent être arbitraires, néanmoins ces méthodes montrent de meilleurs résultats
lorsque celles-ci sont déterminées empiriquement [181].

2. Les méthodes probabilistes : ces méthodes utilisent le théorème de Bayes
afin de calculer pour chaque position la vraisemblance (p(D|G)) de l’ensemble
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des génotypes (G) possibles (homozygote référence, hétérozygote et homozygote
variant). Avec, D représentant l’ensemble des informations fournies par les
données (couverture, qualité, nombre de reads variants / références. . . ) pour
un individu donné à une position donnée. Ainsi, en utilisant une probabilité a
priori p(G), le théorème de Bayes permet de calculer la probabilité a posteriori
p(D|G). Le génotype ayant la probabilité a posteriori la plus élevée est choisi,
ainsi, Ĝ = argmax(p(G|D)). Le ratio entre la plus forte probabilité et la seconde
plus forte probabilité peut être ensuite utilisé pour mesurer la confiance dans le
génotype appelé. De nombreux logiciels comme SAMtools, SOAPsnp et Genome
Analysis Tool Kit - HaplotypeCaller (GATK-HC) utilisent cette approche. Ceux-
ci utilisent la même méthode bayésienne pour calculer leurs probabilités a
posteriori et ensuite déterminer le génotype. En revanche, ces logiciels diffèrent
dans les probabilités a priori qu’ils utilisent. Par exemple, SAMtools et GATK
fixent leur probabilité a priori pour un variant hétérozygote inconnu à 0.001 et
à 0.2 pour un variant hétérozygote connu. Bien que, GATK utilise des étapes
de pré-traitement et de post-traitement plus avancées, comme le réalignement
local autours des éventuels indels. SOAPsnp utilise un model plus complexe
pour déterminer les probabilités a priori en traitant, par exemple, les transitions
(A↔G, C↔T) et les transversions (A/G↔C/T) différemment.

Les données issues de NGS peuvent présenter un taux d’erreur important. Ce taux
d’erreur est multifactoriel et inclut notamment les erreurs de l’alignement. L’un des
éléments clef à prendre en compte pour pouvoir effectuer un appel de qualité est la
couverture de la position appelée [141]. Cependant, malgré la prise en compte de cet
élément, l’appel de variants reste un processus difficile souvent lié à plusieurs erreurs.
Plusieurs de ces erreurs sont même directement liées à la plateforme de séquençage
utilisée en amont, et les différents logiciels ne présentent pas les mêmes performances
en fonction de ces différentes plateformes [182]. C’est pourquoi, il convient d’adapter
le logiciel d’appel en fonction de la plateforme de séquençage utilisée préalablement.
Les erreurs d’appel sont généralement classées en trois catégories et certains aligneurs
auront tendance à être plus sujets à l’un de ces types d’erreur qu’à l’autre (Figure :
1.26) :

1. Oubli de l’allèle de référence (IR, ignore the reference allele) : représente un
variant appelé homozygote correspondant en réalité à un variant hétérozygote
composé de l’allèle de référence et d’un allèle variant.

2. Ajout de l’allèle de référence (AR, adding the reference allele) : représente
un variant appelé hétérozygote composé de l’allèle de référence et d’un allèle
variant correspondant en réalité à un variant homozygote composé de deux
allèles variants.

3. Autres : incluent l’ensemble des autres types d’appel erronés indépendamment
de l’allèle de référence.
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Figure 1.26 – Représentation des erreurs d’appel de type IR
et AR en fonction de la plateforme de séquençage et du logi-
ciel d’appel d’après [182] : Pour la plateforme Illumina, on peut
voir que Freebayes favorise les appels variant-homozygote tandis que
GATK-HC et SAMtools favorisent les appels hétérozygotes. Pour la
plateforme Ion Proton, les quatre logiciels entraînent des erreurs de type
IR

De même que pour l’aligneur, le choix du logiciel d’appel est crucial car il existe
de nombreuses différences dans les variants appelés par différents logiciels se basant
sur les mêmes données brutes [183–185]. En effet, en 2013, une étude comparant les
résultats de 5 callers montraient que seulement 57,4% des variants étaient appelés
par les 5 callers et que 80,7% des variants étaient appelés par au moins 3 d’entre eux.
Ce taux chutait drastiquement pour les indels puisque la concordance était cette fois
seulement de 26,8% pour les indels non retrouvés par les 3 callers [184]. Ces résultats
sont cependant à pondérer avec une étude de 2015 comparant 4 callers et montrant
que 91,7% des SNVs séquencés sur une plateforme Illumina étaient appelés par 3
callers, cependant, pour les variants séquencés sur Ion Proton, seulement 27,3% des
variants étaient appelés par au moins 3 callers et 57,4% des variants n’étaient appelés
que par un seul des callers [182].
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1.6.4 L’annotation des variants

Traditionnellement, les scientifiques et les laboratoires dans lesquels ils travaillaient
développaient leur expertise dans un nombre de pathologies et de gènes associés
limité. L’émergence du NGS est en train de remettre en cause cette pratique car
la totalité de l’exome ou du génome peut permettre de couvrir tous les gènes en
une seule et même analyse. De nombreux praticiens maintiennent cependant une
spécialisation pour certains groupes de pathologies qui est précieuse pour l’analyse
des données et l’obtention d’un diagnostic. En effet il est courant de retrouver entre
20.000 et 25.000 variants différents par exome [186]. Afin de pouvoir lier un variant
à une pathologie, il est indispensable d’annoter cet ensemble de variants, c’est à
dire d’associer à ces variants l’ensemble des informations qui les caractérisent afin de
pouvoir les replacer dans leur contexte biologique. Ces informations serviront ensuite
d’indicateur afin de filtrer ou de prioriser un variant. Cette dernière étape de l’analyse
est, elle aussi, cruciale puisqu’elle permet de réduire le nombre de variants à considérer.
On peut généralement distinguer deux niveaux d’annotations d’un variant (Figure :
1.28) :

1. Au niveau du variant : Ce niveau d’annotation regroupe l’ensemble des
informations spécifiques à un variant
a. Informations issues des résultats du séquençage : la couverture du

variant ainsi que la qualité qui lui est associée peuvent permettre de
considérer un variant comme étant fiable ou non. Le génotype associé à ce
variant est également une information importante.

b. La fréquence du variant dans la population générale : l’émergence
du séquençage haut-débit a permis de gros consortiums tels que ESP6500
(Exome Variant Server, NHLBI GO Exome Sequencing Project (ESP),
Seattle, WA), 1KG [187]. Ces consortiums ont pu mettre à disposition du
public des données de séquençage exomique de 6503 individus pour ESP et
de 2504 pour la phase 3 du 1000Genomes. On peut également noter l’Exome
Aggregate Consortium (ExAC) [128] qui n’a effectué aucun séquençage mais
qui a regroupé les données de plusieurs gros jeux (notamment 1000Genome
et ESP) afin de leur appliquer la même analyse bioinformatique harmonisant
ainsi les données provenant de 60.706 individus non apparentés. Cette masse
d’information permet de se faire une idée de la fréquence d’un variant dans
la population générale et même au sein de sous-populations humaines. On
considère qu’un variant fréquent ne peut pas être délétère, sinon il aurait
été contre-sélectionné au cours de l’évolution.

c. Son impact sur le transcrit : Dans la plupart des analyses phénotype-
génotype, les chercheurs se limitent aux variants chevauchant des transcrits
codants pour une protéine. Il est donc important de savoir l’impact d’un
variant sur ce transcrit, c’est à dire si le variant va causer une mutation
synonyme, un faux-sens ou une mutation tronquante. Des logiciels tels que
Variant Effect Predictor (VEP) [188], SnpEff [189] ou encore ANNOVAR

http://evs.gs.washington.edu/EVS/
http://evs.gs.washington.edu/EVS/
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[190] vont prédire l’impact qu’aura un variant sur les différents transcrits
qu’il chevauche. D’autres logiciels tel que SIFT [191], PROVEAN [192],
Polyphen2, ou encore CADD vont, eux, chercher à prédire la pathogénicité
de ce variant, c’est à dire la probabilité que ce variant soit délétère pour
la fonction de la protéine. Bien que cette information soit importante, elle
est à pondérer, étant donné le peu de concordance qu’il existe entre les
prédictions de ces différents logiciels (Figure : 1.27).

Figure 1.27 – Diagramme de Venn des prédictions de
pathogénicité de variants de six logiciels d’après [193] : Les
six logiciels utilisés sont : CADD [194] (marron), SIFT [191] (vert),
PolyPhen2 [195] (bleu), Provean [192] (rouge) MutationTaster [196]
(violet) et UMD-Predictor [197] (orange).



1.6. L’analyse bioinformatique des données de NGS 59

2. Au niveau du gène (ou transcrit) : L’annotation au niveau du gène consiste
à récupérer l’ensemble des informations disponibles non plus sur le variant
uniquement mais sur le ou les gènes qu’il impacte. Ce “dézoom” permet d’ajouter
des informations complémentaires particulièrement utiles notamment lorsque
peu d’informations sont disponibles sur le variant lui-même. En pratique, la
plupart des variants connus pour impliquer une pathologie sont des variants
privés, c’est à dire spécifiques à une famille ou à un individu, limitant ainsi la
quantité d’information disponible sur ce variant. Élargir l’annotation au niveau
des gènes impactés par des variants permet d’augmenter considérablement la
quantité d’information disponible et permet donc d’améliorer la capacité des
algorithmes à filtrer et / ou prioriser les variants rendant donc les analyses plus
efficaces. On peut relever certains logiciels tel que le Protein ANalysis THrough
Evolutionary Relationships (PANTHER) [198] qui permettent par exemple de
classer une liste de gènes en fonction de leurs fonctions moléculaires, des processus
biologiques et des voies de signalisation dans lesquelles ils sont impliqués. On
peut également noter the Human Phenotype Ontology project (HPO) [199] qui
fournit un vocabulaire standardisé pour les anomalies phénotypiques observées
dans les pathologies humaines et une liste de gènes connus pour être associés à
ces phénotypes. Plus récemment, on a pu voir émerger des “scores mutationnels”
tel que RVIS [200] ou encore le pLI [128]. En se basant sur les bases de données
telle que ESP ou encore ExAC, ces scores permettent de classer les gènes en
fonction de leur tolérance (ou intolérance) aux variations avec l’idée sous-jacente
que “les gènes impliqués dans des pathologies à transmission mendéliennes”
devraient être moins tolérants aux variations que les autres.

Figure 1.28 – Représentation simplifié du processus d’anno-
tation : On peut observer deux niveaux d’annotation, le premier est
l’annotation des variants consistant à ajouter un maximum d’informa-
tion sur un variant spécifique (sa fréquence, son impact. . . ). La deuxième
est au niveau du gène, consistant à récupérer pour les gènes impactés
par les variants l’ensemble des informations disponibles tel que les pro-
cessus biologiques dans lesquels il est impliqué, ou encore son expression
tissulaire.
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1.6.5 Le filtrage des variants

L’étape de filtrage a pour principal objectif de restreindre le nombre de variants obtenu
à l’issus de l’appel afin que ceux-ci puissent être analysés par un être humain. Pour cela
il utilise l’ensemble des information obtenues lors de l’étape d’annotation afin de filtrer
les variants ayant le moins de risque d’être responsables du phénotype. Communément,
les variant ayant une forte fréquence dans les bases de données ExAC, ESP6500 ou
encore 1KG sont filtrés avec l’idée sous-jacente que des variants observés fréquemment
dans la population ne peuvent être responsables de phénotypes sévères.

Comme nous l’avons vu, le développement d’outils permettant l’analyse et le filtrage
des données NGS est extrêmement important puisqu’il permet aux biologistes de
faire face à la masse de données générée par le séquençage haut-débit l’aidant ainsi
dans ses prises de décisions. Il est à noter que la plupart de ces données filtrées sont
extrêmement dépendantes du jeu de transcrits utilisés. Les prédictions seront donc
différentes si l’on se base sur les transcrits RefSeq, Ensembl ou UCSC [201] bien que les
transcrits du Consensus Coding Sequence project (CCDS) soient bien représentés par
ces trois listes [203]. De même, pour une même liste de gène, de nombreuses différences
seront observées en fonction du ou des logiciels de prédiction utilisés [193, 201].

Figure 1.29 – Représentation simplifié du processus de fil-
trage des variants : L’ensemble des annotations ajoutées lors de
l’étape précédente servent alors de support pour filtrer (ou non) les
variants. Il est par exemple commun de filtrer les variants ayant une forte
fréquence dans la population générale ou encore ceux ayant un impact
faible sur la protéine. De même dans le cas d’étude sur des patholo-
gies ayant un mode de transmission récessif, les variants hétérozygotes
pourront être également filtrés.
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1.6.6 Conclusion NGS

En moins de 10 ans, les technologies NGS sont passées du séquençage de panels de
gènes (environ 100 Mb pour le Roche GS FLX system) au séquençage de génomes
entiers (environs 1500 GB pour l’Illumina Hiseq 4000) et d’une utilisation exclusive à
la recherche à l’analyse en routine dans un cadre de diagnostics cliniques. Le nombre
croissant d’études utilisant le WGS ou le WES démontre le pouvoir de ces approches
dans des analyses phénotype-génotype impliquant des pathologies à transmission
mendélienne. De plus, la diminution constante des coûts par génomes / exomes
séquencés laisse supposer que ces technologies deviendront d’ici peut le fer de lance
de la génétique clinique moderne. Cependant, la quantité de données produites crée
de nouvelles problématiques pour les généticiens qui se retrouvent désormais face
au “déluge de données génétiques” [204]. Le succès d’une étude n’étant plus lié aux
capacités de séquençage mais aux compétences dans l’analyse et l’interprétation des
données produites à chaque étape (Figure : 1.30). Bien que de nombreux efforts soient
faits pour palier la contrainte instaurée par les reads courts dans le cadre d’analyse
génomique, les solutions informatiques et bioinformatiques proposées jusqu’à présent
restent en dessous des besoins créés par NGS [205]. Cette masse de données produite,
à l’origine du succès du séquençage haut-débit dans le domaine de la génomique
et de la post-génomique, se trouve désormais être un frein à la compréhension et
à l’interprétation des réseaux de gènes et leurs implications dans des pathologies.
La limitation de cette technologie n’est donc plus le séquençage d’un, de plusieurs,
ou de l’ensemble des gènes, mais plutôt l’analyse et l’interprétation des données
générées. Le processus allant de l’extraction de l’ADN à l’identification d’un variant
responsable d’une pathologie comprend de nombreuses étapes apportant avec elles
leurs lots d’erreurs. Bien que dans chacune de ces phases, de nombreux acteurs soient
en concurrence et cherchent à atteindre une solution idéale, celle-ci n’a toujours pas été
trouvée et la prolifération des logiciels et algorithmes d’analyses, bien que nécessaire,
peut également parfois augmenter la confusion.

Malgré les dizaines de milliers d’exomes et de génomes ayant été jusqu’à présent
étudiés, notre compréhension des mécanismes moléculaires qui sous-tendent la variété
génomique humaine reste limitée, et ce particulièrement dans le contexte de l’analyse
de pathologies génétiques. En effet, à l’heure actuelle, plus de 3700 pathologies à
transmission mendélienne ont été caractérisées mais un nombre similaire a toujours
une cause inconnue [206]. L’élucidation de ces mystères passera probablement par une
harmonisation des méthodes de production des données ainsi que par l’amélioration
des techniques d’analyses.
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Figure 1.30 – Récapitulatif des différentes étapes du
séquençage NGS dans le cadre d’une étude phénotype-
génotype : L’ADN est d’abord extrait, puis fragmenté. Les fragments
sont liés à des adaptateurs puis amplifiés. Ces amplifiats sont alors isolés
et soumis à une amplification clonale (schéma de l’amplification clonale
est adapté d’après [146]). Chacun des clones est ensuite séquencé. Les
reads générés à l’issu du séquençage sont stockés dans des fichiers FASTQ
qui serviront de base pour l’étape d’alignement à la suite de laquelle, les
variants et leur génotype seront appelés puis annotés. Ces annotations
serviront ensuite pour filtrer les variants jugés non pertinent dans le
cadre de l’étude, les variants / gènes restant seront ensuite prioriser de
sorte à identifier le/les variant(s) responsable(s) du phénotype.
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“There can be only one”. Et après ?

Malgré l’identification régulière de nouveaux gènes depuis plusieurs années, la très
grande majorité des cas d’infertilité reste encore inexpliquée et sans cause génétique
connue. Ce faible taux de succès peut s’expliquer en partie par une grande hétérogénéité
génétique pour de nombreux phénotypes. Par exemple, il est estimé qu’entre 1500 et
2000 gènes sont impliqués dans le contrôle de la spermatogénèse parmi lesquels 300 à
600 sont spécifiquement exprimés dans les cellules germinales masculines, on s’attend
logiquement à ce que des anomalies génétiques portant sur ces gènes perturbent la
fertilité masculine [207].

Dans ce contexte, l’objectif de ma thèse a été double. D’une part j’ai cherché à montrer
que l’utilisation des nouvelles technologies de séquençage ainsi que l’utilisation d’une
stratégie d’analyse des données adaptée pouvaient permettre d’identifier de nouvelles
causes d’infertilité, améliorant ainsi l’efficacité des diagnostiques génétiques pour
ces pathologies. D’autre part, ma thèse a également eu pour but d’améliorer nos
connaissances sur les mécanismes moléculaires impliqués dans la spermatogénèse.

L’ensemble de ce manuscrit a été rédigé sous l’environnement de développement
Rstudio [208] en langage Rmarkdown grâce au package thesisdown https://github.
com/ismayc/thesisdown. L’ensemble du manuscrit, les codes des différents graphiques
qui le composent ainsi que ceux des principaux scripts développés pendant ma thèse
sont consultables sur ma page GitHub : https://github.com/tkaraouzene/.

https://github.com/ismayc/thesisdown
https://github.com/ismayc/thesisdown
https://github.com/tkaraouzene/
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En 2011, les bases moléculaires d’environ 3700 pathologies à transmission mendéli-
enne avaient été élucidées. Cependant, pour une quantité équivalente de pathologies
Mendéliennes (ou suspectées de l’être) cette cause reste un mystère [206]. Avec plusieurs
centaines de pathologies caractérisées depuis 2010 [209], les séquençages WGS et WES
ont, depuis leur émergence, révolutionné les méthodes de recherche dans le cadre
d’étude phénotype-génotype en permettant de manière rapide et à moindre coût le
séquençage de la quasi-totalité des gènes humains. Dès lors, le défi de ces analyses n’est
plus le séquençage de l’ADN mais l’interprétation des données massives produites. En
effet, l’un des plus grands challenges des analyses phénotype-génotype réalisées par
WES réside dans l’analyse de l’importante quantité de variants portée par chaque
individu s’élevant à plusieurs dizaines de milliers lorsque l’on compare avec le génome
de référence. Même après avoir retiré les variants retrouvés fréquemment dans la
population générale, des méthodes additionnelles sont nécessaires pour prédire, parmi
les variants restant, lesquels induisent des conséquences fonctionnelles sérieuses afin
de les prioriser [210]. De nombreux logiciels tel que Variant Effect Predictor [188],
SnpEff [189] ou encore ANNOVAR [190] permettent d’identifier quels sont les variants
qui ont un effet tronquant sur la protéine. Cependant, avec en moyenne 165 variants
homozygotes ayant un effet tronquant retrouvés dans chaque exome [210] ces méthodes,
bien qu’efficaces sont souvent insuffisantes.

D’autres logiciels tel que Exomiser [211] vont, à partir d’une liste de variants déjà
appelés, effectuer les étapes d’annotation, de filtrage et de priorisation. Malgré l’effi-
cacité de ces logiciels, aucun d’entre eux ne couvre l’ensemble des étapes allant de
l’alignement des reads à la priorisation des variants, la plupart ayant pour point de
départ une liste de variants appelés en amont. Ils ne contrôlent donc en aucune manière
les étapes d’alignement et d’appel des variants. Or, comme il a été dit plus tôt, ces
deux étapes constituent la base de l’analyse. Ce chapitre décrit à la fois la constitution
d’ExSQLibur, un pipeline d’analyse des données de séquençage exomique recouvrant
l’ensemble des étapes allant de l’alignement des séquences à la priorisation des vari-
ants ainsi que son utilisation dans le cadre de la recherche de mutations entrainant
différents phénotypes d’infertilité d’une part au sein de cas familiaux et, d’autre part,
au sein d’une large cohorte d’individus non apparentés présentant tous un phénotype
MMAF. L’ensemble des scripts de ce pipeline ont été écrits en Perl v5.10.1 et sont
récupérables à l’adresse suivante : https://github.com/tkaraouzene/ExSQLibur.
Les graphiques ont été réalisés en v3.4.1 [212] notamment grâce aux packages
ggplot2 [213] et cowplot https://CRAN.R-project.org/package=cowplot.

https://github.com/tkaraouzene/ExSQLibur
https://CRAN.R-project.org/package=cowplot
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2.1.1 L’alignement des reads

Comme expliqué plus tôt, l’étape d’alignement a pour objectif de repositionner l’ensem-
ble des reads d’un individu le long d’un génome de référence. Cette étape peut ainsi être
comparée à la reconstruction d’un puzzle dans lequel chaque read peut être assimilé
à l’une des pièces tandis que le génome de référence serait ici le modèle (Figure :
1.24).

L’ensemble de nos exomes ayant été réalisés en paired-end, les deux extrémités de
chaque fragment sont séquencées. Chaque extrémité (ou end) d’un même read peut
donc être considérée comme un read à part entière qui est aligné indépendamment
le long du génome de référence ; l’information fournie par le paired-end n’étant utilisée
qu’a posteriori en tant que critère qualité. Au sein d’ExSQLibur, cette étape est
effectuée par le logiciel MAGIC [171] (dont les codes sont téléchargeables au lien
suivant : ftp://ftp.ncbi.nlm.nih.gov/repository/acedb/Software/Magic), qui,
dans le cadre de nos études, s’est basé sur la version hg19 / GHRC37 du génome de
référence. Le logiciel MAGIC implémente une version améliorée de l’algorithme “hash
and extend”. Les reads sont indexés (hashed) par des 16-mers. Le génome est ensuite
scanné et les reads sont ancrés à celui-ci selon les correspondances exactes des 16-mers.
Les alignements sont ensuite étendus en autorisant les indels et les mésappariements
(mismatches). Enfin, un score d’alignement basé sur l’algorithme de Smith-Waterman
[214] est calculé en ajoutant 1 pour chaque correspondance et -4 pour chaque mismatch.
Les meilleurs alignements pour lesquels au moins 70% du read est aligné sont ensuite
conservés. Suite à cet alignement, plusieurs critères sont observés afin de filtrer les
reads présentant une faible qualité d’alignement.

Ainsi, le premier de ces filtres consiste à tout d’abord filtrer l’ensemble des reads
dupliqués, c’est à dire les reads ayant des séquences parfaitement identiques, ceux-ci
étant souvent le résultat d’un excès d’amplification au moment des PCRs effectuées
en amont. De la même manière, afin d’éviter toute ambiguïté au moment de l’in-
terprétation des résultats, l’ensemble des reads s’étant aligné sur plusieurs régions
du génome est aussi filtré. Une fois cela fait, nous vérifions la “compatibilité” des
deux ends composant chacun des reads restant. Un read est dit compatible lorsque
les deux ends qui le composent s’alignent face à face (une sur le brin sens du génome
de référence et l’autre sur le brin anti-sens) et couvrent une zone ne faisant pas plus
de 3 fois la taille médiane de l’insert. Les reads dont les deux ends se sont alignées
mais ne remplissant pas ces conditions seront dits “non compatibles”, ceux dont une
seule des deux ends s’est alignée seront appelés “orphelins” et enfin ceux pour lesquels
aucune des deux ends ne se sont alignées sont appelés “non-alignés”. L’ensemble des
reads “non-compatibles”, “orphelins” et “non-alignés” sont, en raison de leur faible
qualité, filtrés et donc non considérés pour les analyses en aval. Les reads ayant passé
l’ensemble des critères qualité mentionnés précédemment seront, eux, utilisés pour

ftp://ftp.ncbi.nlm.nih.gov/repository/acedb/Software/Magic
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effectuer l’appel des variants.

2.1.2 L’appel des variants

Si l’alignement des séquences peut être comparé à la reconstruction d’un puzzle, l’appel
des variants pourrait lui être vu comme un jeu des sept erreurs, au cours duquel, pour
chaque position couverte, les différences entre la séquence de l’individu séquencé et le
génome de référence seront listées et appelées variants. Cette étape est donc sensible
aux différentes erreurs systématiques pouvant se produire lors des étapes précédentes.
Par exemple, les séquenceurs Illumina vont avoir tendance à “se tromper” à la position
T des motifs GGT [215]. De fait, cette erreur devrait a priori se produire uniquement
lors du séquençage dans un seul des deux sens, celui contenant ce motif. Les reads
alignés sur le brin complémentaire contiendront dès lors la séquence correcte. Or à
ce jour, les logiciels d’appels ne permettent pas d’identifier ces erreurs systématiques.
C’est pourquoi nous avons, au sein de notre laboratoire, développé un algorithme
d’appel des variants que j’ai contribué à améliorer permettant d’identifier ces erreurs.
Cet algorithme, bien que naïf, a la particularité d’effectuer deux appels indépendants.
Le premier sera effectué uniquement en tenant compte des reads séquencés sur le sens
forward et le second avec les reads séquencés dans le sens reverse. Pour cela, l’appel
sera directement basé sur quatre comptages (R+, R−, V+ et V−) fournis par MAGIC
pour chaque position suffisamment couverte :

1. R+ et R− : Ces deux comptages correspondent au nombre de reads forward (+)
et reverse (-) sur lesquels est observé l’allèle de référence (R) à une position
donnée.

2. V+ et V− : À l’inverse de R+ et R−, ces comptages correspondent au nombre
de reads forward et reverse sur lesquels est observé un allèle variant (V) à une
position donnée.

Ainsi, les sommes : R+ + V+ et R− + V− indiqueront respectivement la couverture
d’une position en ne tenant que des reads forward et reverse. En fonction de ces
couvertures, nos appels seront classés en trois catégories :

1. Les appels double strand (DS) : ils qualifient les positions ayant une couver-
ture ≥ 10 sur les deux strands. Ces appels sont ceux ayant la meilleure qualité.
Le choix de la valeur 10 comme critère de couverture minimum est basée sur
l’analyse de nos données et sera explicité plus tard dans le manuscrit.

2. Les appels single strand (SS) : ces appels définissent les positions pour
lesquelles un des deux strands présente une couverture ≤ 10. Dans ce cas, ce
strand est ignoré et l’appel est effectué uniquement en utilisant le second strand.

3. Les appels no strand (NS) : les positions NS sont celles pour lesquelles la
couverture est ≤ 10 sur les deux strands. Aucun appel n’est effectué à ces
positions qui ne sont pas conservées dans la suite des analyses.
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Ensuite, pour chaque position couverte, des appels indépendants seront effectués pour
chaque strand de telle sorte que, pour chacune de ces positions si :

1. 0 à 20% des reads portent un variant, la position est appelée homozygote
référence.

2. 20 à 40% des reads portent un variant, l’appel sera considéré comme ambigu
bas. Cette région est elle-même subdivisée en deux sous-région, 20 à 30% et 30
à 40%.

3. 40 à 75% des reads portent un variant, la position est appelée hétérozygote.
4. 75 à 85% des reads portent un variant, l’appel sera considéré comme ambigu

haut. Cette région est elle-même subdivisée en deux sous-région, 75 à 80% et
80 à 85%.

5. 85 à 100% des reads portent un variant, la position est appelée homozygote
variant.

Pour les positions DS, la concordance des appels fournis par chaque end est ensuite
vérifiée. Comme dit plus tôt, cette vérification de la concordance des appels entre les
reads forward et reverse a pour principal intérêt de filtrer les erreurs systématiques
pouvant survenir lors du processus de séquençage. Ainsi, un variant sera considéré
(Figure : 2.1) :

1. Homozygote référence, si les deux appels sont homozygotes références, ou,
un des appels est homozygote référence et l’autre se situe dans la sous-région
20-30% de la région ambigu bas.

2. Hétérozygote, si les deux appels sont hétérozygotes, ou, si l’un des appels est
hétérozygote et l’autre se situe dans la sous-région 30-40% de la région ambigu
bas ou bien dans la sous-région 75-80% de la région ambigu haut.

3. Homozygote variant, si les deux appels sont homozygotes variants, ou, un
des appels est homozygote variant et l’autre dans la sous-région 75-85% de la
région ambigu haut

4. Ambigu, si les deux appels sont ambigus bas ou s’ils sont tous les deux ambigus
haut.

5. Discordant, pour toutes les combinaisons restantes.

Pour les positions SS, l’appel final correspondra directement à l’appel effectué sur
l’unique strand suffisamment couvert. Ces variants, bien que conservés seront, en
raison des erreurs dont ils peuvent être la source, considérés comme de faible qualité.
Les appels ambigus et discordants seront, eux, filtrés.
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Figure 2.1 – Détail de l’appel général effectué pour les appels
DS : Illustration de l’appel des génotypes effectué en fonction du
pourcentage de reads variants observés sur chacun des deux strands de
séquençage (forward et reverse). Le génotype général est appelé si les
génotypes des deux brins sont les mêmes ou si l’un des deux est dans la
zone ambiguë adjacente au premier. Les zones vertes correspondent aux
appels homozygotes références, les zones orange, hétérozygotes et rouges
homozygotes variants. Les zones grises sont les appels ambigus tandis
que les noires sont les appels discordants. Ces deux derniers appels ne
sont pas conservés dans la suite des analyses.
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2.1.3 L’annotation

Chaque variant retenu sera ensuite annoté par le logiciel Variant Effect Predictor
(VEP) [188] qui nous indiquera pour chaque variant la conséquence que celui-ci aura
sur la séquence codante de l’ensemble des transcrits Ensembl qu’il chevauche (Figure :
2.2, Table : 2.1). Dans le cas d’une substitution faux-sens, c’est à dire entrainant
le changement d’un seul acide-aminé de la séquence protéique, nous utilisons les
prédictions fournies par SIFT et PolyPhen afin d’estimer leur pathogénicité. Ensuite,
nous ajoutons, pour chaque gène, son expression tissulaire en nous basant sur les
données Ensembl [216] générées par le projet Illumina BodyMap qui recense les
données RNAseq des gènes humains pour 16 tissus différents. Puis nous ajoutons,
lorsque celle-ci est disponible, la fréquence du variant dans les bases de données ExAC
[128], ESP600 (Exome Variant Server, NHLBI GO Exome Sequencing Project (ESP),
Seattle, WA) et 1000Genomes [187] donnant ainsi une estimation de sa fréquence dans
la population générale. De même, la particularité d’ExSQLibur est que chaque variant
qu’elle a identifié alimente une base de données interne (en SQLite) pouvant par la
suite servir de contrôle lors de l’analyse d’individus présentant un phénotype différent
de ceux étudiés précédemment. L’intérêt d’une telle base, par rapport aux bases de
données tel que ExAC, est qu’elle permet d’utiliser, comme contrôle, des individus
ayant subi le même protocole de séquençage et la même analyse bio-informatique,
permettant ainsi de mieux identifier, et donc filtrer, les erreurs systématiques pouvant
arriver à chacune des étapes.

Figure 2.2 – Listes des différentes conséquences prédites par
VEP et leur positionnement sur le transcrit d’après : Variant
Effect Predictor web site

http://evs.gs.washington.edu/EVS/
http://evs.gs.washington.edu/EVS/
http://www.ensembl.org/info/genome/variation/consequences.jpg
http://www.ensembl.org/info/genome/variation/consequences.jpg
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2.1.4 Le filtrage des variants

L’étape de filtrage est primordiale si l’on souhaite analyser de manière efficace les
données provenant de WES. C’est pourquoi, elle occupe une place importante dans
ExSQLibur. L’intégralité des paramètres de cette étape peut être modifiée par l’utilisa-
teur pour faire correspondre les critères de filtres aux besoins de l’étude. Afin de rendre
son utilisation la plus efficace possible, nous avons souhaité définir des paramètres par
défauts pertinents dans la plupart des études de séquençage exomique de sorte que,
sauf si le contraire est spécifié, les filtres suivants seront appliqués :

1. Filtre 1 : L’union des variants : quand des individus présentent un lien
de parenté et présentent le même phénotype, seuls les variants observés chez
l’ensemble des individus sont conservés.

2. Filtre 2 : Génotype des variants : ce ExSQLibur a été développé, avant tout,
pour la recherche de variants impliqués dans des pathologies à transmission réces-
sive. C’est pourquoi, dans le cadre d’étude d’individus présentant un historique
de consanguinité, l’ensemble des variants hétérozygotes sont filtrés. En revanche,
dans le cas d’individus issus d’unions non consanguines nous procédons à la
recherche de variants hétérozygotes composites, c’est à dire au moins deux
variants hétérozygotes différents situés sur chacun des deux allèles
du même gène d’un patient. Dès lors, bien que les variants soient différents,
les deux allèles sont altérés rendant possible l’apparition de phénotype récessif.
Malheureusement, dans le cadre des séquençages WES et WGS, il est impossible
de connaître le “phasage” de ces variants, c’est à dire que l’on ne peut déterminer
si deux variants hétérozygotes sont situés sur le même allèle ou sur deux allèles
différents (Figure : 2.3). Pour cela, une analyse familiale permettant de suivre
la ségrégation des variants est nécessaire.

3. Filtre 3 : Les transcrits “non pertinents” : au cours de nos analyses, nous
nous sommes concentrés uniquement sur les transcrits codants pour une protéine.
Ainsi, l’ensemble des transcrits annotés comme étant non codants ont été filtrés
tout comme ceux annotés comme étant NMD (nonsense-mediated decay). En
effet, ce mécanisme a pour but de contrôler la qualité des ARNm cellulaires
chez les eucaryotes [217] en éliminant les ARNm qui comportent un codon
stop prématuré [218] pouvant être le résultat d’une erreur de transcription,
d’une mutation ou encore d’une erreur d’épissage. Il est donc peu probable que
les variants présents sur des transcrits annotés NMD soient responsables du
phénotype. Dès lors, ces transcrits ont été également filtrés. Ainsi, l’ensemble
des variants impactant uniquement des transcrits non codants et / ou annotés
NMD sont filtrés.

4. Filtre 4 : Impact du variant : afin de ne conserver que les variants ayant le
plus de risque d’avoir un effet délétère sur la protéine, seuls sont conservés ceux
impactant la séquence codante d’un transcrit. De plus, les variants synonymes ne
sont pas conservés (excepté ceux se trouvant proches des régions d’épissage) car
ceux-ci n’ont aucun effet sur la séquence protéique. Pour les variants faux-sens
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(changement d’un seul acide-aminé de la séquence protéique) il est plus difficile
de trancher, dès lors, seuls ceux étant prédits comme tolerated par SIFT [191]
et comme benign par Polyphen [195] sont filtrés.

5. Filtre 5 : Fréquence des variants : la fréquence d’un variant dans la pop-
ulation générale est un moyen rapide d’avoir une prédiction fiable de l’effet
délétère ou non de celui-ci. En effet, il est peu probable qu’un variant retrouvé
fréquemment dans la population générale soit causal d’une pathologie sévère.
C’est pourquoi, l’ensemble des variants ayant une fréquence ≥ 1% dans l’une
des trois bases de données que sont ExAC, ESP et 1KG est filtré.

6. Filtre 6 : Présence des variants dans la cohorte contrôle : le filtre utilise
les variants composant la base de données interne d’ExSQLibur et permet de
filtrer l’intégralité des variants homozygotes retrouvés chez les patients séquencés
ne présentant pas le même phénotype que le patient analysé. Comme dit plus
tôt, ce filtre se révèle particulièrement intéressant lorsque plusieurs patients
porteurs de phénotypes différents ont subi le même protocole de séquençage.
Ainsi l’ensemble des variants faux-positifs résultant d’artéfacts liés aux différentes
étapes en amont de l’analyse bio-informatique pourra alors être filtré. De même
ce filtre permet de mettre en évidence les variants propres à une population
lorsque des patients provenant de la même région géographique et ne présentant
toujours pas le même phénotype sont comparés.

Figure 2.3 – Représentation schématique des phasages de
deux variants avec les génotypes associés : Un variant est ho-
mozygote lorsque le même variant est présent sur les deux allèles d’un
gène et hétérozygote lorsqu’il est présent sur un seul des deux allèles.
On parle d’hétérozygotes cis lorsque deux variants hétérozygotes dif-
férents sont positionnés sur le même allèle et d’hétérozygote trans
(ou composite) lorsque ces deux variants hétérozygotes sont positionnés
sur deux allèles différents. En WES et en WGS il est impossible de
différencier les hétérozygotes cis des hétérozygotes trans.
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2.2 Résultats 1 : Analyse de 3 phénotypes par des
cas familiaux

Cette partie se concentre sur l’analyse bio-informatique des résultats des séquençages
exomiques de 13 individus infertiles provenant de 7 familles. Pour 6 familles, 2 frères
atteints ont été analysés et pour la septième, un seul des frères atteint a été séquencé
et l’ADN du deuxième frère a été disponible a posteriori 2.2.

1. Famille FAM : cette famille est composée de 2 frères azoospermes. Comme
nous avons pu le voir, l’azoospermie est un phénotype d’infertilité masculine
caractérisé par l’absence de spermatozoïdes dans l’éjaculat. Des 13 patients de
cette étude, les frères Ghs44 et Ghs45 sont les deux seuls à ne pas avoir été
séquencés au Génopole d’Évry.

2. Famille FF : les spermatozoïdes des 2 frères de cette famille sont caractérisés
par leur incapacité à féconder l’ovocyte malgré leur morphologie et leur mobilité
normales.

3. Famille MMAF1-5 : ici nous avons 5 familles dont l’ensemble des membres
séquencés présentent un phénotype MMAF (multiple morphological abnormalities
of the sperm flagella). Ce syndrome se caractérise par la présence d’une majorité
de spermatozoïdes présentant une mosaïque d’anomalies morphologiques du
flagelle.

Table 2.2 – Tableau récapitulatif des familles séquencées et de leur
phénotype

Family Individuals Phenotype Year Place
AZ Ghs44, Ghs45 Azoospermia 2012 Mount Sinai Institut
FF Ghs113, Ghs117 Fertilization failure 2014 Genoscope (Evry)
MMAF1 Ghs56, Ghs58 MMAF 2014 Genoscope (Evry)
MMAF2 Ghs59, Ghs60 MMAF 2014 Genoscope (Evry)
MMAF3 Ghs62, Ghs130 MMAF 2014 Genoscope (Evry)
MMAF4 Ghs119, Ghs63 MMAF 2014 Genoscope (Evry)
MMAF5 Ghs131 MMAF 2014 Genoscope (Evry)
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2.2.1 Résultats des différentes étapes de l’anal-
yse

Résultat de l’alignement

Pour rappel, l’alignement consiste à repositionner l’ensemble des reads générés au
cours de l’étape de séquençage le long d’un génome de référence.

La quantité de reads composant les exomes de chaque individu peut varier en fonction
de plusieurs paramètres et n’est donc pas égale pour chaque patient bien que l’ordre
de grandeur reste le même avec une médiane de 87747080 reads. Seuls les deux frères
Ghs44 et Ghs45 de la famille AZ se distinguent avec près de 3 fois plus de reads
que les autres patients. Cette différence peut être expliquée car ces deux patients
sont les deux seuls à voir été séquencés au Mount Sinaï Institut. Or leur protocole
d’amplification précédant le séquençage contient un nombre de cycles de PCR supérieur
à ceux appliqués au Génopole d’Évry où ont été séquencés les autres patients. Il faut
noter que ce nombre plus important de reads n’est en rien le reflet d’une meilleure
qualité. En effet, celui-ci est causé par une grande quantité de reads dupliqués qui
seront pour la plupart filtrés au cours des analyses ultérieures (Table : 2.2, Figure :
2.4 - A).

La première étape du contrôle qualité des reads consiste à filtrer ceux ne s’étant
pas alignés sur le génome. Ces reads sont extrêmement minoritaires puisqu’ils ne
représentent qu’entre 1.2 et 5.5 % des reads de nos individus (Figure : 2.4 - B).

Parmi les reads s’étant correctement alignés sur le génome, seuls les reads présentant
des ends compatibles sont conservés Pour rappel, ces reads représentent ceux pour
lesquels une des deux ends s’est alignée sur le strand forward tandis que l’autre s’est
alignée sur le strand reverse et que la distance qui les sépare n’est pas supérieure
à trois fois celle de l’insert. Dans nos données, les reads remplissant ces conditions
sont majoritaires puisqu’ils représentent environ 91.3 % des reads s’étant correctement
alignés tandis que les reads non-compatibles et orphelins représentent respectivement
6.2 et 2.8 % de ces même reads (Figure : 2.4 - C).

La dernière étape de ce contrôle-qualité consiste à analyser le nombre de sites sur
lesquels se sont alignés les reads. En effet, certaines zones du génome étant dupliquées,
l’une des problématiques des short-reads est qu’il est possible que ceux-ci s’alignent
à plusieurs régions différentes du génome. Afin d’éviter toute ambiguïté, seuls ceux
s’étant alignés sur un site unique sont conservés pour la suite des analyses. Ces reads
représentent entre 92.3 et 96.9 % des reads ayant passé les précédents filtres (Figure :
2.4 - D).

Ainsi, à la fin de ces trois étapes de contrôle qualité des reads, environ 84.8 % d’entre
eux sont conservés soit un total d’environ 74409523 reads par patients.
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sites auxquels ils s’alignent
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L’appel des variants

Une fois l’alignement effectué, il faut identifier les positions présentant des différences
avec le génome de référence et leur assigner un génotype. Tout d’abord, afin de
conserver uniquement les positions auxquels il sera possible d’effectuer un appel de
qualité, il est nécessaire de filtrer les positions ne présentant pas une couverture
suffisante.

Pour cela, nous avons fait varier notre critère de filtre de couverture minimum de 1 à
100. Ainsi, nous avons pu quantifier, pour chacune des valeurs de filtre, le nombre
d’appels double strand (DS), single strand (SS) et no strand (NS) observé. On peut
ainsi constater qu’à partir de 10, la quantité d’appel NS augmente considérablement,
tandis que le nombre d’appel DS et SS chute. Ainsi, au-delà de cette valeur, un
nombre important de positions ne respectent plus les critères qualité et sont ainsi
filtrées (Figure : 2.5).

Ensuite, le génotype étant dépendant du pourcentage de reads variants à une position
donnée, il est nécessaire, afin de calibrer les bornes de notre algorithme d’appel, de
connaître la répartition globale de ces proportions. Comme attendu, nous observons des
pics à 0, 50 et 100% de reads variants pour une position donnée, ces trois pourcentages
correspondant respectivement aux appels “homozygote référence”, “hétérozygote” et
“homozygote variant”. La démarcation séparant les appels hétérozygote et homozygote
variant est relativement claire. La distinction de ces deux génotypes ne pose donc pas
de problème, la région d’ambiguïté allant de 75 à 85% de reads variants ne concernant
qu’une minorité de positions. Ce n’est cependant pas le cas pour celle séparant les
appels homozygote référence et hétérozygote. En effet, on peut constater que la zone
d’ambiguïté allant de 20 à 40% de reads variants concerne une part non négligeable des
positions couvertes. Les positions SS situées dans cette région seront systématiquement
filtrées. Pour les positions DS, celles pour lesquelles un seul des strand se situe dans
cette région alors que l’autre se trouve dans une des régions adjacentes (homozygote
référence ou hétérozygote) seront conservées. Les autres seront filtrées elles aussi
(Figure : 2.6).

Dans nos données, les appels SS sont majoritaires et représentent environ 46.7 % de
nos appels (contre 37 % d’appels DS). Au vu de l’importance de ces appels, nous avons
fait le choix de les conserver afin de ne pas filtrer une quantité trop importante de
données. Ces appels seront cependant considérés comme étant de faible qualité, de fait,
leurs analyses et interprétation seront plus précautionneuses. En revanche, au vu de
la trop grande incertitude de l’appel des variants NS, ceux-ci sont systématiquement
filtrés éliminant ainsi entre 10.3 et 23.7 % des positions appelées pour chaque patient
(Figure : 2.7 - A).

De même, les appels discordant et ambigus sont filtrés, soit environ 13.9 % des
variants DS. Il est intéressant de noter que bien que les variants single strand (SS)
soient conservés, on peut s’attendre à ce qu’environ 8.8%, soit le pourcentage de DS
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discordants, soient aberrants, ceux-ci n’ayant pu subir le même contrôle que les SS
(Figure : 2.7 - B).

Pour l’ensemble des variants ayant passé les filtres énoncés ci-dessus, c’est à dire les
variants SS et les variants DS avec appels concordants, le génotype est déterminé
en fonction du pourcentage de reads portant le variant à cette position. Ainsi, pour
chaque individu nous avons pu établir une liste de SNVs et d’indels avec leur génotype
associé. Pour chacun de nos 13 patients, les ordres de grandeur du nombre de variants
appelés sont identiques. Ainsi pour chaque patient nous avons appelé environ 43246
variants hétérozygotes (40721 SNVs et 2525 indels) et 34290 variants homozygotes
(32497 SNVs et 1793 indels) (Figure : 2.7 - C).
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Figure 2.5 – Détermination de la valeur de couverture min-
imale : Quantification du nombre médian d’appels DS, SS et NS pour
chaque valeur de couverture minimum testée. On note une augmentation
du nombre d’appel NS à partir de 10 tandis qu’à partir de cette même
valeur les appels DS et SS diminuent
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Figure 2.6 – Densité de répartition du pourcentage de reads
variants pour chaque position couverte : Quantification du nom-
bre médian d’appels DS, SS et NS pour chaque valeur de couverture
minimum testée. On note une augmentation du nombre d’appel NS à
partir de 10 tandis qu’à partir de cette même valeur les appels DS et
SS diminuent
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Figure 2.7 – Contrôle qualité des variants appelés : Pour cha-
cun des graphiques, les variants représentés en vert et en orange sont
conservés tandis que ceux en rouge sont filtrés. A : Distribution du
stranding des appels pour chaque patient. B : Comparaison des appels
entre les deux ends des variants appelés DS. C : Distribution des SNVs
et indels en fonction de leur génotype pour chaque patient (représentés
par une barre).
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Nous avons ensuite cherché à comparer les résultats obtenus par ExSQLibur avec
ceux obtenus par des logiciels déjà existants. Pour cela les données de nos 13 pa-
tients ont été alignées avec le logiciel BWA [170], qui base son algorithme sur une
Transformée de Burrows-Wheeler [219], pour ensuite effectuer l’appel à l’aide de
GATK-HapplotypeCaller (GATK-HC) [178]. Ainsi, nous avons pu constater que 78847
variants étaient appelés par ExSQLibur avec un génotype hétérozygote ou homozygote,
tandis que 106701 étaient appelés par BWA + GATK-HC soit 27854 de plus que par
ExSQLibur (Figure : 2.8 - A).

Cette différence n’est pas surprenante puisque, afin de ne sélectionner que les variants
de confiance nous avons appliqué des critères de filtre stringents. On peut ainsi noter
que parmi ces 27854 variants, 1644 sont retrouvés comme discordants par notre pipeline,
6456 sont retrouvés comme ambigus et 15508 comme NS. Ainsi, on peut estimer que
57% des variants que nous n’avons pas appelés sont appelés par BWA + GATK-HC
avec un génotype soit erroné soit de faible confiance (Figure : 2.8 - B).

De manière rassurante, 99.63% des variants retrouvés à la fois par le duo BWA +
GATK-HC et ExSQLibur présentent un appel identique (Table : 2.3).

Table 2.3 – Comparaison des génotypes des variants appelés par les
deux procédures

ExSQLibur BWA + GATK-HC Count Percent
Heterozygous Heterozygous 36225 55.51
Homozygous Homozygous 28793 44.12
Homozygous Heterozygous 219 0.34
Heterozygous Homozygous 18 0.03
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L’annotation des variants

Après avoir annoté nos variants, nous avons pu constater que pour chaque patient
24794 gènes sont en moyenne affectés par au moins un variant homozygote pour en
moyenne 121843 transcrits (soit environ 5 transcrits par gène) (Figure : 2.9 - A).
Il faut noter que parmi ces gènes se trouvent à la fois des gènes codants pour des
protéines et d’autres non codants.

Chaque variant affectera l’ensemble des transcrits qu’il chevauche, ainsi un même
variant pourra impacter plusieurs transcrits. Ces impacts sont ensuite classés par
VEP en quatre catégories qui sont, de la plus délétère à la moins délétère : HIGH,
MODERATE, LOW, MODIFIER (Table : 2.1).

Comme attendu, les variants ayant un impact tronquant se retrouvent être les moins
fréquents chez chacun de nos patients. Ceci est d’autant plus flagrant pour l’impact
HIGH qui regroupe, entre autres, les variants créant un codon stop ou causant un
décalage du cadre de lecture (Table : 2.1). Ceux-ci se retrouvent, par rapport aux
autres impacts, en quantité extrêmement faible puisqu’ils ne représentent en moyenne
que 0.23 % des variants. Cependant, bien que ce pourcentage soit faible, cela représente
tout de même une moyenne de 131 variants HIGH hétérozygotes par patients et 114
variants HIGH homozygotes par patient (Figure : 2.9 - B).
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Le filtrage des variants

Les étapes précédentes nous ont permis de mettre en évidence pour chaque patient une
liste de variants passant l’ensemble de nos critères qualité. Ces variants ont dès lors pu
être annotés nous permettant notamment d’avoir connaissance de leurs impacts sur
les différents transcrits qu’ils chevauchent ou encore leur fréquence dans la population
générale. Désormais, afin de ne conserver que les variants ayant la plus forte probabilité
d’être responsable du phénotype de ces patients, nous avons appliqué successivement
les six filtres précédemment décrits.

1. Filtre 1 : L’union des variants : dans cette étude nous analysons les données
génétiques de 7 familles composées de 1 à 2 frères. Nous avons donc émis
l’hypothèse que le phénotype de chacun des frères d’une même famille
était dû à une cause génétique commune. C’est pourquoi, seul les variants
observés chez l’ensemble des membres d’une même famille furent conservés. Ainsi
ce filtre a permis de filtrer entre 17703 et 41944 variants pour chacun des patients
(Figure : 2.12 - A).

2. Filtre 2 : Génotype des variants : ici, nous avons émis l’hypothèse d’une
transmission récessive du phénotype. Ainsi, seuls les variants homozygotes ont
été conservés, filtrant en moyenne 45089 variant par individu soit une moyenne
de 56.5% de leurs variants (Figures : 2.7 - C, 2.12 - A).

3. Filtre 3 : Impact du variant : ce filtre se basant à la fois sur les prédictions
VEP mais aussi, dans le cas de variants faux-sens, sur les prédictions SIFT
et PolyPhen permet de ne conserver que les variants ayant les effets les plus
délétères. Ce filtre est, de prime abord, le plus efficace puisqu’il permet de filtrer
à lui seul environs 88.3% des variants de chaque individu.

4. Filtre 4 : Les transcrits “non pertinents” : cette étape de filtre permet de
filtrer systématiquement entre 13712 et 17992 transcrits différents par patients.
Sont considérés comme non-pertinents les transcrits ne codant pas pour une
protéine et ceux annotés étant dégradés (nonsense mediated decay (NMD)).
Cependant, un même variant pouvant impacter à la fois des transcrits “non
pertinents” et des transcrits “pertinents”, seuls ceux impactant uniquement
des transcrits “non pertinents” sont filtrés, soit une moyenne de 1797 variants
par individu (Figure : 2.10).
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Figure 2.10 – Filtrage des transcrits jugés “non pertinents”
et des variants les chevauchant : Pour chaque patient nous avons
filtré les transcrits jugés “non pertinents” pour l’analyse, c’est à dire
ceux ne codant pas pour une protéine et ceux annoté NMD (boite
rouge). Dès lors, l’intégralité des variants chevauchant uniquement des
transcrits non pertinents sont systématiquement filtrés (boites bleue).
Les autres sont conservés.

5. Filtre 5 : Fréquence des variants : filtrer systématiquement les variants
retrouvés avec une fréquence ≥ 0.01 dans l’une des trois bases de données que
sont ExAC, 1KG et ESP6500 permet de filtrer entre 25126 et 29797 variants
par patient.

6. Filtre 6 : Présence des variants dans la cohorte contrôle : L’ensemble
des variants répertoriés au sein de ces 3 phénotypes a été confronté à des
listes de variants identifiés chez d’autres patients analysés par ExSQLibur et
présentant des phénotypes différents. Dès lors, l’ensemble des variants retrouvés
à l’état homozygote chez au moins un des individus de la cohorte contrôle
sera filtré de notre liste de variants. On peut cependant noter que les variants
retrouvés chez les patients Ghs44 et Ghs45 de la famille AZ n’ont pas été
confrontés à ceux observés dans notre cohorte de 15 femmes présentant des
anomalies de développement ovocytaire. En effet, ces deux phénotypes peuvent
être causés par un même gène impliqué dans la division méiotique (Figure : 2.11).
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Figure 2.11 – Nombre d’individus et leur phénotype com-
posant la cohorte contrôle de chaque famille : Ici, chaque barre
représente une famille et sa hauteur est déterminée par le nombre d’in-
dividus composant la cohorte contrôle à laquelle elle a été confrontée.
Le nombre total de contrôles utilisés par famille est inscrit au-dessus de
chaque barre. Les couleurs déterminent les phénotypes des individus de
la cohorte contrôle. Chaque individu de cette cohorte a été séquencé en
WES par notre équipe. Afin d’être considéré comme “contrôle” et inté-
grer cette cohorte, un individu doit être sain ou présenter un phénotype
d’infertilité suffisamment différent de la famille étudiée. Par exemple,
un individu MMAF pourra servir de contrôle aux familles AZ et FF
mais pas aux familles MMAF1-5.
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Comme on pouvait s’y attendre, ces six filtres ont un pouvoir discriminant extrêmement
différent. En effet, tandis que le filtre “Transcript relevance” (filtre n°4) élimine en
moyenne 3.9% des variants de chaque individu, le filtre “Variant impact” (filtre n° 3)
élimine, lui, jusqu’à 90.1% de ces mêmes variants. Cette différence n’est pas surprenante.
En effet, comme nous l’avions vu plus tôt, les variants considérés comme MODIFIER
par VEP qui regroupent entre autres les variants chevauchant les séquences UTRs et
introniques (Table : 2.1) représentent en moyenne 81% des variants de nos patients,
or, ceux-ci sont tous filtrés. On peut également constater l’importance de la cohorte
contrôle puisqu’elle permet retirer entre 76.5 et 88.4% des variants de chaque individu
(Figure : 2.12 - A).

Cependant, regarder uniquement le pourcentage de variants filtrés par chaque filtre
révèle une information partielle. En effet, dans ce cas de figure, on observe la quantité
de variant éliminée par chaque filtre indépendamment les uns des autres. Ainsi, un
même variant peut donc être filtré par plusieurs filtres. Dès lors, il faut également
analyser la quantité de variants filtrée spécifiquement par chaque filtre. Ainsi, on
peut constater que le classement des filtres en fonctions de leur stringence reste
quasiment identique. Il est tout de même intéressant de noter que désormais le filtre
“Variant impact” apparait moins efficace que les filtres “Ctrl” et “Genotype” en
filtrant spécifiquement une moyenne de 253 variants par individu contre 423 pour
le filtre génotype et 882 pour le filtre “Ctrl”. Ainsi, ce dernier devient celui filtrant
spécifiquement le plus de variants avec entre 364 et 1060 variants spécifiquement
filtrés par patients confirmant ainsi l’importance de ce filtre dans nos analyses. Aussi,
les filtres “Transcript relevance”, “Union” et “Frequency” apparaissent désormais
comme étant anecdotiques en comparaison des trois autres filtres puisqu’ils filtrent au
maximum 43 variants spécifiques (Figure : 2.12 - B).

Après avoir appliqué l’ensemble de ces filtres, seuls quelques variants subsistent, nous
permettant d’obtenir une liste de restreinte gènes pour chaque famille et ainsi de
tirer des conclusions quant au(x) variant(s) responsable(s) du phénotype de chacune
d’entre elles. Ces travaux ont ainsi pu mener à l’écriture de trois articles dont je suis
co-auteur.
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Figure 2.12 – Comparaison de l’efficacité de chacun des six
filtres utilisés : A : Comparaison du pourcentage de variants filtrés
par chacun des six filtres indépendamment les uns des autres pour
chaque patient (représenté par les points). Dès lors, un même variant
peut-être filtré par plusieurs filtres. B : Comparaison du nombre de
variants filtrés spécifiquement par chacun des filtres. Ici, un variant ne
peut-être filtré que par un seul filtre.
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Contexte et objectifs

L’oligospermie, comme l’azoospermie sont des phénotypes d’infertilité masculine liées
à la quantité de spermatozoïdes présents dans l’éjaculat. Les différentes études publiées
ces dernières années montrent que les microdélétions du chromosome Y sont retrouvées
chez 10% des hommes avec une azoospermie non-obstructive et chez 5% des patients
avec une oligozoospermie sévère [55]. Ces taux bien qu’élevés ne représentent qu’une
infime partie des cas d’azoospermie et d’oligospermie, suggérant l’implication de
nombreux autres gènes dans ce phénotype.

Entre 2005 et 2014 deux frères issus d’une union consanguine ont demandé des conseils
médicaux auprès de différentes cliniques d’infertilité après deux ans d’échec reproductif.
Ces deux frères étant mariés à des femmes non-apparentées, une cause féminine fût
exclue et les recherches ont été concentrées sur l’analyse des deux frères. Tous deux
présentaient de sévères défauts de production de spermatozoïdes, l’un des frères
présentant une azoospermie non-obstructive et l’autre une oligozoospermie extrême
(<1 Million de spermatozoïde/ ml). Au vu de la similarité du phénotype et de leur
lien de parenté, l’hypothèse d’une cause génétique commune fut émise. L’analyse de
leur caryotype et du locus AZF du chromosome Y ne révélant aucune anomalie, la
procédure d’un séquençage WES fut décidée.

Dans ce contexte, l’objectif de mon travail a été d’effectuer l’ensemble des analyses des
données WES obtenues après leur séquençage afin de mettre en évidence une mutation
homozygote commune pouvant expliquer le déficit spermatique des deux frères. Dans
un second temps, j’ai mis en place le protocole de génotypage des souris au locus
du gène Spink2 permettant d’identifier les souris sauvages Spink2+/+ des souris KO
Spink2 -/-. Pour finir, afin d’estimer l’importance des variants du gène SPINK2 comme
cause d’infertilité masculine chez l’humain, j’ai également contribué au séquençage
Sanger de la séquence codante de SPINK2 d’une partie des 611 patients séquencés
dans cette étude.
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Abstract

Azoospermia, characterized by the absence of spermatozoa in the
ejaculate, is a common cause of male infertility with a poorly charac-
terized etiology. Exome sequencing analysis of two azoospermic
brothers allowed the identification of a homozygous splice mutation
in SPINK2, encoding a serine protease inhibitor believed to target
acrosin, the main sperm acrosomal protease. In accord with these
findings, we observed that homozygous Spink2 KO male mice had
azoospermia. Moreover, despite normal fertility, heterozygous male
mice had a high rate of morphologically abnormal spermatozoa and
a reduced sperm motility. Further analysis demonstrated that in the
absence of Spink2, protease-induced stress initiates Golgi fragmen-
tation and prevents acrosome biogenesis leading to spermatid dif-
ferentiation arrest. We also observed a deleterious effect of acrosin
overexpression in HEK cells, effect that was alleviated by SPINK2
coexpression confirming its role as acrosin inhibitor. These results
demonstrate that SPINK2 is necessary to neutralize proteases during
their cellular transit toward the acrosome and that its deficiency
induces a pathological continuum ranging from oligoasthenoterato-
zoospermia in heterozygotes to azoospermia in homozygotes.
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Introduction

The World Health Organization estimates that 50 million couples

worldwide are confronted with infertility. Assisted reproduction

technologies (ART) initiated 35 years ago by Nobel Prize Winner

Robert Edwards have revolutionized the practice of reproductive

medicine, and it is now estimated that approximately 15% of

couples in Western countries seek assistance from reproductive clin-

ics for infertility or subfertility. Despite technological breakthroughs

and advances, approximately half of the couples concerned still fail

to achieve a successful pregnancy even after repeated treatment

cycles. Alternative treatment strategies should therefore be
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envisaged to improve ART success rate, especially for patients

impervious to usual assisted reproductive technologies. Improve-

ment in treatment efficiency essentially depends upon an accurate

diagnosis and the characterization of the molecular etiology of the

defect. These efforts to better characterize infertility subtypes should

first be concentrated on the most severe defects since they generally

have a poor prognosis and affected patients would benefit the most

from new treatments. Moreover, the most severe phenotypes are

more likely to be caused by monogenic defects which are easier to

identify. As such, the genetic exploration of non-obstructive

azoospermia (NOA), the absence of spermatozoa in the ejaculate

due to a defect in spermatogenesis, should be considered a priority.

NOA is a common cause of infertility found in approximately 10%

of the couples assessed for infertility. Although a genetic etiology is

likely to be present in most cases of azoospermia, only a few defec-

tive genes have so far been associated with this pathology account-

ing for a minority of cases. At present, only chromosomal

abnormalities (mainly 47XXY, Klinefelter syndrome identified in

14% of cases) and microdeletions of the Y chromosome are routi-

nely diagnosed, resulting in a positive genetic diagnosis in < 20% of

azoospermia cases (Tuttelmann et al, 2011). The evolution of

sequencing technologies and the use of whole-exome or whole-

genome sequence (WES/WGS) analysis paves the way to a great

improvement in our ability to characterize the causes of genetically

heterogeneous pathologies such as NOA.

Spermatogenesis can be subdivided into three main steps: (i)

multiplication of diploid germ cells; (ii) meiosis, with the shuffling

of parental genes and production of haploid cells; and (iii) spermio-

genesis, the conversion of round spermatids into one of the smallest

and most specialized cells in the body, the spermatozoa. NOA is

expected to be mainly caused by failures in steps 1 and 2, and it is

indeed what has been observed in a majority of cases so far. Very

recently, defects in six genes were linked to azoospermia in man.

Most of these genes code for meiosis-controlling proteins such as

TEX11, TEX15, SYCE1, or MCM8, and the absence of the functional

proteins induces a blockage of meiosis (Tuttelmann et al, 2011;

Maor-Sagie et al, 2015; Okutman et al, 2015; Yang et al, 2015;

Yatsenko et al, 2015). Another WES analysis of two consanguineous

families identified likely causal mutations in TAF4B and ZMYND15

(Ayhan et al, 2014). Study of Taf4b KO mice showed that homozy-

gous mutant males are subfertile with extensive pre-meiotic germ

cell loss due to altered differentiation and self-renewal of the sper-

matogonial stem cell pool, thus illustrating that pre-meiotic block

induces NOA. More surprisingly, ZMYND15 codes for a spermatid-

specific histone deacetylase-dependent transcriptional repressor and

its absence in mice induced a significant depletion of late-stage

spermatids (Yan et al, 2010) suggesting that NOA can also be

induced by post-meiotic defects.

Here, WES analysis of two brothers with NOA led to the identifi-

cation of a homozygous truncating mutation in the SPINK2 gene

coding for a Kazal family serine protease inhibitor. Studying KO

mice, we observed that homozygous KO animals also suffered from

azoospermia thus confirming the implication of SPINK2 in NOA.

Furthermore, we observed that SPINK2 is expressed from the

round-spermatid stage onwards thus confirming that post-meiotic

anomalies can result in NOA. We suggest that SPINK2 is necessary

to neutralize the action of acrosomal proteases shortly after their

synthesis and before they can be safely stored in the acrosome

where they normally remain dormant until their release during the

acrosome reaction. We also show that in the absence of SPINK2,

protease-induced stress initiates Golgi fragmentation contributing to

the arrest of spermatid differentiation and their shedding from the

seminiferous epithelium. The characterization of the molecular

pathophysiology of this defect opens several novel therapeutic

perspectives which may allow the restoration of a functional

spermatogenesis.

Results

Medical assessment of two brothers with defective
sperm production

Two French brothers (Br1 and Br2), born from second cousin

parents (Fig 1A), and their respective wives sought medical advice

from infertility clinics in France (Chatellerault, Tours, Poissy, and

Grenoble) between 2005 and 2014 after 2 years of unsuccessful

attempts to spontaneously conceive. Analyses of their ejaculates

(Fig 1B; n = 5) evidenced the absence of spermatozoa for the first

brother (Br1) and a very low concentration (0–200,000/ml, mean

126,000/ml n = 5) for the second (Br2). Moreover, all spermatozoa

were immotile and presented an abnormal morphology (pin-shaped

head devoid of acrosome; detached flagella) and were not suitable

for in vitro fertilization (IVF) with intracytoplasmic sperm injection

(ICSI). Interestingly, ejaculates of both brothers presented a signifi-

cant concentration of germ cells (8.6 × 106 � 6.2 × 106/ml and

9.0 × 106 � 7.0 × 106/ml for Br-1 and Br-2, respectively) likely

corresponding to spermatids. As Br1 and Br2 both present a severe

default of sperm production with a high number of spermatids in

the ejaculate, we believe that they present the same phenotype,

likely caused by the same genetic defect. A normal karyotype was

observed for both brothers (46,XY), and no deletions of the Y

▸Figure 1. Azoospermia in two consanguineous brothers.

A Genetic tree of the studied family showing affected brothers Br1 and Br2 illustrating the consanguinity of the parents (P1 and P2).
B Comparisons of ejaculate volume (n = 5) and spermograms (n = 5) of brothers Br1 and Br2 with those of fertile controls (n = 35) evidence the absence of mature

sperm and the presence of round cells in the ejaculates. Data represent mean � SEM. P-values are P = 4 × 10�4 (a), P = 0.6 (b, non-significant), and P = 4 × 10�5

(c); statistical differences were assessed using t-test.
C, D Testis sections from a fertile control and (D) patient Br1 stained with periodic acid–Schiff (PAS). The lumen of tubules from the control is large and mature sperm

are present (C), whereas the lumen of most of seminiferous tubules from patient Br1 is filled with non-condensed and early condensed round spermatids and no
mature sperm are observed. Scales bars, 100 lm.

E, F In the fertile control (E) seminiferous tubule cross sections, spermatogonia (Sg), spermatocytes (Sc) and spermatids (RS) are regularly layered, whereas the different
types of spermatogenic cells are disorganized in patient Br1 (F). Scales bars, 100 lm.
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chromosome were observed at the AZF loci. Testis sperm extraction

was carried out twice for Br1 in 2008 and 2014. Each time the recov-

ery was unsuccessful (although a few spermatozoa were observed

in fixed dilacerated testicular tissues) suggesting a diagnosis of post-

meiotic NOA. Histological analysis of seminiferous tubules obtained

from Br1 biopsies showed: (i) a disorganization of the structure of

the tubules; (ii) that the lumen of the seminiferous tubules were

filled with immature germ cells, an indication of intense desquama-

tion of the germinal epithelium; and (iii) a reduced number of round

spermatids, with an overrepresentation of early round spermatids

(Fig 1C–F). Brother Br2 has only had spermograms for diagnostic

purposes which did not show any ICSI-compatible spermatozoa and

has not been able to attempt ART.

Whole-exome sequencing identifies a homozygous truncating
mutation in SPINK2

Since the brothers were married to unrelated women, we excluded

the possibility of a contributing female factor and focused our

research on the brothers. Given the familial history of consanguinity,

we postulated that their infertility was likely caused by a common

homozygous mutation. We proceeded with WES to identify a possi-

ble genetic defect(s) which could explain the observed azoospermia.

After exclusion of common variants, both bothers carried a total of

121 identical missense heterozygous variants (none appearing as

obvious candidate) and only five identical homozygous variants

common to both brothers (Appendix Table S1). Among these dif-

ferent genes, only the Chr4:57686748G>C SPINK2 variant was

described to be predominantly expressed in human testis

(Appendix Fig S1A) as well as in mouse testis (Appendix Fig S1B).

The mutation was validated by Sanger sequencing in both brothers

(homozygous) and their parents (heterozygous) (Fig 2A). SPINK2

thus appeared as the best candidate to explain the human condition.

The variant Chr4:57686748G>C was not present in > 121,000 alleles

analyzed in the ExAC database (http://exac.broadinstitute.org) and

could have an effect on RNA splicing. SPINK2 is located on chromo-

some 4 and contains four exons (Fig 2B). The gene codes for a Kazal

type 2 serine protease inhibitor also known as an acrosin–trypsin

inhibitor. The Ensembl expression database (www.ensembl.org)

predicts the presence of four transcripts. We studied the expression

of the different transcripts in human testis by RT–PCR, and only one

band was present corresponding to NM_021114, ENST00000248701,

which codes for a protein of 9.291 kDa consisting of 84 amino acids

(Fig 2C). All nucleotide sequences herein refer to this transcript. The

identified mutation, c.56-3C>G, is located three nucleotides before

exon 2 and may create a new splice acceptor site, leading to a frame-

shift and premature stop codon in exon 2 and the generation of an

abnormal transcript (T1) and/or to the skipping of exon 2 (44 nt)

giving rise to an early stop codon at the beginning of exon 3 and the

generation of another abnormal transcript (T2) (Fig 2B). To validate

these hypotheses, RT–PCR was performed on testicular extract from

Br1. Two bands were observed (Fig 2C) and sequenced after isola-

tion of each band following gel electrophoresis. Sequence analysis

demonstrated that the bands corresponded to T1 and T2, demon-

strating that both abnormal transcripts were present in the patient’s

testis (Fig 2D). Since the protease inhibitor and binding sites of the

protein are coded mostly by exon 3, it is expected that the truncated

proteins corresponding to T1 and T2 transcripts are not functional

(Appendix Fig S2). Sequencing of Br1’s transcripts therefore

confirms that the identified splice variant abrogates the production

of a full-length protein thereby confirming its role as a deleterious

mutation.

Importance of SPINK2 variants as a cause for human infertility:
sequence analysis of a cohort of infertile men with an
altered spermatogenesis

We sequenced SPINK2 whole coding sequences of 611 patients

affected by azoo- or oligozoospermia (210 patients with azoosper-

mia, 393 subjects with oligozoospermia and 8 with unspecified

cause). Only one variant, identified in patient 105 (P105), was not

described in ExAC and was likely deleterious (Appendix Table S2).

This variant, c.1A>T (Fig EV1A), abrogates the SPINK2 start codon

and was present heterozygously in P105, a man with oligozoosper-

mia. An alternate start site could potentially be used in the middle

of exon 3 allowing the synthesis of a truncated protein of 2 kDa

lacking the reactive site and disulfide bonds, both known to be

crucial for SPINK2 function (Fig EV1B). However, overexpression of

the mutated gene in HEK cells did not produce any portion of the

SPINK2 protein indicating that the putative alternative start site is

not functional and that the alteration of the initial start site does not

permit the synthesis of any part of the SPINK2 protein. This was

evidenced by transfecting HEK293 cells with a plasmid containing

the full human SPINK2 ORF sequence with the c.1A>T mutation and

a C-terminus DDK-tagged. Extracted proteins were loaded onto a

20% acrylamide gel and detected with anti-DDK or anti-SPINK2

antibodies (Fig EV1C). P105 and his wife, born from non-consangui-

neous parents, experienced a 5-year period of infertility before

giving birth to a healthy boy conceived spontaneously. They sought

medical advice 2 years after their son’s birth to initiate a second

pregnancy. Sperm analysis resulted in the diagnosis of oligozoosper-

mia associated with a reduced percentage of progressive motile

spermatozoa (Table EV1). The patient’s sperm morphology was

assessed with Harris–Shorr staining using the modified David’s clas-

sification and showed that 34–39% of sperm had a normal morphol-

ogy (n = 2). The main defects observed were abnormal acrosome

(34–39%) and defective neck–head junction (40–46%), defects that

are similar to those observed in patient Br2.

This analysis indicates that SPINK2 defects are extremely rare

with an allelic frequency of approximately 1/1,200 in the cohort of

infertile men analyzed. The rarity of SPINK2 variants and the fact

that P2, the father of Br1 and Br2, also harboring a heterozygous

mutation, presents in a milder phenotype than P105 could indicate

that SPINK2 haploinsufficiency induces a milder phenotype of

oligozoospermia with an incomplete penetrance on infertility.

Homozygous Spink2 KO mice have azoospermia due to a
spermiogenesis blockade at the round-spermatid stage

In order to confirm that the absence of SPINK2 leads to azoosper-

mia, homozygous Spink2 KO (�/�) mice were obtained and their

reproductive phenotype was studied. We first performed qRT–PCR

on Spink2+/+ and Spink2�/� testis mRNA extracts to validate the

absence of Spink2 mRNA and thus of protein. Contrary to what was

observed in WT littermates, we observed no Spink2 amplification in

KO males, confirming Spink2 deficiency (Appendix Fig S3). Males
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were completely infertile, whereas no reproductive defects were

observed in females (Fig 3A1). Homozygous KO mice had compara-

tively smaller sized testes and a testis/body weight ratio half that

of their wild-type (WT) littermates [3.63 � 0.21 in WT and

1.77 � 0.03 in KO (Fig 3A2)]. Furthermore, there was a complete

absence of spermatozoa in Spink2�/� caudal epididymis (Fig 3A3)

which only contained round cells likely corresponding to round

spermatids and multinucleated cells, known as symblasts. Histologi-

cal studies of KO seminiferous tubules stained with periodic acid–

Schiff (PAS) revealed the presence of germ cells up to the early

round-spermatid stage but condensed and elongated spermatids and

mature spermatozoa were completely absent, contrary to WT

(Fig 3B1 and C1). The lumen of the seminiferous tubules of

Spink2�/� males contained round cells and symblasts (Fig EV2A

and B), a result in agreement with observations of the cellular

content of the cauda epididymis, which showed the presence of

round cells only (Fig EV2C). In contrast to what was observed in

WT (Fig 3B2), sections of caudal epididymis confirmed the absence

of spermatozoa and the presence of symblasts and round cells

(Fig 3C2). Comparing PAS staining of Spink2+/+ and Spink2�/�

seminiferous tubules, we noticed that contrary to WT, Spink2�/�

round spermatids did not contain an acrosomal vesicle, suggesting

A B

C

D

Figure 2. Identification of a SPINK2 variant (c.56-3C>G) by exome sequencing and its consequences on splicing and translation.

A The identified variant, homozygous in patients 1 and 2 and heterozygous in their parents, is located three nucleotides before exon 2 and creates an AG that
immediately precedes the original AG splice acceptor site.

B If recognized during splicing, this new acceptor site is expected to add two nucleotides (AG) at the beginning of exon 2, inducing a frameshift leading to a stop codon
3 amino acids later (transcript 1). The non-recognition of the abnormal acceptor site is expected to induce the skipping of exon 2 (transcript 2). The first stop codon
can be observed 15 codons after the mis-inserted exon 3.

C RT–PCR of mRNA extracts from fertile control (Ctrl) and the brother Br1. Results show one band for Ctrl. The sequencing of this band showed that it corresponds to
transcript NM_021114. For Br1, two bands were present, named T1 and T2. Bottom gel shows T1 and T2 after gel isolation.

D Transcripts T1 and T2 were collected and sequenced: T1 showed the insertion of an additional AG (red-dashed rectangle) leading to a premature stop codon (black
box), whereas transcript T2 showed that exon 2 had been excised; these two transcripts correspond to the expected transcripts 1 and 2 from panel (B). Stop codons
are shown in black boxes.
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that the absence of Spink2 prevents acrosome biogenesis (Fig 3B3

and C3). This point was confirmed by immunofluorescent staining

using the Sp56 antibody, a specific marker of the acrosome (Kim

et al, 2001) (Fig 3D1 and D2). We then identified the spermatogonia

using an anti-PLZF antibody (Zhang et al, 2014) (Fig EV3A and B)

and observed no significant difference in the median number of

spermatogonia per tubule (n = 30) between Spink2+/+ and

Spink2�/� mice (Fig EV3C). These results indicate that the absence

of Spink2 does not impact spermatogonial survival but leads to an

early arrest of round-spermatid differentiation. Overall, the

Spink2�/� mouse phenotype perfectly mimics the human condition

and confirms that SPINK2 deficiency is involved in human

azoospermia.

SPINK2 is an acrosomal protein

In order to further investigate the molecular pathogeny of this

SPINK2-dependent azoospermia, we determined the localization of

SPINK2 in human and mouse testis. We first verified the specificity

of a SPINK2 antibody through Western blot (WB) and immunofluo-

rescence (IF) experiments on HEK293 cells overexpressing human

SPINK2. In Western blots, the SPINK2 antibody recognized three

bands of less than 17 kDa weight, likely corresponding to oligo-

meric complexes (Appendix Fig S4A). No bands appeared in non-

transfected cells. Moreover, the overexpressed SPINK2 featured a

DDK-tag which was recognized by an anti-DDK-tag antibody reveal-

ing three bands of identical molecular mass (Appendix Fig S4B). No

bands were observed when the primary antibody was omitted.

SPINK2 expression was also studied by IF and confocal microscopy.

Transfected cells displayed a cytoplasmic staining, whereas no

staining was observed in non-transfected cells (Appendix Fig S4C).

Taken together, these results demonstrate the specificity of this anti-

body in WB and IF experiments. Next, the localization of SPINK2

was determined by IF in human and mouse seminiferous tubule

cross sections and in mature sperm (Fig EV4). In mouse, SPINK2

was present in the acrosomal vesicle from the beginning of the acro-

some’s biogenesis at the round-spermatid stage as indicated by a

colocalization with Sp56, a marker of the acrosome (Fig EV4A and

B). In accordance with the results shown in Fig 3D2, no SPINK2

staining was observed in Spink2�/� testis cross sections (Fig EV4C).

A similar localization was observed for SPINK2 in human seminifer-

ous tubule sections (Fig EV4D). Finally, we observed that SPINK2

remains present in the acrosome of human and mouse mature sper-

matozoa (Fig EV4E and F).

Ultrastructure of Spink2�/� round spermatids shows that fusion
of proacrosomal vesicles is hampered and that the Golgi
apparatus is fragmented

We showed that SPINK2 is located in the acrosome and that its

absence prevents acrosome biogenesis. To understand the reasons

for the absence of acrosome biogenesis, we performed transmission

electronic microscopy (EM) to study the ultrastructure of round

spermatids from Spink2�/� males (Fig 4). In wild-type round sper-

matids, proacrosomal vesicles generated by the Golgi apparatus

docked in a specialized area of the nuclear envelope (NE) and fused

together to form a giant acrosomal vesicle (Fig 4A). Contrary to

WT, in Spink2�/�, the proacrosomal vesicles generated by the Golgi

apparatus of round spermatids were mostly unable to fuse (Fig 4B2,

white arrowheads), likely explaining the absence of acrosome

biogenesis. Moreover, the Golgi apparatus from Spink2�/� animals

produced abnormal proacrosomal vesicles of irregular sizes

(Fig 4B2) and showed a considerable disorganization with a

decreased proportion of flattened membrane stacks (Fig 4B2)

displaying shorter lengths (Fig 4C). Acrosome biogenesis is depen-

dent on the simultaneous synthesis of vesicles by the Golgi appara-

tus and the modification of the nuclear envelope (NE) facing the

Golgi apparatus, with tight apposition of both nuclear membranes

and aggregation of a nuclear dense lamina (NDL) on the nuclear

side of the inner nuclear membrane (Kierszenbaum et al, 2003). In

Spink2�/� round spermatids, the densification of the NE appears to

occur normally and the NDL is clearly visible in EM (Fig 4B2).

Using IF, the modification of the NE facing the Golgi apparatus was

followed with an anti-Dpy19l2 antibody. We indeed had previously

shown that Dpy19l2 participates in linking the acrosome to the

nucleus and that it is located in the nuclear membrane facing the

forming acrosome (Pierre et al, 2012) and is thus a component of

this specialized area of the nuclear envelope. In costaining experi-

ments using anti-Dpy19l2 and anti-GM130 antibodies to stain the

nuclear envelope facing the acrosomal vesicle (evidenced by the

NDL in EM) and the Golgi apparatus, respectively, we found that in

WT round spermatids, the Golgi apparatus is either located immedi-

ately in front of the NDL in the early phase of acrosome biogenesis

or, at a slightly later stage, lies adjacent to it (Fig 4D1 and D2). In

contrast to WT, the Golgi apparatus of Spink2�/� round spermatids

was positioned randomly around the nucleus, often found on the

opposite side of the NDL (Fig 4D3–D6) indicative of a disruption of

the polarity of the NDL and of the Golgi apparatus, which should

both be located at the apical face of the round spermatid.

◀ Figure 3. Spink2�/� males are infertile and azoospermic, and spermatogenesis presents a post-meiotic blockade.

A1 Litter size of Spink2�/� and Spink2+/� males mated with wild-type females (n = 5).
A2 Testis/body weight ratio for WT and Spink2�/� mice (n = 6) and morphology and size of wild-type and Spink2�/� testes of male siblings. Scale bar, 5 mm.
A3 Sperm concentrations from the cauda epididymis of wild-type, Spink2+/�, and Spink2�/� male testes (n = 10).
B, C Histological comparisons of testis and epididymis from WT and Spink2�/� mice. (B1, C1) Periodic acid–Schiff (PAS) staining of seminiferous tubule cross sections

shows complete spermatogenesis in WT (B1) contrary to Spink2�/� mice (C1), where condensed, elongated spermatids and mature sperm are absent. (B2, C2)
Sections of epididymis stained with eosin/hematoxylin. In the lumen of tubules from WT mice, mature sperm are present (B2), whereas only round cells and
multinucleated symblasts occupy the lumen of tubules from Spink2�/� mice (C2). (B3, C3) Enlargement of seminiferous tubule sections stained with PAS
evidences deep pink staining in round spermatids, which corresponds to the acrosome in WT mice (B3), whereas round spermatids from Spink2�/� mice present
no deep pink staining, indicating that the acrosome is not formed (C3). Scale bars, 100 lm.

D1, D2 Immunofluorescence experiments using an anti-Sp56 antibody (red staining) confirm the presence of the acrosome in seminiferous tubule sections from WT
contrary to those from Spink2�/� mice, where no staining is observed. Scale bars, 100 lm.

Data information: Data represent mean � SEM. P-values are P = 1 × 10�5 (a) and P = 1 × 10�4 (b); statistical differences were assessed using t-test. NS, not statistically
significant.
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Disjunction of the Golgi apparatus and of the NDL was also

observed in EM (Fig EV5A). Moreover, anti-GM130 staining in

Spink2�/� round spermatids appeared disseminated and punctu-

ated, confirming the disorganization of the Golgi apparatus and indi-

cating a fragmentation of the organelle (Fig 4D4–D6).

Interestingly, EM observations of Spink2�/� round spermatids

showed the presence of multivesicular bodies, a known biomarker

of microautophagy (Li et al, 2012) (Fig EV5B). These latter struc-

tures strongly suggest that the absence of Spink2 activates an

uncharacterized self-degradation pathway. Visual signs of the initial

events of microautophagy occurring at the Golgi apparatus level are

the engulfment of vesicles (Fig 4B2, black arrows) and the presence

of already engulfed vesicles (Fig 4B2, black arrowhead). We note

that the thorough examination of round spermatids on EM images

did not reveal any detectable signs of morphological hallmarks of

apoptosis such as chromatin condensation, fragmentation of the

plasma membrane, and the presence of apoptotic bodies. Moreover,

no differences in DNA damage were observed between WT and

Spink2�/� round spermatids when assessed by terminal deoxynu-

cleotidyl transferase (TdT)-mediated deoxyuridine triphosphate

(dUTP)-nick-end labeling (TUNEL) test (Appendix Fig S5). Alto-

gether, these results suggest that the absence of Spink2 at the

round-spermatid stage does not activate the apoptotic pathway.

Rescue of acrosin-induced cell proliferation defects by
coexpression with SPINK2

During spermatid differentiation, several enzymes, involved in

sperm penetration through the protective layers surrounding the

oocytes, accumulate in the acrosomal vesicle. Among these different

enzymes, several proteases have been described to play a key role,

including acrosin, believed to be the main acrosomal protease (Liu

& Baker, 1993). Acrosin, a trypsin-like protease, is synthesized in

the reticulum as a zymogen (proacrosin), transits through the Golgi

apparatus, and accumulates in the acrosomal vesicle. Autoactivation

of acrosin is pH-dependent and occurs at a pH > 6 (Meizel &

Deamer, 1978) leading to sequential N-ter and C-ter cleavages of the

proacrosin (46 kDa), eventually giving active forms of acrosin with

lower weights of 20–34 kDa (Baba et al, 1989; Zahn et al, 2002).

Since the pH of both the endoplasmic reticulum and the Golgi appa-

ratus is greater than 6 (Rivinoja et al, 2012), we postulated that

Spink2, as a serine peptidase inhibitor, prevents acrosin autoactiva-

tion in these cellular compartments, thus preventing cellular stress

induced by uncontrolled protease activation. Such stress would

cause cellular defects including Golgi apparatus destabilization and

defective acrosome biogenesis leading to spermatid differentiation

arrest. To test this hypothesis, heterologous expressions of human

C-terminus DDK-tagged proacrosin (ACR), SPINK2, or both were

carried out in HEK293 cells and the kinetics of cell proliferation

were followed using xCELLigence Real-Time Cell Analysis (RTCA)

technology for the different conditions. It is worth noting that no

members of the SPINK family are reported to be expressed in

HEK293 cells. Analyses of kinetics showed that proacrosin expres-

sion quickly led to cell proliferation arrest and detachments in

contrast to what was observed in the control condition (Fig 5A and

B). Interestingly, cells showed a normal proliferation when SPINK2

was coexpressed with proacrosin (Fig 5A and B), therefore demon-

strating that cell stress and damages induced by the proacrosin were

prevented by SPINK2 coexpression. The presence of the different

overexpressed proteins was verified in the different conditions by

Western blotting using the SPINK2 antibody (Fig 5C), an anti-

acrosin (Fig 5D), and the anti-DDK (Fig 5E) antibodies. In extracts

of HEK293 cells transfected with proacrosin only and revealed with

an anti-acrosin antibody (Fig 5D), two bands were present at

around 46 and 34 kDa. The latter (red arrowhead) likely corre-

sponds to the active form of acrosin resulting from the cleavage of

proacrosin upon autoactivation. This band was not present when

acrosin was coexpressed with SPINK2 or in non-transfected cells

(control). Moreover, a closer inspection of the band around 46 kDa

in the extracts of cells transfected with proacrosin only

or proacrosin + SPINK2 shows that this band is of lower MW

and was less intense in “acrosin” extract compared to

“acrosin + SPINK2” cell extract, showing the process of successive

cleavages occurring during proacrosin autoactivation (Zahn et al,

2002). Similar results were obtained with the anti-DDK antibody

(Fig 5E). It is worth noting that anti-DDK antibody immunodeco-

rates the zymogen form only and not the active form of acrosin

because the C-terminus containing the DDK-tag is cleaved upon

autoactivation. Western blot results thus demonstrate that coexpres-

sion of proacrosin with SPINK2 prevented its autoactivation. We

can thus conclude that in the absence of a serine peptidase inhibitor,

proacrosin can autoactivate and induces a cellular stress leading to

◀ Figure 4. Lack of Spink2 prevents the fusion of proacrosomal vesicles and induces a disorganization of the Golgi apparatus.

A Partial section of a WT round spermatid observed by EM showing the early biogenesis of the acrosome (Acr) due to the continuous formation and aggregation of
small vesicles (white arrows) coming from the Golgi apparatus (GA). The nuclear envelope (NE) facing the acrosome has a specific organization and is associated with
the nuclear dense lamina (NDL). N, nucleus. Scale bar, 400 nm.

B Ultrastructure of the Golgi apparatus in Spink2�/� round spermatid observed by EM. (B1) Ultrastructure of a Spink2�/� round spermatid observed at low
magnification. The black box corresponds to the Golgi apparatus and is enlarged in (B2). (B2) In the absence of Spink2, vesicles do not aggregate at the nuclear
envelope although modification of the NE and formation of the NDL occur. Unfused vesicles of different sizes accumulate in the cytoplasm with very few docking on
the nuclear envelope (white arrowhead). Moreover, the GA shows disorganization with strong decrease or absence of stacks of flattened membranes. Finally,
microautophagy-like structures and vesicles with a double membrane (black arrowhead) are observed around the GA (black arrows). M, mitochondria. Scale bars,
6 lm (B1) and 2 lm (B2).

C The length of flattened saccules is statistically reduced in Spink2�/� round spermatids (WT saccules, n = 74; and KO saccules, n = 136). Data represent mean � SEM;
the statistical difference was assessed with t-test, P-value as indicated.

D Absence of Spink2 induces Golgi apparatus fragmentation and mislocalization. (D1, D2) IF experiments using an anti-Dpy19l2 antibody marking the specific NE facing
the NDL (green staining) and an anti-GM130 antibody marking the cis-Golgi (red staining) show that the Golgi apparatus (GA) is a compact structure and located
either in front of the NDL or close to it in WT round spermatids (normal). (D3–D6) In contrast, similar double staining of round spermatids from Spink2�/� mice shows
that only one-third of GA are compact and normally placed (D3) and the other GA are either displaced (D4), fragmented (D5), or both (D6). In panel (D6), white
asterisk corresponds to a GA belonging to a different cell.

E Quantification of the morphology and the relative localization of the GA and Dpy19l2 staining in WT (n = 40) and Spink2�/� (n = 39) round spermatids.
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cell proliferation arrest and cell detachment, a phenotype similar to

that observed in round spermatids from Spink2�/� males.

SPINK2 haploinsufficiency induces sperm defects with
incomplete penetrance in man

Only one additional subject, P105, was identified with a SPINK2

heterozygous deleterious variant, and we cannot be sure that this

variant is the cause of the patient’s oligozoospermia. Two arguments

could in fact suggest that SPINK2 haploinsufficiency is not deleteri-

ous: (i) Br1 and Br2’s father is SPINK2 heterozygous and has

conceived six children spontaneously, and unfortunately, we could

not obtain sperm samples to characterize this man’s sperm parame-

ters; and (ii) because heterozygous Spink2+/� male mice are fertile,

they did not produce litters of reduced size (Fig 3A). We however

carried out a detailed characterization of Spink2+/� and Spink2+/+

A

C D E

B

Figure 5. Heterologous expression of proacrosin in HEK293 cells induces acrosin activation and cell proliferation arrest, a phenotype rescued by SPINK2
coexpression.

A Representative kinetics of HEK293 cell proliferation measured with Real-Time Cell Analysis (RTCA) technology in different conditions as indicated. Each point
corresponds to the mean of four technical replicates measured simultaneously. Black arrows indicate the time of cell plating (t = 0 h) and introduction of the
different plasmids in the cell chambers (t = 16 h).

B Scatter plots showing the mean and SD of the cell index measured at 40 h after plating (corresponding to cell proliferation and detachment) in different transfection
conditions and measured for three independent biological replicates. Statistical differences were assessed using t-test, P-values as indicated.

C Western blot using an anti-SPINK2 antibody showing the expression of SPINK2 in cell extracts of HEK293 cells transfected with different plasmids containing SPINK2
(SP) or acrosin and SPINK2.

D Representative Western blot using an anti-acrosin antibody. In extracts of HEK293 cells transfected with proacrosin only (lane “acrosin”), two bands were observed,
one at around 34 kDa and corresponding to the active form of acrosin (red arrowhead) and one at 46 kDa and corresponding to the zymogen form, whereas in
extracts of HEK293 cells transfected with proacrosin and SPINK2 (lane “Acr + SP”), only the zymogen form was observed. Equal protein loading was verified by stain-
free gel technology (Taylor & Posch, 2014) and Western blots against tubulin (Appendix Fig S6). Note that the zymogen form in lane “acrosin” has a slightly lower
mass and that the band is less intense than that in lane “Acr + SP”.

E Representative Western blot using an anti-DDK antibody showing the expression of the proacrosin zymogen form in HEK293 cells transfected with different plasmids
as indicated. Note that once more, the zymogen form in the lane “acrosin” has a slightly lower mass and that the band is less intense than that in lane “Acr + SP”.
Similarly, equal protein loading was verified by stain-free gel technology (Appendix Fig S6).
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sperm parameters to address the question of the impact of SPINK2

haploinsufficiency on mouse spermatogenesis. Heterozygous males

displayed a significant increase in teratozoospermia (Fig 6A). Abnor-

mal spermatozoa showed non-hooked heads, isolated heads, or a

malformed base of the head (Fig 6B). Moreover, sperm motility of

heterozygous males was impaired with lower total and progressive

motility (Fig 6C). We note that the observed defects are very similar

to those observed in the heterozygous patient P105 (Table EV1). We

can therefore conclude that in mice, SPINK2 haploinsufficiency

induces asthenoteratospermia with no alteration of reproductive fit-

ness, whereas in man it leads to oligoteratozoospermia with variable

expressivity and infertility with an incomplete penetrance.

Discussion

SPINK family emerges as an important family for human
genetic diseases

SPINK proteins are serine protease inhibitors containing one or

several Kazal domains which interact directly with the catalytic

domains of proteases blocking their enzymatic activity (Rawlings

et al, 2004). The Kazal domain structure contains three disulfide

bonds which are highly conserved. Different SPINK proteins are

specifically expressed in different tissues and inhibit a number of

serine proteases, such as secreted trypsin in the pancreas, acrosin in

sperm, or kallikrein in the skin. Downregulation of the activity of dif-

ferent SPINK proteins leads to severe pathologies such as chronic

pancreatitis and Netherton syndrome. In the pancreas, trypsin is

produced as an inactive zymogen to prevent cell damage, yet the

trypsinogen is occasionally able to autoactivate. This protease activ-

ity is then blocked by SPINK1. Chronic pancreatitis can be triggered

by mutations of SPINK1 that decrease or suppress its trypsin inhi-

bitor function, leading to cell distress (Chen et al, 2000; Witt et al,

2000). In the skin, kallikrein-related peptidases are controlled by

SPINK5 and unopposed kallikrein-peptidase activity due to SPINK5

deficiency leads to Netherton syndrome, a severe skin disease (Furio

& Hovnanian, 2014). SPINK6 and SPINK9 are also expressed in the

skin, and altered expression levels are associated with atopic

dermatitis or psoriasis (Redelfs et al, 2016). The other members of

the SPINK family, including SPINK2, have not yet been associated

with a human pathology. Here, we have clearly demonstrated that

the absence of SPINK2 induces azoospermia, a severe infertility

phenotype, emphasizing the importance of this family in human

pathologies.

Role of SPINK2 during spermiogenesis

We have shown that SPINK2 is located in the acrosomal vesicle in

round spermatids and remains present in mature spermatozoa,

suggesting that this protein is necessary for spermiogenesis and

sperm survival. SPINK proteins are known to control protease activ-

ities in different tissues (Witt et al, 2000; Rawlings et al, 2004;

Ohmuraya et al, 2012; Furio & Hovnanian, 2014) and since SPINK2

is located in the acrosome, it very likely neutralize acrosomal

proteases before their release prior fertilization. Several proteases

have been described to be present in the acrosome (Arboleda &

Gerton, 1987; Kohno et al, 1998; Cesari et al, 2004). Among these,

acrosin (Acr) was the first to be described and is the acrosomal

protein which has been the most studied. Acrosin is present in the

acrosome as a zymogen called proacrosin (Huang-Yang & Meizel,

1975) which is predicted to be activated during the acrosome reac-

tion (Brown & Harrison, 1978) upon a rise in acrosomal pH to 7

which induces pH-dependent proacrosin autoactivation (Baba et al,

1989). Before the acrosome reaction, at least two mechanisms

prevent autoactivation: The first is the acrosomal acidic pH which is

below 5, which blocks autoactivation of proacrosin (Meizel &

Deamer, 1978); and the second is the presence in the sperm of a

non-fully characterized proacrosin conversion inhibitor of 12 kDa

which has been purified from boar acrosome (Kennedy et al, 1982).

The presented results strongly suggest that this protein is in fact

SPINK2. Proacrosin is however produced in the endoplasmic reticu-

lum and transits through the Golgi apparatus, two cellular compart-

ments with a pH of approximately 7 and 6.5, respectively. In these

compartments, autoactivation of proacrosin is thus possible and

would result in the release of active acrosin within these appara-

tuses. We therefore believe that SPINK2, which transits through the

same cellular compartments, quenches this premature protease

activity and prevents the described cascade of events leading to

azoospermia. This hypothesis is supported by heterologous expres-

sion experiments: We have indeed demonstrated that proacrosin

expression in HEK293 cells induces (i) autoactivation of proacrosin

and (ii) cellular proliferation arrest and cell detachment. Moreover,

cellular toxicity of proacrosin expression is prevented by SPINK2

coexpression, showing the ability of SPINK2 to inhibit acrosin activ-

ity.

One of the most striking effects of SPINK2 deficiency is the frag-

mentation of the Golgi apparatus, a key organelle for protein

processing and translocation, in particular for membrane proteins.

The notable strong desquamation of the germinal epithelium may

be due to severe changes in membrane protein composition result-

ing from a defective Golgi apparatus function.

Impact of SPINK2 deficiency

We have shown that the absence of SPINK2 in round spermatids

leads to several subcellular defects targeting the process of proacro-

somal vesicle formation by the Golgi apparatus. The observed

abnormalities include the disorganization and delocalization of the

Golgi apparatus, the presence of vesicles of various sizes, and the

absence of proacrosomal vesicle fusion. The absence of SPINK2

likely allows proacrosin autoactivation within the reticulum and the

Golgi apparatus compartments, leading to the above-described

subcellular defects. It was previously shown that transgenic expres-

sion of porcine proacrosin in mice led to post-meiotic cell death and

oligozoospermia, supporting the hypothesis that unbalanced expres-

sion of acrosin/Spink2 is deleterious (O’Brien et al, 1996). Interest-

ingly, we have demonstrated that the cell responds to this stress by

activating a microautophagy-like pathway: First, we showed that

larger vacuoles engulfed small vacuoles, likely leading to the

observed heterogeneity in vacuole size in the vicinity of the Golgi

apparatus; and secondly, multivesicular bodies, a hallmark of

microautophagy (Li et al, 2012), were clearly observed within

Spink2�/� round spermatids, whereas they were never observed in

WT. Furthermore, the lack of various SPINK proteins induces autop-

hagy-induced cell death in regenerating Hydra (Chera et al, 2009)
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C

Figure 6. Sperm from Spink2+/� heterozygous mice exhibit morphological defects and low motility.

A Light microscopy analysis of sperm from Spink2+/� heterozygous mice reveals the presence of numerous non-typical forms of sperm. Scale bars, 25 lm. Graph on the
right shows the mean � SD percentage of defective sperm in WT (n = 3) and Spink2+/� mice (n = 3).

B Anomalies were observed in the head and the mid- and principle pieces in WT and Spink2+/� mice (n = 3).
C Total and progressive sperm motility were strongly decreased in Spink2+/� heterozygous mice (n = 5) in comparison with WT sperm (n = 5).

Data information: n represents the number of biological replicates, and for each replicate, more than 100 sperm were assessed per condition. Data are presented as
mean � SD. Statistical differences were assessed using t-test, P-values as indicated.
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and was also described in newborn mice when Spink3 (orthologue

of Spink1) is mutated (Ohmuraya et al, 2005). Based on these

results, it has been postulated that SPINK1/Spink3 could have the

dual function of protease inhibitor and negative regulator of autop-

hagy (Ohmuraya et al, 2012). Our results show that the absence of

SPINK2 induces a microautophagy-like pathway in germ cells

thereby further supporting this hypothesis.

Oligozoospermia and azoospermia is a continuum correlated
with SPINK2 haploinsufficiency

We observed that in man, the presence of a homozygous SPINK2muta-

tion leads to azoospermia while a heterozygous mutation can induce

oligozoospermia suggesting that SPINK2 haploinsufficiency can result

in oligozoospermia. In mice, we showed that the complete absence of

the protein leads to azoospermia. We also showed that heterozygous

animals have terato-astheno-zoospermia but with no obvious decrease

in sperm number and no impact on fertility. A previous study carried

out in a different mouse hypomorphic mutant line showed that a

significant inactivation of Spink2 (likely in excess of 90%) led to a

reduction by half of sperm number within the epididymis and a five-

fold increase in morphologically abnormal spermatozoa. Male mice

also exhibited a reduced fertility and produced litters of reduced size

with an average of 5.19 pups by litter compared to 8.56 in controls

(Lee et al, 2011). These results and the results presented therein thus

confirm that in mice, the severity of the phenotype is dependent on

Spink2 expression levels and that there is a phenotypic continuum

ranging from (i) azoospermia in the complete absence of the protein

(ii) to teratozoospermia and oligozoospermia associated with subfertil-

ity when only a fraction of the protein is present and finally (iii) to

astheno-teratozoospermia with no impact on fertility when half of the

protein is present. These observations in mice strongly support the

notion that SPINK2 heterozygous mutations in man will impact sper-

matogenesis with a variable effect on fertility. We identified only one

heterozygous mutation out of 611 analyzed patients indicating that

SPINK2 variants are very rare, likely because heterozygous variants

underwent a strong negative selection during evolution. This hypothe-

sis is supported by data from the ExAC database which indicate that

the SPINK2 gene has a high probability of loss of function intolerance

(pLI = 0.72).

The testis is the organ which expresses the highest number of

tissue-specific transcripts (n > 500) (Feig et al, 2007; Dezso et al,

2008) and altered spermatogenesis has been observed in knockout

mouse models for more than 388 genes (Massart et al, 2012). It is

therefore expected that NOA is genetically highly heterogeneous and

that few patients carry causal defects on the same gene. Due to the

involvement of the corresponding proteins in multiple phases of

spermatogenesis, the causes of azoospermia are numerous and

involve genes controlling spermatogonial self-renewal, meiosis, and

spermiogenesis. Here, we have confirmed that alterations of

spermiogenesis do not only lead to teratozoospermia as described

several times previously (Dieterich et al, 2007; Harbuz et al, 2011;

Ben Khelifa et al, 2014) but also to azoospermia. The vast majority

of patients with an altered spermatogenesis can be treated with IVF

or by the direct injection of a sperm into the oocyte (ICSI). Most

patients with NOA however cannot benefit from ICSI-IVF treatments.

Identifying the genetic defects responsible for NOA and characteriz-

ing their molecular pathogeny will provide a basis for the

development of therapeutic solutions tailored to the patient. In this

particular case, we have shown that SPINK2 deficiency can induce

azoospermia and demonstrated that unrestricted acrosomal protease

activity induces the arrest of spermiogenesis. Moreover, we provided

evidence that this process activates a microautophagy-like pathway.

As we have shown that the pool of undifferentiated spermatogonia is

not affected, we can envisage a method of treatment targeting

protease activity using a protease inhibitor, as is done for chronic

pancreatitis caused by SPINK1 deficiency (Kambhampati et al,

2014).

Materials and Methods

Patients and biological samples

Human sperm were obtained from patients consulting for diagnosis

or assisted reproductive techniques at the fertility center of the

Grenoble University Hospital. All patients signed an informed

consent for use of part of their samples in research programs

respecting the WMA declaration of Helsinki. The samples were then

stored in the CRB Germetheque (certification under ISO-9001 and

NF-S 96-900) following a standardized procedure. Consent for CRB

storage was approved by the CPP Sud-Ouest of Toulouse (coordina-

tion of the multisite CRB Germetheque). The storage and transfer

authorization number for the CRB Germetheque is AC2009-886. The

scientific and ethical board of the CRB Germetheque approved the

transfer of the semen samples for this study. Additional DNA

samples from patients with azoospermia and oligozoospermia were

obtained from the CHU of Grenoble, Saint Etienne, and Marseille.

All patients gave their informed consent for the anonymous use of

their leftover samples. Brothers Br1 and Br2 are French citizens

from a traveling group originating from Romania but whose recent

ancestors lived in Spain and the south of France. Subject P105 is

also a French citizen with eastern ascendants (from Russia).

Exome sequencing and bioinformatic analysis

Genomic DNA was isolated from saliva using Oragene saliva DNA

collection kit (DNA Genotek Inc., Ottawa, Canada). Exome capture

was performed using NimbleGen SeqCap EZ Kit version 2 (Roche).

Sequencing was conducted on an Illumina HiSeq 2000 instrument

with paired-end 76-nt reads. Sequence reads were aligned to the

reference genome (hg19) using MAGIC (SEQC/MAQC-III Consor-

tium, 2014). Duplicate reads and reads that mapped to multiple

locations in the exome were excluded from further analysis. Posi-

tions with sequence coverage below 10 on either the forward or

reverse strand were excluded. Single nucleotide variations (SNV)

and small insertions/deletions (indels) were identified and quality-

filtered using in-house scripts. The most promising candidate

variants were identified using an in-house bioinformatics pipeline.

Variants with a minor allele frequency > 5% in the NHLBI ESP6500

or in 1000 Genomes Project phase 1 datasets, or > 1% in ExAC,

were discarded. We also compared these variants to an in-house

database of 56 control exomes. All variants present in a homozy-

gous state in this database were excluded. We used Variant Effect

Predictor (VEP) to predict the impact of the selected variants. We

only retained variants impacting splice donor/acceptor sites or

ª 2017 The Authors EMBO Molecular Medicine

Zine-Eddine Kherraf et al Mutations in SPINK2 induce azoospermia EMBO Molecular Medicine

13

Published online: May 29, 2017 



causing frameshift, in-frame insertions/deletions, stop gain, stop

loss, or missense variants except those scored as “tolerated” by SIFT

(sift.jcvi.org) and as “benign” by PolyPhen-2 (genetics.bwh.harva

rd.edu/pph2). All steps from sequence mapping to variant selection

were performed using the ExSQLibur pipeline (https://github.com/

tkaraouzene/ExSQLibur). Our datasets were obtained from subjects

who have consented to the use of their individual genetic data for

biomedical research, but not for unlimited public data release.

Therefore, we submitted it to the European Genome-phenome

Archive, through which researchers can apply for access of the raw

data under the accession number EGAD00001003326.

Sanger sequencing

Sanger sequencing of the four SPINK2 exons and intron borders was

carried out using the primers described in Appendix Table S3. Thirty-

five cycles of PCR amplification were carried out with a hybridization

temperature of 60°C. Sequencing reactions were performed using

BigDye Terminator v3.1 (Applied Biosystems). Sequence analyses

were carried out on ABI 3130XL (Applied Biosystems). Sequences

were analyzed using seqscape software (Applied Biosystems).

RT–PCR and quantitative real-time PCR

Total RNA from various tissues including testes from three WT and

homozygous KO mice was extracted using the mirVanaTM PARISTM

Kit (Life Technologies�) according to the manufacturer’s protocol.

Human cDNAs were obtained from Life Technologies� mRNA.

Reverse transcription was carried out with 5 ll of extracted

RNA (~500 ng). Hybridization of the oligo dT was performed by

incubating for 5 min at 65°C and quenching on ice with the

following mix: 5 ll RNA, 3 ll of poly-T-oligo primers (dT) 12–18

(10 mM; Pharmacia), 3 ll of the four dNTPs (0.5 mM, Roche

Diagnostics) and 2.2 ll of H2O. Reverse transcription then was

carried out for 30 min at 55°C after the addition of 4 ll of 5×

buffer, 0.5 ll RNase inhibitor, and 0.5 ll Transcriptor reverse tran-

scriptase (Roche Diagnostics). One microliter of the obtained cDNA

mix was used for the subsequent PCR. Primers are described in

Appendix Table S4.

A specific region of the transcript was amplified using a StepOne-

PlusTM Real-Time PCR System (Life Technologies�) with Power

SYBR� Green PCR Master Mix (Life Technologies�) according to the

manufacturer’s protocol. PCR without template was used as a nega-

tive control to verify experimental results. The sequence for oligonu-

cleotide primers used and their product sizes are summarized in

Appendix Table S5.

After amplification, the specificity of the PCR was determined by

both melt-curve analysis and gel electrophoresis to verify that only

a single product of the correct size was present. Quantification of

the fold change in gene expression was determined by the relative

quantification method (2�DDCT ) using the beta-actin gene as a refer-

ence. Data are shown as the average fold increase � standard error

of the mean.

Primary antibodies

SPINK2 rabbit polyclonal antibody was from Sigma-Aldrich

(HPA026813) and used at 1/1,000 for Western blot analysis. Sperm

protein Sp56 and Golgi matrix protein GM130 (610822) mouse

monoclonal antibodies were from QED Bioscience Inc. (used at

1/800 and 1/200, respectively). Promyelocytic leukemia zinc finger

protein PLZF rabbit polyclonal antibody (Sc-22839) was from Santa

Cruz Biotechnology. Dpy19l2 antibodies were produced in rabbit as

polyclonal antibodies raised against RSKLREGSSDRPQSSC and

CTGQARRRWSAATMEP peptides corresponding to amino acids

6–21 and 21–36 of the N-terminus of mouse Dpy19l2 (Pierre et al,

2012). DDK antibody was from OriGene (TA50011) or Sigma-

Aldrich (FLAG� M2F1804) and used at 1/10,000 for Western blot

analysis. Acrosin antibody was previously described (Gallo et al,

1991) and is a gift from Denise Escalier.

Western blot analysis

HEK293 cells were lysed in 25 mM Tris pH 7.4, 5 mM EDTA, 1%

Triton X-100, and complete protease inhibitor cocktail (Roche) and

were then centrifuged. After centrifugation at 20,000 g for 15 min at

4°C, the soluble supernatant was conserved and subjected to SDS–

PAGE. The protein concentration from supernatants was quantified

by the bicinchoninic acid assay (BCA assay) using bovine serum

albumin as a standard. Sample concentrations were adjusted and

mixed with 1× high-SDS sample buffer (4% SDS, 62 mM Tris–HCl

pH 6.8, 0.1% bromophenol blue, 15% glycerol, 5% ß-mercap-

toethanol) and separated using 4–20% SDS mini-PROTEAN� TGX

Stain-FreeTM Precast Gels (Bio-Rad) or 10 and 20% polyacrylamide–

SDS gels and transferred into PVDF membranes (Millipore, 0.2 lm)

using Trans-Blot� TurboTM Blotting System and Midi Transfer Packs

(Bio-Rad). The membranes were blocked in 5% non-fat dry milk in

PBS/0.1% Tween and incubated for 1 h at room temperature with

the primary antibody, followed by 45-min incubation with a

species-matched horseradish peroxidase-labeled secondary antibody

(1/10,000) (Jackson ImmunoResearch). Immunoreactivity was

detected using chemiluminescence detection kit reagents (Luminata;

Millipore) and a ChemiDoc Station (Bio-Rad).

Real-time cell analysis

The growth, proliferation, and adhesion kinetics of HEK293 cells

were determined using RTCA technology (ACEA Biosciences, San

Diego, CA, USA). Fifty microliters of DMEM supplemented with

10% HI-FBS and 50 lg/ml gentamicin (cell culture medium) was

loaded in each well of the E-plate 96 (gold-microelectrode array inte-

grated E-plate; ACEA Biosciences). E-plate 96 was then connected to

the system to obtain background impedance readings. Around

1.5 × 104 cells in 50 ll were added to the wells containing 50 ll of
culture medium. The E-plates were placed on the RTCA SP Station

located in a 37°C, 5% CO2 tissue culture incubator for continuous

impedance recording. The cell index values measured by continuous

impedance recordings every 5 min are proportional to the number

of adherent cells. After 16–17 h, cells were transfected as described

below, and for each of the conditions, four replicates were done.

The assay was conducted for 40 h.

Mice

All animal procedures were run according to the French guidelines

on the use of animals in scientific investigations with the approval of
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the local ethical committee (Grenoble-Institut des Neurosciences—

ethical committee, study agreement number 004). Mice were eutha-

nized by cervical dislocation.

The Spink2tm1.1 (KOMP)Vlcg mouse strain used for this

research project was created from ES cell clone Spink2_AG5_M7,

generated by Regeneron Pharmaceuticals, Inc. and made into live

mice by the KOMP Repository (www.komp.org) and the Mouse

Biology Program (www.mousebiology.org) at the University of Cali-

fornia Davis. The methods used to create the VelociGene targeted

alleles have been published (Valenzuela et al, 2003). They were

then reared by the Mouse Clinical Institute—MCI—located in Stras-

bourg as part of the “knockout mouse project”. The colony used in

this study was initiated from two couples consisting of heterozygous

females and males. Mice were housed with unlimited access to food

and water and were sacrificed after 8 weeks of age (the age of

sexual maturity).

Genotyping

DNA for genotyping was isolated from tail biopsies. Tail biopsies

(2 mm in length) were digested in 200 ll of DirectPCR Lysis Reagent

(Tail) (Viagen Biotech Inc, CA, USA) and 0.2 mg of proteinase K for

12–15 h at 55°C followed by 1 h at 85°C for proteinase K inactiva-

tion. The DNA was directly used for PCRs. Multiplex PCR was done

for 35 cycles, with an annealing temperature of 58°C, and an elonga-

tion time of 60 s at 72°C. PCR products were separated by 2%

agarose gel electrophoresis. Genotypes were determined according

to the migration pattern. Primers are described in Appendix

Table S6.

Phenotypic analysis of mutant mice

To test fertility, pubescent Spink2�/� males (8-week-old) were

mated with WT females.

To determine sperm concentration, sperm samples were

collected from the cauda epididymis and vas deferens of 8-week-old

males, and sperm number was determined using a hemocytometer

under a light microscope.

Sperm motility analysis

Experiments were performed on a CASA CEROS v.12 (Hamilton

Thorne Biosciences, Beverly, MA, USA) using Leja double-chamber

slides (Leja Products B.V., the Netherlands) for standard count with

100 lm depth. After epididymal extraction, sperm cells were

allowed to swim for 10 min at 37°C and then were immediately

analyzed. At least 150 cells were analyzed per sample with the

following parameters: acquisition rate: 60 Hz; number of frames:

45; minimum contrast: 50; minimum cell size: 5; low static-size

gate: 0.3; high static-size gate: 1.95; low static-intensity gate: 0.5;

high static-intensity gate: 1.3; minimum elongation gate: 0; maxi-

mum elongation gate: 87; and magnification factor: 0.7. The motility

parameters measured were curvilinear velocity (VCL), straight-line

velocity (VSL), average path velocity (VAP), and amplitude of

lateral head displacement (ALH). Motile sperm were defined by

VAP > 1 and progressive sperm were defined by VAP > 30 and

VSL/VAP > 0.7.

Histological analysis

To analyze testicular integrity, testes from adult Spink2+/+ and

Spink2�/� mice were fixed by immersion in 4% paraformaldehyde

(PFA) for 14 h, embedded in paraffin, and sectioned (4 lm). For

histological analysis, after being deparaffinized slides were stained

with hematoxylin and eosin or by the PAS technique. The colored

sections were digitized at ×40 magnification through an Axioscope

microscope (Zeiss, Germany) equipped with a motorized X–Y-

sensitive stage. For sperm morphology analysis, sperm were washed

twice in PBS and then displayed over slides, dried at room tempera-

ture, and then fixed in 75% ethanol for Harris–Shorr staining. At

least 100 sperm cells were analyzed per sample.

Testicular germ cell dissociation

C57BL/6 male or Spink2 KO mice (8-week-old) were euthanized by

cervical dislocation. The testes were surgically removed and placed

in PBS (at room temperature). The tunica albuginea was removed

from the testes with sterile forceps and discarded. Then, the testes

were incubated in 1 mg/ml of collagenase solution in EKRB cell

buffer containing (in mM) 2 CaCl2, 12.1 glucose, 10 HEPES, 5 KCl, 1

MgCl2, 6 Na-lactate, 150 NaCl, 1 NaH2PO4, and 12 NaHCO3 pH 7, and

agitated horizontally at a maximum of 120 rpm for 30 min at 25°C.

The dispersed seminiferous tubules were then washed with PBS and

cut thinly. Cells were dissociated by gentle pipetting filtered through

a 100-lm filter and then pelleted by centrifugation at 500 g for 7 min.

Cells were resuspended in 1 ml PBS, fixed with 4% PFA solution,

washed with PBS, and finally layered onto polylysine-coated slides.

Immunohistochemistry

Mice were anesthetized by intraperitoneal injection of a ketamine/

xylazine cocktail (87.5 mg/kg ketamine and 12.5 mg/kg xylazine)

and sacrificed through intracardiac perfusion of PFA (4%). The

testes and epididymides were removed and fixed for a further 8 h

before paraffin embedding and sectioning. Mature sperm cells were

obtained for analysis through mechanical dilaceration of the epidi-

dymis. Sperm cells were fixed in 4% PFA for 1 min and washed in

PBS before being spotted onto poly-L-lysine-pre-coated slides. Sper-

matogenic cells of the round-spermatid stage were purified by unit

gravity sedimentation from a spermatogenic cell suspension

obtained from sexually mature males as described in Yassine et al

(2015).

For immunofluorescence experiments, heat-induced antigen

retrieval was performed by boiling slides immersed in either 0.01 M

sodium citrate buffer–0.05% Tween-20, pH 6.0, or 10 mM Tris

base–1 mM EDTA solution–0.05% Tween-20, pH 9.0, for 15–

25 min. Sections were blocked in 2% goat serum–0.1% Triton X-

100 for 1 h at RT and incubated with primary antibodies overnight

at 4°C. The slides were then washed and incubated with secondary

antibody (DyLight 549-conjugated goat anti-mouse IgG or DyLight

488-conjugated goat anti-rabbit IgG, Jackson ImmunoResearch) and

Hoechst 33342 for 2 h at RT, rinsed, and mounted with Dako

mounting medium (Life Technology). Images were taken by confo-

cal microscopy (Zeiss LSM 710) and processed using Zen 2009

software.
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Electron microscopy (EM)

Adult male mice were anesthetized and fixed by intracardiac injec-

tion with 2% glutaraldehyde and 2.5% PFA in 0.1 M cacodylate, pH

7.2. For morphological analysis, samples were fixed with 2.5%

glutaraldehyde in 0.1 M cacodylate buffer pH 7.4 over 24 h at room

temperature. Samples were then washed with buffer and post-fixed

with 1% osmium tetroxide and 0.1 M cacodylate pH 7.2 for 1 h at

4°C. After extensive washing with water, cells were further stained

with 1% uranyl acetate pH 4 in water for 1 h at 4°C before being

dehydrated through graded alcohol (30%–60%–90%–100%–100%–

100%) and infiltrate with a mix of 1/1 epon/alcohol 100% for 1 h

and several baths of fresh epon (Flukka) during 3 h. Finally,

samples were embedded in a capsule full of resin that was left to

polymerize over 72 h at 60°C. Ultrathin sections of the samples

were cut with an ultramicrotome (Leica), and the sections were

post-stained with 5% uranyl acetate and 0.4% lead citrate before

being observed with an electron microscope at 80 kV (JEOL

1200EX). Images were acquired with a digital camera (Veleta; SIS,

Olympus), and morphometric analysis was performed with iTEM

software (Olympus).

Cell culture and transfection

Mycoplasma-free HEK293 cells were a gift from A. Andrieux from

Grenoble Neuroscience Institute and grown in Dulbecco’s modified

Eagle’s medium supplemented with 10% FBS (Invitrogen, France)

and 50 lg/ml gentamicin (Sigma) in a 37°C, 5% CO2 cell culture

incubator and transiently transfected with Cter-DDK-tagged human

acrosin (RC214256; OriGene, Rockville, MD, USA) and/or human

SPINK2 (RC205388; OriGene) and/or human c.1A>T mutated

SPINK2-containing pCMV6 plasmids, using JetPRIME Transfection

Reagent (Polyplus, France) according to the manufacturer’s instruc-

tions. For immunochemistry experiments, transfected cells were

fixed with 4% PFA 2 days after transfection.

DNA strand breaks

Sections were permeabilized using a 0.1% (v/v) Triton X-100 and

0.1% (w/v) sodium citrate in 1× PBS for 2 min and labeled by

terminal deoxynucleotidyl transferase-mediated deoxy-UTP nick-

end labeling (TUNEL) according to the Roche protocol of the In Situ

Cell Detection Kit (Roche Diagnostics, Mannheim, Germany). Nuclei

were counterstained in a 0.5 lg/ml Hoechst solution for 3 min,

washed in PBS for 3 min, and mounted with DAKO mounting

medium.

Statistical analyses

n represents the number of biological replicates. For sperm

analyses, for each replicate, more than 100 sperm were assessed

per condition. Statistical analyses were performed with SigmaPlot

10 and GraphPad Prism 7. t-Tests were used to compare WT and

KO samples. Data represent mean � SEM or SD, as indicated.

Statistical tests with a two-tailed P-value ≤ 0.05 were considered

significant.

Expanded View for this article is available online.
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The paper explained

Problem
Infertility concerns one in seven couples and is usually addressed by
performing in vitro fertilization (IVF) often by injecting spermatozoa
directly into the oocytes by intracytoplasmic sperm injection (ICSI).
Some men have a non-obstructive azoospermia (NOA), caused by a
deficient spermatogenesis, and have no spermatozoa in the ejaculate.
In some cases, a testicular biopsy can be performed in hope of finding
some mature spermatozoa that will be used for ICSI, but most men
with NOA will not be able to have biological children. It is believed
that most cases of NOA are caused by a genetic factor, but a diagno-
sis is obtained for only approximately 20% of patients.

Results
We performed exome sequencing on two brothers with NOA and
identified a homozygous mutation in the SPINK2 gene coding for a
serine protease inhibitor believed to target the acrosin, the main
protease of the acrosome, a large vesicle located to the anterior part
of the spermatozoa and containing an enzyme mix necessary to
perforate the zona pellucida of the oocyte to achieve fertilization.
Mouse study allowed to observe that homozygous KO male also had
NOA, confirming the human diagnostic. Germ cells could go through
meiosis but were blocked at the round-spermatid stage. We further
observed that in the round spermatids, in the absence of SPINK2, the
acrosin could autoactivate during its transit through the endoplasmic
reticulum and the Golgi apparatus leading to a disorganization of the
Golgi and its inability to form the acrosome and a block at the
round-spermatid stage. We further demonstrate that the presence of
a heterozygous SPINK2 mutation was also deleterious leading to the
production of sperm with variable levels of anomalies.

Impact
We identified a new gene leading to male infertility permitting to
improve the diagnostic efficiency for NOA patients. We demonstrate
that whole-exome sequencing is an efficient technique to identify
new infertility genes and to realize a diagnostic for affected men. We
showed that the control of proteases by antiproteases, and in particu-
lar by SPINK2, is critical during spermiogenesis and demonstrate that
the SPINK gene family is involved not only in pancreatitis or skin
disease but also in male infertility.
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Principaux résultats

L’analyse et le filtrage des données de séquençage des deux frères par notre pipeline a
permis de retenir seulement 2 variants répondant à tous les critères établis (Table :
2.4). Le premier de ces variants chevauchait la séquence codante du gène GUF1 et
entraînait la substitution d’une sérine par une isoleucine. Le second impactait le gène
SPINK2 et se situait trois nucléotides en amont du deuxième exon pouvant ainsi
entraîner des erreurs d’épissage pouvant par la suite soit engendrer un décalage du
cadre de lecture menant à la formation d’un codon stop prématuré ou bien sauter
complètement la transcription de cet exon créant un codon stop au début de l’exon
3.

Parmi ces deux gènes, seul SPINK2 présentait une forte expression testiculaire dans les
données Ensembl (Figure : 2.13) et nous avons confirmé cette surexpression par RT-
PCR dans cette étude. De plus, un KO partiel de Spink2 chez la souris avait déjà été
décrit comme induisant des défauts partiels de la spermatogenèse [220]. Ces arguments
ont ainsi fait de SPINK2 le candidat évident pour expliquer le phénotype de ces deux
frères. Après avoir confirmé en séquençage Sanger la présence de la mutation de ce
gène à l’état homozygote pour les deux frères et hétérozygotes pour les parents, nous
avons, afin de continuer nos investigations, développé un modèle murin KO Spink2 -/-

confirmant une azoospermie complète pour les souris mâle causée par un arrêt de la
spermatogenèse au stage des spermatides rondes. De plus, malgré une fertilité normale,
nous avons pu noter un taux élevé d’anomalies morphologiques du spermatozoïde ainsi
qu’une motilité spermatique réduite chez les souris mâles hétérozygotes Spink2+/-. Les
femelles, elles, ne présentaient aucun phénotype apparent. L’étude de la localisation
de la protéine Spink2 chez la souris et SPINK2 chez l’humain a révélé que ces deux
protéines localisaient dans la vésicule acrosomale depuis le début de la biogénèse de
l’acrosome jusqu’au spermatozoïde mature. Nous avons, par ailleurs, démontré que
Spink2, une antiprotéase à sérine, permettait de neutraliser l’acrosine (Acr) pendant
son transit par l’appareil de golgi, et qu’en son absence, Acr déstructurait le golgi,
empêchait la formation acrosomale et entraînait le blocage au stade de spermatide
ronde.

Suite à cela, afin d’évaluer l’importance des variants du gène SPINK2 dans l’infertilité
humaine, nous avons effectué le séquençage Sanger de 611 patients parmi lesquels
210 étaient azoospermes, 393 oligozoospermes et 8 dont la cause n’était pas spécifiée.
Parmi ces patients, seul 1 s’est révélé porter un variant non répertorié dans ExAC sur
le gène SPINK2. Ce patient présentant un phénotype d’oligozoospermie porte à l’état
hétérozygote un variant altérant le codon start du gène SPINK2. Ces résultats indiquent
donc que chez l’homme, comme chez la souris, la présence de mutations homozygotes
sur le gène SPINK2 induit un phénotype d’azoospermie ou d’oligozoospermie sévère
tandis que la présence d’une mutation hétérozygote pouvait entraîner un phénotype
d’oligozoospermie avec un taux élevé d’anomalies morphologiques du spermatozoïde.
Le fait que même les hétérozygotes puissent subir une pression de sélection négative
pourrait expliquer la rareté observée des mutations SPINK2.
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Table 2.4 – Liste des variants ayant passé l’ensemble des filtres pour
les deux fères de la famille AZ

Impact Frequency
Gene HGVSc, HGVSp Consequence ExAC ESP 1KG
GUF1 c.443A>T ; p.Ser148Ile missense 0.00207 0.0028 9e-04
SPINK2 c.56-3C>G ; . splice region . . .

adipose tissue

adrenal gland

brain

breast

colon

heart

kidney

leukocyte

liver

lung

lymph node

ovary

prostate gland

skeletal muscle tissue

testis

thyroid gland
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% of RPKM

Genes

GUF1

SPINK2

Figure 2.13 – Expression tissulaire des gènes SPINK2 et
GUF1 : Données provenant du projet de transcriptome Illumina
BodyMap. Contrairement au gène GUF1 (en rouge) qui a une ex-
pression relativement ubiquitaire, SPINK2 (en bleu) a une expression
quasi spécifique au testicule.
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2.2.3 Article n°2

Homozygous mutation of PLCZ1 leads to defective human oocyte ac-
tivation and infertility that is not rescued by the WW-binding protein
PAWP

Jessica Escoffier J*, Lee HC*, Yassine S*, Zouari R, Martinez G, Karaouzène T,
Coutton C, Kherraf ZE, Halouani L, Triki C, Nef S, Thierry-Mieg N, Savinov SN,
Fissore R, Ray PF, Arnoult C
* Co-premiers auteurs

Human Molecular Genetics, Décembre 2015



114
Chapitre 2. Mise en place d’une stratégie pour l’analyse des données exomiques –

application en recherche clinique

Contexte et objectifs

L’activation ovocytaire regroupe une série de processus intervenant lors de la fécon-
dation de l’ovocyte par le spermatozoïde. En 1990, plusieurs études ont démontré
que chez les mammifères ces processus reposent principalement sur le relargage par le
spermatozoïde de “facteurs spermatiques” qui déclenchent un signal constitué d’oscilla-
tions Ca2+. Plus tard, la protéine PLCZ1 fut identifiée comme la molécule responsable
de l’induction de ces oscillations calciques. Cependant, l’incapacité à produire des
modèles animaux PLCZ1 KO capables de produire des spermatozoïdes matures a
empêché d’attribuer l’exclusivité de ce rôle à PLCZ1, laissant ouverte la possibilité
que l’activation ovocytaire puisse être tributaire d’autres facteurs spermatiques. C’est
ainsi qu’en 2014 fut proposée la protéine PAWP comme facteur spermatique alternatif
ou complémentaire à PLCZ1 [221, 222].

Les travaux ci-dessous décrivent les analyses effectuées sur deux frères issus d’une
union consanguine ayant tous deux été dans l’incapacité de concevoir un enfant
spontanément. Des fécondations in vitro avec injection directe d’un spermatozoïde
(ICSI) ont par la suite été réalisées et n’ont pas permis la fécondation ovocytaire.
Comme dans l’étude précédente, en raison de l’historique de consanguinité de la
famille des deux frères et du non-apparentement de leurs femmes respectives nous
avons exclu l’hypothèse d’une cause féminine et nous avons recherché un variant
homozygote commun aux deux frères par séquençage WES. Comme précédemment,
j’ai été en charge de l’ensemble des analyses des données issues du séquençage des
deux frères.
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Abstract
In mammals, sperm–oocyte fusion initiates Ca2+ oscillations leading to a series of events called oocyte activation, which is the
first stage of embryo development. Ca2+ signaling is elicited by the delivery of an oocyte-activating factor by the sperm.A sperm-
specific phospholipase C (PLCZ1) has emerged as the likely candidate to induce oocyte activation. Recently, PAWP, a sperm-born
tryptophan domain-binding protein coded byWBP2NL, was proposed to serve the same purpose. Here, we studied two infertile
brothers exhibiting normal spermmorphology but complete fertilization failure after intracytoplasmic sperm injection.Whole
exomic sequencing evidenced amissense homozygousmutation in PLCZ1, c.1465A>T; p.Ile489Phe, converting Ile 489 into Phe.
We showed the mutation is deleterious, leading to the absence of the protein in sperm, mislocalization of the protein when
injected inmouse GVandMII oocytes, highly abnormal Ca2+ transients and early embryonic arrest. Altogether these alterations
are consistent with our patients’ sperm inability to induce oocyte activation and initiate embryo development. In contrast,
no deleterious variants were identified in WBP2NL and PAWP presented normal expression and localization. Overall we
demonstrate in humans, the absence of PLCZ1 alone is sufficient to prevent oocyte activation irrespective of the presence of
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PAWP. Additionally, it is the first mutation located in the C2 domain of PLCZ1, a domain involved in targeting proteins to cell
membranes. This opens the door to structure–function studies to identify the conserved amino acids of the C2 domain that
regulate the targeting of PLCZ1 and its selectivity for its lipid substrate(s).

Introduction
Increases in the intracellular concentration of free calcium (Ca2+)
was demonstrated to be a sufficient and necessary stimulus to
trigger oocyte activation and embryo development in all species
studied to date (1). This finding along with subsequent confirma-
tory studies (2) stimulated interest to elucidate the signaling cas-
cade responsible for Ca2+ release at fertilization. In 1990, studies
showed that a soluble component ofmammalian sperm extracts,
aptly named the sperm factor, was sufficient to induce oocyte ac-
tivation and replicate the periodical Ca2+ responses, also known
as Ca2+ oscillations, which are a hallmark of mammalian fertil-
ization (3,4). PLCZ1was later identified as the candidatemolecule
to be the active factor in sperm responsible for the oscillations
(5,6). Research from several laboratories confirmed the unique
properties of PLCZ1 to induce Ca2+ oscillations in oocytes as
well as the association of its absence with infertility (7–12). How-
ever, the inability thus far to obtain a PLCZ1 KO animal model
capable of producing mature sperm (13) has prevented assign-
ing to this molecule the exclusive role for oocyte activation,
while leaving open the possibility that other sperm factors
may be required (14). Toward that end, PAWP has been proposed
as an alternative or complementary pathway for oocyte activa-
tion based on findings that injection of recombinant PAWP in-
duced oscillations comparable to those of fertilization (15,16).
The relationship between the proposed function of PAWP and
its structure is not yet understood. PAWP displays sequence
homology to WW domain-binding protein 2 (WBP2) in its N ter-
minal end and a variable number of PPXYmotifs (one in human,
six in mouse) in its C-terminal end, a motif known to interact
with WW domain. Moreover, the C terminal end contains an
unidentified repeated motif (YGXPPXG) (17). It is presently un-
known, however, how these motifs may engage the oocyte’s
signaling machinery to induce Ca2+ oscillations. In this vein, at-
tempts to replicate those studies inmouse oocytes failed (18,19),
which raised concerns regarding the importance of PAWP in
fertilization. However, its action in human oocyte activation
was not formally ruled out, especially as numerous studies
have shown that testis and reproductive tissues evolve faster
than other tissues leading to noticeable differences between
species (20).

Here, we studied two infertile brothers showing complete fer-
tilization failure after intracytoplasmic sperm injection (ICSI).
Whole-exome sequencing enabled us to find a missense homo-
zygous mutation in PLCZ1, c.1465A>T; p.Ile489Phe, converting
Ile 489 into Phe. Structure–functionmodels revealed that themu-
tation causes a conformational change that might affect the en-
zyme’s ability to bind to its substrate(s). Using western blotting
(WB), immunofluorescence (IF), live fluorescence and Ca2+ im-
aging, we show that the mutation is deleterious, leading to mis-
localization of the protein, lower Ca2+ signaling and lower rates of
oocyte activation and embryo development. In contrast, no mu-
tations were identified inWBP2NL and PAWP showed normal ex-
pression and localization. Overall we demonstrate the absence of
PLCZ1 alone in humans is sufficient to prevent oocyte activation
irrespective of PAWP. Moreover, it is the first mutation located
in the C2 domain of the enzyme, an important domain targeting
proteins to lipidic membranes, opening the door for better

structure–function analysis of PLCZ1 and of other proteins carry-
ing this domain.

Results
Patients’ description: medical records and
spermatocytogram

TwoTunisians brothers and their respectivewives soughtmedic-
al advice from infertility clinic in Tunis between 2011 and 2014
after unsuccessful attempts for a full year to conceive a preg-
nancy. The brothers were born from first cousin parents and
have one fertile brother with children conceived spontaneously
and two fertile sisters. The morphology of patients’ sperm was
assessed with Shorr staining (Fig. 1A) and sperm parameters
were well above the low reference limits set by the WHO guide-
lines (21), although Patient 1 (P1) hadhigher than average number
of sperm with acrosome defects (Table 1). To investigate this in
more detail, we examined the presence and morphology of the
acrosome by IF using an anti-acrosin antibody. We found that
the acrosome presented a normal shape in ∼50% of the brothers’
sperm (Fig. 1D and E). While not examined, we estimate that the
absence of staining on the other half is due to a premature acro-
some reaction rather than to an abnormal acrosome biogenesis,
as the shape of the sperm heads was normal and not globozoos-
permic (Fig. 1). We also assessed DNA quality using three differ-
ent methods: chromomycin A3, aniline blue (AB) and terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate-nick-end labeling (TUNEL), which allowed evaluation of
DNAprotamination, histone content andDNA fragmentation, re-
spectively. The percentages of positive sperm were higher in pa-
tients than in fertile controls, but all valueswere∼20% (Fig. 2) and
remained below abnormal thresholds defined by several studies
(22–24). Remarkably, although these sperm parameters were
compatible with spontaneous conception, for both brothers the
clinical outcomes following assisted reproduction technologies
procedures was oocyte activation failure (OAF); P1 had two un-
successful attempts of artificial insemination and then sperm
from both patients were used for ICSI. In total, 3 ICSI cycles
were carried out and 20 MII oocytes were injected, but none
showed signs of oocyte activation (Table 2).

Whole-exome sequencing identified a homozygous
missense mutation in PLCZ1

Since both brothers were married to unrelated women, we ex-
cluded the possibility of a female factor and focused our research
on the brothers. Given the family history of consanguinity, we
postulated that this infertility was caused by a homozygous mu-
tation. We, therefore, proceeded to whole-exome sequencing to
identify a possible genetic defect(s) that could explain the ob-
served OAF. After exclusion of frequent variants, only four homo-
zygous variants were identified in both brothers (Table 3). Three
variants, located in EPS8 (also known asDFNB102), RP11-1021N1.1
and LKAAEAR1 (also known as C20orf201), had no expected dele-
terious effect. The fourth variant was a missense mutation on
PLCZ1, c.1465A>T located in exon 13 (NM_033123.3), changing
an Ile at position 489 into a Phe (Ile489Phe) (Fig. 3A). No other
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variants were identified in the PLCZ1-coding sequence, UTR re-
gions or close intronic regions. Given that PLCZ1 has been sug-
gested to be necessary for oocyte activation in mammals, this
mutation could underlie the patients’ phenotype. Sanger se-
quencing confirmed the homozygous mutation for both infertile
brothers and showed that the third fertile brother was heterozy-
gous (Fig. 3B). The c.1465A>T variant was absent from over 60 000
individuals described in the ExAC database (exac.broadinstitute.
org), which confirms it is not a polymorphism and thatmissense
variations occurring at this localization would likely cause

negative selection throughout evolution. Moreover, we found
Ile489 to be well conserved throughout evolution (Fig. 3C), sug-
gesting that this mutation could be deleterious.

Deleterious effects of the identified mutation

In order to assess the impact of the mutation, PLCZ1 expression
and localization were first studied on sperm from both patients
(Fig. 4A). We used an antibody targeting human PLCZ1 (anti-
hPLCZ1). This antibody has been published and used in three

Figure 1.Morphology of the patients’ sperm. (A) Sperm samples were spread over a slide and dried at RT, fixed in ether/ethanol 1:1 for Harris–Schorr staining. Spermwere

then scored according to WHO’s laboratory manual for examination and processing of human semen (5th edition). Asterisk indicates fully normal spermatozoa. A1–A2

correspond to enlargement of the black squares in (A), in order to show the morphology of normal sperm. (B–E) Morphology of acrosome stained with anti-acrosin

antibody (B) Negative control experiment with the addition of secondary antibody without primary antibody. (C–E) Acrosin staining (green staining, C2–E2) of sperm

from subjects with normal fertility (C) and from OAF patients (D and E) and counterstained with Hoechst (blue, B1–E1) to evidence the nucleus/acrosome ratio. The

third column corresponds to overlay (B3–E3).
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previous publications and the respective western blots showed
remarkably specificity (7,11,25). Whereas the sperm of fertile pa-
tients showed a band of strong staining on the post-acrosomal
area and more diffuse staining over the acrosome (Fig. 4A1,
inset), there was no staining detectable in the patients’ sperm,
except for a few of them showing a faint punctuate staining
over the acrosome (Fig. 4A2, inset), suggesting that the mutant
PLCZ1 was absent or present at very low concentrations. The ab-
sence of PLCZ1 in the patients’ sperm was confirmed by WB,
where a single band at the expected MWof PLCZ1 was noticeable
in the control lane, whereas there was no reactivity in the pa-
tients’ lanes (Fig. 4B), although similar sperm number were
loaded per lane (Fig. 4C). These results suggest that during
spermatogenesis Ile489Phe PLCZ1 displays defects in stability,
trafficking and/or anchoring, which prevent its presence in ma-
ture sperm. To examine these possibilities, cRNAs of human
WT and Ile489Phe Venus-tagged PLCZ1 were injected into
mouse GV oocytes, which were maintained arrested at the GV
stage with IBMX; this was done to ascertain the distribution of
the enzyme independently of the stage of the cell cycle. It is note-
worthy that is presently unknown how PLCZ1 distribution is
regulated in oocytes, although unlike other PLCs (26), it does
not appear to localize to the plasma membrane (27), where
most of phosphatidylinositol 4,5-bisphosphate (PIP2), the en-
zyme’s substrate, is found. In agreement with this remark, WT
PLCZ1 exhibited a homogeneous distribution in the ooplasm of
GV oocytes that partly overlapped with distribution of the endo-
plasmic reticulum (ER), which wasmarked by ER-DsRed (Fig. 5A).
In contrast, Ile489Phe PLCZ1 displayed an uneven distribution
characterized by large patches near the nucleus and decreased

peripheral localization (Fig. 5B). Furthermore, Ile489Phe PLCZ1
distribution did not overlap with the ER. These results suggest
that the mutation does not affect the stability of PLCZ1, although
its trafficking and/or anchoring properties were clearly altered.
To further test the latter, we took advantage of the fact that fol-
lowing fertilization, Plcz1 is translocated into the pronuclei (PN)
(28,29). The sequestration of Plcz1 into the PNs is thought to con-
tribute to the cessation of Ca2+ oscillations, which in the mouse
closely corresponds with their formation. WT and Ile527Phe
mPlcz1 cRNAs [the equivalent mutation of Ile489Phe human
PLCZ1 (hPLCZ1)] were injected into MII oocytes, which were acti-
vated by the oscillations initiated by the translated proteins. Fol-
lowing PN formation, as expected, WT mPlcz1 accumulated into
the PN. In contrast, following injection of Ile527PhemPlcz1 cRNA,
PN formation was delayed by ∼3 h, presumably due to the lower
frequency of oscillations, and the mutant protein failed to local-
ize to the PN (Fig. 5C). These results confirm that the mutation
modifies PLCZ1’s anchoring and/or trafficking properties in oo-
cytes and zygotes.

We next assessed the enzymatic activity of the mutated
human (h) and mouse (m) PLCZ1s, by examining Ca2+ responses
elicited by the injection of their respective cRNAs into mouse
MII oocytes. WT hPLCZ1 cRNA (0.001 μg/μl) initiated high-
frequency oscillations in all injected oocytes (Fig. 6A) whereas
the mutant hPLCZ1 cRNA failed to initiate oscillations in 14/31
oocytes (46%) or induced responses with a low frequency in
17/31 oocytes (54%) (Fig. 6B). Furthermore, the enzymatic activity
of the mutant versusWT hPLCZ1 was reduced irrespective of the
concentrations of cRNA injected (Fig. 6C). These results suggest
that possible trace amounts of hPLCZ1 are likely not sufficient
to activate oocytes. To confirm this hypothesis, bothWTandmu-
tant cRNAs were injected into mouse oocytes, and the develop-
ment of parthenote embryos was followed by evaluating the
rates of PN formation, cleavage to the two-cell stage and blasto-
cysts. Following injection of WT hPLCZ1 64.6% of the oocytes
showed signs of activation (2PN) and 35% reached the blastocyst
stage. In contrast, Ile489Phe hPLCZ1 showed a greatly reduced
ability to induce oocyte activation and allowed the fertilization
of only 13.9% of the oocytes and none developed to the blastocyst
stage (Fig. 6D). Similar results were obtained with the mutant
mPlcz1, as Ca2+ responses triggered by the mIle527Phe mutant
wereweaker than those observed withWT Plcz1, showing longer
lag time and reduced frequency (Fig. 7A, B). Consistent with this,
the timing of PN formation was delayed and the percentages of
zygotes reaching the 2PN stage at 6 and 10 h post-insemination

Table 1. Semen parameters and spermatocytogram of P1 and P2

Semen parameters P1 P2

Semen volume (ml) 3 5.8
Sperm concentration (106/ml) 150 101
Total motility 1 h (%) 50 40
Vitality (%) 63 70
Normal spermatozoa (%) 20 7
Anomalies of the flagella (%) 10 20
Abnormal acrosome (%) 50 78
Other anomalies of the head (%) 10 20
Multiple anomalies index (%) 1.3 1.4

Values are the average of two separate analyses.

Figure 2. Assessment of nucleus compaction and DNA breaks of sperm from OAF patients. (A) Histones content of sperm was assessed using the AB test. The histogram

shows the percentage of stained sperm in samples from control (n = 5 ± SD) and patients (n = 1). (B) Protamination of spermwas evaluated using the chromomycin A3 test,

and results are displayed in the histogram, which shows the percentage of stained sperm in control (n = 5 ± SD) and patients’ (n = 1) samples. (C) The histogram of DNA

fragmentation analysis with TUNEL assay showing the level of TUNEL-positive sperm in control (n = 5 ± SD) and patients’ (n = 1) samples.
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was decreased (Fig. 7C) when Ile527Phe mPlcz1 cRNA was in-
jected compared with WT Plcz1 cRNA injection; the altered Ca2+

signaling also prevented most zygotes from cleaving past the
two-cell stage (Fig. 7D).

The Ile489Phe mutation alters the conformation
of the C2 domain

To assess the possible impact of the mutation on the structure
of hPLCZ1, a 3D structure of hPLCZ1 was modeled from the crys-
tallographic structure of rPLCδ1 (42% identity and 59%homology).
Themodel shows that Ile489 is at the interface of the EF hand and
C2 domains, and it appears as being too far from the catalytic do-
main to directly affect its function (Fig. 8A). Using molecular dy-
namics simulations of the hPLCZ1 and hPLCZ1-Ile489Phe
models, we observed that the larger size of Phe over Ile (203 ver-
sus 169 Å3), which requires more accommodating space (Supple-
mentary Material, Fig. S1), results first in a displacement of its
intra-domain neighbors (Y582, F601, Y603 and R487) and second
in establishing a unique inter-domain hydrophobic contact with
I76 from the proximal EF-hand 2 helix (Fig. 8B and C). The first not-
able outcome of these perturbations is that causes a significant
shift of the EF2 domain toward the C2 domain (12.2 versus
10.7 Å for CαI76–CαI489 and CαI76–CαF489 distances, respectively),
which is reinforced by the newly formed H-bond between the
newly displaced Y582 and Y80 of EF2 (Fig. 8C). Significantly, this
tighter inter-domain arrangement returns back to the original
looser status when Phe489 ismutated back to Ile489 in the course
of a simulation (Supplementary Material, Fig. S2). The second
notable outcome is the formation in the C2 domain of an aromat-
ic-rich concave-like sub-site capable of associating with lipophil-
ic molecules or protein surfaces (Fig. 8D). Because EF hands have
been shown to be important for both PLCZ1 anchoring on phos-
pholipids and its nuclear translocation (30,31), this unique new
inter-domains interaction in the mutant enzyme could support
the observed deleterious effects of the mutation.

Normal PAWP expression in patients with Ile489Phe
PLCZ1 mutation

We next examined the sequence of WBP2NL, which encodes for
PAWP. Analysis of exome data from P1 and P2 did not reveal

any sequence variation in theWBP2NL-coding sequence, UTR re-
gions or close intronic regions indicating that P1 and P2 should
produce a fully functional PAWP protein. Because exome sequen-
cing only allows covering 80–90% of all targeted sequences,
WBP2NL coverage was verified: all exons and exon borders
for both patients was at least 40×, which unambiguously con-
firmed the absence of deleterious variants in WBP2NL in the pa-
tients (Supplementary Material, Fig. S3). Consistent with these
results, we confirmed by WB normal expression of PAWP
(Fig. 9A) using extracts of sperm from patients and a fertile con-
trol prepared with similar number of sperm (Fig. 9B). We also
examined PAWP localization by IF and in agreement with previ-
ous reports, PAWP reactivity appeared as a compact band around
the equatorial/post-acrosomal area in the sperm of a control fer-
tile human (Fig. 9C1) as well as in the sperm of both patients
(Fig. 9C2). Altogether, these results show that PAWP is unable to
support activation of human oocytes when PLCZ1 is absent
and/or non-functional.

To extend these results, we examined the sperm fromDpy19l2
KO males. Dpy19l2 homozygous KO male mice are infertile, they
have round-headed acrosomeless spermatozoa, which fail to in-
duce oocyte activation following ICSI due to loss of Plcz1 (11,32).
Here, we show by WB that PAWP expression is normal in these
round-headed sperm (Supplementary Material, Fig. S4), demon-
strating that its presence is not sufficient to trigger oocyte activa-
tionwhen ICSI is performed. Therefore, it appears the presence of
PAWP is incapable of rescuing the lack of activation caused by the
absence of PLCZ1 expression in human or mouse sperm.

Discussion
Infertility and Ile489Phe PLCZ1

Herein, we have used whole-exome sequencing to identify a
homozygous missense mutation in PLCZ1 in two infertile broth-
ers presenting OAF. The mutation led to an almost complete dis-
appearance of the protein in the patients’ sperm and based on
the targeting and/or anchoring defects observed following injec-
tion of cRNAs into oocytes, we estimate it hampers the retention
of PLCZ1 in mature sperm. During spermatogenesis, as in all
cells, proteins are synthesized in the reticulum and targeted to
their final location according to their function. However, the

Table 3. List of common homozygous variants present in P1 and P2

Gene Variant coordinates Transcript cDNA variation Amino acid variation Prediction

PLCZ1 chr12:18841149, T>A NM_033123.3 c.1465A>T p.Ile489Phe Damaging
EPS8 chr12:15776164, A>C NM_004447.5 c.2283A>C p.Asp761Glu Benign
RP11-1021N1.1 chr16:15528278, T>C ENST00000568222a c.286T>C p.Tyr96His Benign
LKAAEAR1 chr20:62715318, T>G NM_001007125.1 c.255T>G p.Glu85Asp Benign

Coordinates of all variations are based on the UCSC GRCh37/hg19 assembly.
aNo RefSeq transcript accession number currently available.

Table 2. ICSI outcomes following stimulation cycles with sperm from P1 and P2

Patient and procedure Years No. of
follicles (n)

No. of abnormal oocytes
(GV, M1, atretic) (n)

No. of mature oocytes
injected (n)

No. of 2PN
oocytes (n)

P1 ICSI—Jasmin clinic 2011 9 4 5 0
P1 ICSI—Jasmin clinic 2012 9 2 7 0
P2 ICSI—Jasmin clinic 2012 14 6 8 0

Number (n), P1 and P2 are brothers.
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endoplasmic reticulum (ER) and all components necessary for
proteins synthesis are eventually discarded at the end of the
spermatozoon differentiation, leading to the release of a giant
anucleate vesicle known as the residual body (33).We have previ-
ously shown that PLCZ1 is specifically located in the perinuclear
theca in the vicinity of the inner acrosomal membrane of mature
human sperm (11). The absence of PLCZ1 in the patients’ sperm
suggests that the mutation may prevent PLCZ1 from reaching
and attaching to the perinuclear theca/inner acrosomal mem-
brane, which renders it susceptible to disposal through the re-
sidual body. It is worth noting that PLCZ1 is also absent in
globozoospermic sperm,which display defects in the perinuclear
theca region and lack the acrosome vesicle (11). Moreover, we
showed that the mutant protein had a strongly impaired ability
to produce inositol 1,4,5-trisphosphate (IP3), as witnessed by
the failure to induce Ca2+ oscillations and to sustain normal em-
bryonic development, contrary to the WT protein. The OAF of

these patients is thus due to the dramatic decrease of both
PLCZ1 concentration and IP3 production.

Ile489Phe PLCZ1 and function of the C2 domain of PLCZ1

PLCs belong to a large family of enzymes able to bind to lipids
in membranes where they hydrolyze-specific phospholipids,
mostly PIP2. Several classical molecular domains are found in
PLCs, including two catalytic domains, called X and Y, and
working in tandem, lipid-binding domains such as PH and C2
and EF-hand domains, which are Ca2+-dependent domains (34).
PLCZ1 is the shortest PLC and contains only four domains: four
EF hands, the XY catalytic tandem and a C2 domain (Fig. 3) and
the lack of a PH domain favor its more widespread distribution
in the ooplasm. The C2 domain, which is the site of the homozy-
gous mutation in our patients, is a lipid-binding domain shared
by more than 100 human proteins. Originally, C2 domains were

Figure 3. The Ile489Phe mutation is located in the C2 domain of PLCZ1. (A) Schematic representation of the exomic structure of human PLCZ1 cDNA sequence and

corresponding functional domains of PLCZ1 (http://www.uniprot.org/uniprot/Q86YW0). The first coding exon is exon 2 (exon sizes are not to scale). The mutation

c.1465A>T; p.Ile489Phe (NM_033123.3) is located in exon 13 and changes Isoleucine 489 located in the C2 domain into a phenylalanine. (B) The presence of the

identified variation c.1465A>T; p.Ile489Phe (NM_033123.3) was verified by Sanger sequencing of PLCZ1 exon 13. Electropherogram of PLCZ1 exon 13 showing the

mutated sequence and sequence obtained from a control individual. The two infertile brothers carried a homozygous missense mutation (p.Ile489Phe) in PLCZ1 exon

13 whereas the fertile brother harbors the mutation in a heterozygous state. (C) The mutation is located in a cluster of 15 highly conserved amino acids.
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shown to bind membranes in a Ca2+-dependent manner (35,36).
Crystallographic studies have shown that C2 domains have a
common fold of conserved eight-stranded antiparallel β-sand-
wich (37,38), which, according to our modeling studies, are also
present in PLCZ1 (Fig. 8). There are two areas important for
lipid binding in this domain, which are the highly variable
loops between β-strands and a cationic patch in the concave
face of the β-sandwich that corresponds to β3- and β4-strands
(39). However, the sequence conservation among C2 domains is
low and a significant number of C2 domains with little to no
Ca2+ affinity have been identified, which is the case for the C2 do-
main of PLCZ1 (39). Moreover, some C2 domains have low-mem-
brane affinity and are involved in protein–protein interaction.
Although it has been shown that PLCZ1 deleted of the full C2 do-
main does not produce Ca2+ oscillations, demonstrating thus that
the C2 domain of PLCZ1 is necessary for the overall enzymatic ac-
tivity (30,40), its molecular function remains uncharacterized so
far. The Ile489Phe mutation, which is located in the β1-strand of
the C2 domain, opens the door for structure–function studies to
define how the conserved amino acids on the C2 domain are in-
volved in protein targeting and selectivity for lipid substrate(s).

Our results, following injection of PLCZ1 cRNAs into oocytes,
have showed that the WT protein was distributed evenly in the

ooplasm and its area of distribution largely overlapped that of
the ER, whereas the Ile489Phe PLCZ1 was unevenly distributed
and accumulated around the nucleus. It is worth noting that
the subcellular localization of C2-domain containing proteins is
controlled by the lipid selectivity of the C2 domain and it is also
known that lipid selectivity is highly variable among C2 domains
(39,41). For instance, PLCδ is located in the phosphatidylserine
(PS) rich PM because its C2 domain selectively binds PS (26),
whereas cPLA2α translocates to the perinuclear ER, which is
rich in phosphatidylcholine, the target of its C2 domain (41).
We can, therefore, speculate that the C2 domain of lle489Phe
PLCZ1 displays changed lipid affinity, which alters the intracellu-
lar distribution of the enzyme, and thismay conspire to its reten-
tion inmature spermand its reduced catalytic activity in oocytes.
Altogether, our results suggest for the first time that the C2
domain of PLCZ1 participates in the targeting of the enzyme to
lipid-containing membranes and our results demonstrate a
pivotal role of a stretch of highly conserved residues in the C2
domain surrounding Ile489. It is also the first description of
a functional role for residues located in the β1-strand of a C2
domain (42).

Our molecular modeling studies of WT andmutant PLCZ1 of-
fers insights into the atomic-level perturbations caused by the
Ile489Phe mutation. Dynamic simulations showed the Ile489Phe
mutation is likely to induce a shift of the EF2-hand helix 1 toward
C2, and given that EF2 hand is involved in binding to lipid mem-
brane (30,31), this shift may reduce enzymatic activity. Further,
the opening of a new aromatic-rich surface patch in the mutant
protein capable of associatingwith additional hydrophobic coun-
terparts may also alter the distribution and/or activity of the en-
zyme. Finally, the nuclear translocation of the mIle527Phe Plcz1
is hampered, suggesting that binding to nuclear import proteins
necessary for PN translocation is defective (43), which may sug-
gest a role of C2 domain in protein–protein interactions. There-
fore, by changing the structural properties of the C2 domain
and its interaction with the EF-hand domains, Ile489Phe-
mutation is likely to modify the interactions of PLCZ1 with lipid
membranes and possibly proteins, directly affecting its targeting
and/or anchoring properties and enzymatic activity, all of which
undermine the fertility of patients bearing this mutation.

PLCZ1 and oocyte activation

The function of PLCZ1 as the sperm factor has recently been chal-
lenged, and another protein, PAWP, has been proposed as an al-
ternative candidate (15,16). Controversial results, however, have
been published (18,19) and it is presently unclear how this pro-
tein is involved in human fertilization. The study of genetic dis-
eases often provides the opportunity to better understand
protein functions and our understanding of reproduction, includ-
ing gametogenesis and fertilization, has benefited from the gen-
etic characterization of several phenotypes of male and female
infertilities (44). In human, a link between OAF and PLCZ1 was
first reported in patients displaying abnormal expression and lo-
calization of PLCZ1 in sperm (7). However, these patients exhib-
ited severe teratozoospermia, which raised concerns about
miss-expression and/ormalfunction of several proteins. Heytens
et al. (8) provided the first genetic evidence linking PLCZ1 to infer-
tility, as they found a heterozygous mutation at position 398 of
the Y catalytic domain of PLCZ1 that reduced its ability to induce
Ca2+ oscillations. Nevertheless, it was unclear how this heterozy-
gous mutation could cause infertility, although, subsequently,
another heterozygous mutation was found in the same patient
at position 233 of the X catalytic domain, resulting in compound

Figure 4. PLCZ1 expression is undetectable by IF and WB in sperm of patients

exhibiting OAF after ICSI. (A1) Overlay of Hoechst staining (blue) and PLCZ1

staining (green) of sperm from a fertile control patient showing strong

immunoreactivity in the post-acrosomal area (white arrow heads and inset)

and to a lesser extent in the acrosome. (A2) Representative staining of sperm

from patients with OAF showing the absence of PLCZ1 staining in the post-

acrosomal area and very faint staining over the acrosome. More than 100 sperm

were observed per patient. (B) WB using protein extracts of sperm from a fertile

control (Ctl), or Patient 1 (P1) and Patient 2 (P2) and an anti-PLCZ1 antibody that

fails to detect reactivity in the patients’ lanes. (C) Protein gel representing

loading control for Figure 1B showing that all lanes were similarly loaded.

Protein loads were controlled with TGX stain free™ precast gels.
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heterozygosity, which reinforced the link between PLCZ1, OAF
and infertility (45). Here, we show the first identified homozygous
mutation of PLCZ1 leading to OAF and infertility. Importantly, it
is the first exomic analysis of patients presenting OAF. We iden-
tified only four homozygous variants shared by both brothers:
three of them were not expected to have any deleterious effects,
which is in contrast to the missense mutation found in PLCZ1.
Importantly, this mutation was not associated with teratozoos-
permia and the numbers of normal sperm were well above the
lower accepted reference values (21). Moreover, the sperm of
both brothers showed only slightly reduced DNA quality, ruling
this out as the cause of OAF (46,47). Altogether, these results in-
dicate that PLCZ1 plays a direct and primary role in the activation
of mammalian oocytes. It is worth noting that a Plcz1 KO animal
model does not presently exist, due to an early spermatogenesis
arrest in this model (13), and this absence has been used to raise
doubts about the role of PLCZ1 in oocyte activation. Here, we pre-
sent the first functional knock-down of PLCZ1 in human sperm
without effects on spermatogenesis and the results demonstrate
a required role for oocyte activation and fertility in this species. Fi-
nally, unlike PLCZ1, the expression and localization of PAWPwere
unchanged, dismissing its contribution to the phenotype of our
patients. This conclusion was reinforced by our results showing
that sperm from the Dpy19l2 KO mouse model despite exhibiting
normal PAWP expression cannot induce oocyte activation after
ICSI, as they lack Plcz1 (11,32). These results are also consistent
with the report showing that PAWP null mice are fertile, their
sperm show no morphological defects and that they can trigger
oocyte activation (48). Our results thus do not support the notion

that PAWP triggers Ca2+ release and oocyte activation (15), and in-
stead confirm the importanceof PLCZ1 for this function inhuman.

In summary, whole-exome sequencing of two infertile broth-
ers identified for the first time a homozygous mutation in the C2
domain of PLCZ1 responsible for ICSI failure and infertility. We
also show PAWP expression was unaffected in these patients in-
dicating it is unable to induceCa2+ responses or oocyte activation.
Therefore, given the required role of PLCZ1 for fertility and our
findings demonstrating the significance of specific residues in
the C2 domain for the enzyme’s function, future studies should
establish the molecular target(s) in the ooplasm and the host or-
ganelle that guide the enzyme to sites of accessible and abundant
substrate, which is required to support the long-lasting oscilla-
tions that underlie egg activation in mammals.

Materials and Methods
Biological samples

Sperm were obtained following informed consent from patients
consulting with the Department of fertility at Grenoble (France)
or with the Clinique des Jasmins (Tunis, Tunisia) after approval
by the Ethics committee of the university. In addition, all patients
gave informed consent for preservation of unused sperm in
the Germetheque biobank and subsequent use for studies on
human fertility in accordance with the Helsinki Declaration
on human experimentation. Dpy19l2 KO mice were obtained
from the Mutant Mouse Regional Resource Center, University of
California, Davis, CA, USA.

Figure 5. Mislocalization of mutant PLCZ1 following expression in GV and MII oocytes. (A) Venus-tagged human PLCZ1 cRNA (green) was co-injected in mouse GV stage

oocytes with ER-DsRed cRNA, as a marker of the ER (red); the GV arrest was maintained by incubation in 100 μm IBMX. Both PLCZ1 and ER-DsRed exhibited a widespread

punctiform staining throughout the cytoplasm and the overlay shows mostly overlapping distribution of the signals. (B) Co-injection of Ile489Phe PLCZ1 and ER-DsRed

resulted in different distribution, withmost of the PLCZ1 staining (green) concentrated around the nucleus (GV), whereas ER-DsRed remained uniformly distributed in the

cytoplasm; there was minimal overlap of the signals at the oocyte periphery. (C) cRNAs encoding for WT mPlcz1 and the equivalent mutant in mice, Ile527Phe, were

injected inMII oocytes and their ability to translocate into the PN compared.WhereasWTPlcz1 (left images) concentrated on the PN, Ile527Phe Plcz1 did not (right images).
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Exome sequencing and bioinformatics analysis

Genomic DNAwas isolated from saliva using Oragen DNA extrac-
tion kit (DNAgenotech®, Ottawa, Canada). Coding regions and in-
tron/exon boundaries were enriched using the ‘all Exon V5 kit’
(Agilent Technologies, Wokingham, UK). DNA sequencing was
undertaken at the Genoscope, Evry, France, on the HiSeq 2000
from Illumina®. Sequence reads were aligned to the reference
genome (hg19) using MAGIC (49). Duplicate reads and reads
that mapped to multiple locations in the exome were excluded
from further analysis. Positions whose sequence coverage was
<10 on either the forward or reverse strand were excluded. Sin-
gle-nucleotide variations and small insertions/deletions (indels)
were identified and quality-filtered using in-house scripts. The
most promising candidate variants were identified using an in-
house bioinformatics pipeline. Variants with a minor allele fre-
quency >5% in the NHLBI ESP6500 or in 1000 Genomes Project
phase 1 data sets, or >1% in ExAC, were discarded. We also com-
pared these variants with an in-house database of 56 control
exomes obtained from subjects from the same geographic origin
as our two patients (North Africa). All variants present in homo-
zygous state in this database were excluded. We used variant
effect predictor to predict the impact of the selected variants.
We only retained variants impacting splice donor/acceptor or
causing frameshift, inframe insertions/deletions, stop gain,
stop loss or missense variants except those scored as ‘tolerated’
by SIFT (sift.jcvi.org) and as ‘benign’ by Polyphen-2 (genetics.
bwh.harvard.edu/pph2).

Sanger sequencing

Thepresence of the identified variationwas verified by Sanger se-
quencing of PLCZ1 exon 13. Primers were as followed: PLCZ1_14F:
TCAATGTTTGTGGGAGCTGA and PLCZ1_14R: GGACATAATG-
GAAAACCCTTG. Thirty-five cycles of polymerase chain reaction
amplificationwere carried outwith anhybridization temperature
of 60°C. Sequencing reactions were carried out with BigDye Ter-
minator v3.1 (Applied Biosystems). Sequence analysis were car-
ried out on ABI 3130XL (Applied Biosystems).

Primary antibodies

Anti-human acrosin and PAWP antibodies were from Sigma-
Aldrich and Proteintech, respectively; anti-PLCZ1 antibodies
were raised against a 15-mer peptide sequence (305KETHER
KGSDKRGDN319) of the human PLCZ1 (7), affinity purified and
stored at a concentration of 1 µg/µl and used at 1/100 for IF and
1/1000 for WB.

Western blotting

WB was carried out as described by our laboratory (11). Briefly,
sperm were first washed in phosphate-buffered saline (PBS)
and resuspended in Laemmli sample buffer and boiled.
Protein extracts equivalent to 1–2 × 106 sperm were loaded per
lane into 4–20% sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis, and resolved proteins were transferred onto PVDF
membranes. The membranes were blocked and incubated

Figure 6. Ile489Phe PLCZ1 induces fewer Ca2+ oscillations compromising embryo development. (A) Injection of hPLCZ1 cRNA (0.001 μg/μl) in MII mouse oocytes triggered

high-frequency Ca2+ oscillations, and between 6 and 10 rises per hour that end by 120–180 min after injection. (B) In contrast, injection of cRNA of Ile489Phe hPLCZ1

(0.001 μg/μl) triggered oscillations that were either delayed and with a low frequency (17/31) or failed to initiate them (14/31). (C) Histogram showing means + SD of

the frequency of Ca2+ rises in function of control or Ile489Phe cRNA PLCZ1 concentrations injected into oocytes; asterisks indicate significant differences determined

by t-test, P < 0.01. (D) Rates of 2PN, two-cell embryos and blastocysts obtained after injection of WT or Ile489Phe cRNA PLCZ1 (0.01 μg/μl) in mouse MII oocytes;

n corresponds to the number of injected oocytes.
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overnight with anti-PLCZ1 Ab (1/1000) and next with horseradish
peroxidase labeled secondary Ab (1 h). Immunoreactivitywas de-
tected using chemiluminescence detection kit reagents and a
Chimidoc™ Station (Bio-Rad).

Immunofluorescence

IF was carried out as described by our laboratory (11). Spermwere
fixed with 4% paraformaldehyde, washed in PBS, and spotted
onto poly-L-lysine precoated slides. Sperm were then permeabi-
lized with 0.1% (v/v) Triton X-100. Slides were then blocked in 5%
normal goat serum–Dulbecco’s PBS (DPBS) (GIBCO, Invitrogen)
and incubated overnight at 4°C with primary antibodies. Washes

were performed with 0.1% (v/v) Tween 20–DPBS, followed by 1 h
incubation with secondary Ab (1/400). Samples were counter-
stained with Hoechst 33342 and mounted with DAKO mounting
media (Life Technology). Fluorescence images were captured
with a confocal microscope (Zeiss LSM 710).

Generation of constructs and preparation of cRNA

Human and mouse PLCZ1 constructs were kind gifts from
Dr K. Fukami (Tokyo University of Pharmacy and Life Science,
Japan) and Dr K. Jones (University of Southampton, UK), respect-
ively. WT h andmPLCZ1-venus sequences were subcloned into a
pcDNA6/Myc-His B (Invitrogen) between EcoRI and XbaI

Figure 7. Ca2+ responses induced by Ile527Phemouse Plcz1 are altered and embryo development is compromised. (A) Profile of Ca2+ responses induced by injection ofWT

mPlcz1 cRNA (0.01 µg/µl) intomouse oocytes. (B) Ca2+ profiles recorded after injection of Ile527PhemPlcz1 cRNA (themouse equivalent of Ile489Phe hPLCZ1) showdelayed

and reduced response. (C) 2PN formation rates are reduced and delayed when both Ile527Phe mPlcz1 0.01 and 0.05 µg cRNA/µl concentrations are used. (D) Injection of

Ile527PhemPlcz1 cRNAsdoes not support embryodevelopment, as the rate of two-cell embryos formationwas strongly reducedor abolished; n corresponds to thenumber

of injected MII oocytes.
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restrictions sites. hPLCZ1-Ile489Phe and mPlcz1 Ile527Phe were
generated by substituting Ile to Phe using the Gibson Assembly
Cloning Kit (New England Bio Labs), as previously reported (50).
All constructs were finally sequenced. pDsRed2-ER was kindly
provided by Dr M Trebak (Pen State Hershey College of Medicine,
PA, USA). The ER-targeting sequence of calreticulin, DsRed2 and
the KDEL ER retention sequencewere ligated to pcDNA6/Myc-His
B. Plasmids were linearized outside of the coding region with
PmeI and in vitro transcribed using mMESSAGE/mMACHINE T7
Kit (Ambion). Poly-A tail was added to themRNAs using a Tailing
Kit (Ambion).

Confocal microscopy of florescent-PLCZ1

Live-cell images of oocytes and zygotes expressing fluorescently
tagged proteins were captured with a confocal laser-scanning

microscope (LSM 510META, Carl Zeiss) using a 63 × 1.4 numerical
aperture oil-immersion objective lens. Images were recon-
structed using the LSM software (Carl Zeiss). Oocytes were main-
tained inHCZBmediumand those expressingVenus-hPLCZ1 and
DsRed-ER proteins were imaged at the GV stage, whereas expres-
sion of Venus-mPlcz1 and DsRed-ER proteins was imaged in PN
stage zygotes.

Ca2+ monitoring

Ca2+ monitoring was carried out as described by our laboratory
(7). Briefly, mouse oocytes were loaded with fura-2-AM (molecu-
lar probes) prior to injecting the cRNAs, after which they were
transferred into a monitoring dish containing 50 µl drops of TL–
HEPES medium under mineral oil. Excitation wavelengths of
340/380 nm were alternated using a filter wheel (Ludl Electronic

Figure 8. Molecular dynamic simulation of the effect of the Ile489Phe mutation on the conformation of PLCZ1. (A) The site of the Ile489Phe mutation is located at the

interface of C2 and EF-hand domains of PLCZ1 (gray box) (B and C) Enlargement of the red/blue boxes for WT and mutant PLCZ1. As suggested by molecule dynamics

simulation, the mutation results in a displacement of the surrounding C2 residues (Y582, F601, Y603 and R487) by the larger side chain of Phe. This reorganization, in

turn, leads to novel contacts between C2 and EF2 hand via persistent hydrophobic (Phe489–Ile76) and H-bonding (Tyr582–Tyr80) side-chain interactions, which shifts

the entire EF-hand domain toward C2 by an ∼1.5 Å by the end of the 1.2-ns simulation. (D) The molecular surfaces of WT and mutant PLCZ1 in the vicinity of the 489

residue, demonstrating the formation of a novel hydrophobic sub-site at the C2/EF-hand junction. The basic, acidic hydrophobic and polar neutral residues shown in

blue, red, green and cyan, respectively.
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Products Ltd). Fluorescence ratios were taken every 20 s. After
passing through a 510 nm barrier filter, the emitted light was col-
lected by a cooled Photometrics SenSys CCD camera (Roper Sci-
entific). The SimplePCI imaging software was used to run all
the hardware and capture images (Hamamatsu). [Ca2+]i values
are reported as the ratio of 340/380 nm fluorescence in the
whole oocyte.

Parthenogenetic oocyte activation

Oocytes were activated by injection of PLCZ1 cRNA into the oo-
plasm (concentration as indicated). After cRNA microinjection,
oocytes were cultured in KSOM/EAA, supplemented with 5 µg/
ml cytochalasin B to diploidize the parthenotes. The injection
volumewas ∼5–10 pl, which is ∼1–3% of the total oocyte volume.
PN formation was checked 6 h after injection and development
was followed up to the blastocyst stage.

Homology modeling

A homology model for hPLCZ1 was generated with the Prime
homology modeling workflow (version 3.8, Schrödinger, LLC)
using the structure of rPLCδ1, in complex with inositol-1,4,5-tri-
sphosphate and associated Ca2+ (PDB code: 1DJX) as the template.
Briefly, all sequences (1DJX, rPLCD1 and hPLCZ1) were initially
aligned by the BLAST homology search. First, a contiguous tem-
plate structure was generated by replacing the missing 445–486
loop in the rPLCD1 structure with a peptide bond between the
proximal (per 1DJX) G444 and K487 and minimization of the re-
sulting loop using the OPLS2005 force field within Prime. Next,
a similar operation resulted in the exclusion of the basic loop
from the catalytic domain of hPLCZ1 (304–344) by linking

residues 303 and 345 to recreate a contiguous mode. A single-
chain, liganded model, comprising the residues 64–303 and
345–608, was then built by the energy-based algorithm in Prime
to construct and refine non-identical residues and loops with de-
letions and insertions.

Molecular dynamics simulations

Both the resulting complex and pre-minimized I489F mutant
were subjected to an unconstrained 1.2 ns, molecular dynamics
procedure within Desmond (version 4.0, D. E. Shaw Research &
Schrödinger, LLC). An NPT ensemble was built at 300 K and 1
atm with the neutralized (by 10 Cl– ions) system and further
Na+/Cl– ions to simulate 150 mm concentration in an explicit
SPC solventmodel. The interactions that both I489 and the corre-
sponding phenylalanine were participating throughout the si-
mulations were identified using the simulated interaction
diagram routine within Desmond. Topological changes were de-
tected using simulated event analysis programbymonitoring the
CαI76–CαI489 and CαI76–CαF489 distances and root mean square
fluctuations as a function of simulation time. The mutant struc-
ture from the final framewasmodified back to contain I489, and a
simulation under the identical conditions was conducted to as-
certain the persistence of the mutant’s conformation.
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Principaux résultats

Suite à l’analyse bio-informatique de ces deux frères, un seul variant subsistait après
l’application de l’ensemble des filtres. Celui-ci était recensé uniquement dans la base
de données ExAC avec une fréquence de 8.24e-06 et entrait un faux-sens prédit
comme deleterious par SIFT et possibly damaging par PolyPhen sur la séquence du
gène PLCZ1. La forte expression testiculaire de ce gène (Figure : 2.14) couplée
à l’implication déjà connue de celui-ci dans l’activation ovocytaire, ont fait de ce
variant le candidat évident pour expliquer le phénotype de ces deux frères. De plus,
aucun variant n’a été retrouvé sur la séquence du gène WBP2NL codant pour la
protéine PAWP (l’autre gène candidat à la fonction d’activateur ovocytaire) bien
que l’intégralité de la séquence codante de WBP2NL ait une couverture ≥ 40x (les
zones moins couvertes du début de l’exon 1 et de la fin de l’exon 6 correspondant aux
régions UTR) (Figure : 2.15). Ces résultats suggérant une parfaite fonctionnalité de la
protéine PAWP ont pu être confirmés par Western blot, de même, la bonne localisation
de la protéine PAWP a pu être observée chez les deux patients par Immunofluorescence
alors que PLCZ1 était absent du sperme de nos patients.

Cette étude confirme le rôle primordial de PLCZ1 dans l’activation ovocytaire et
démontre que la présence de PAWP seul ne permet pas cette activation.

Table 2.5 – Liste des variants ayant passé l’ensemble des filtres pour
les deux fères de la famille FF

Impact Frequency
Gene HGVSc, HGVSp Consequence SIFT PolyPhen ExAC
PLCZ1 c.1465G>T ; p.Ile489Phe missense deleterious possib damaging 8.24e-06
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Chapitre 2. Mise en place d’une stratégie pour l’analyse des données exomiques –

application en recherche clinique
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Figure 2.14 – Expression tissulaire du gène PLCZ1 : Données
provenant du projet de transcriptome Illumina BodyMap

Figure 2.15 – Couverture des six exons de WBP2NL pour les
deux frères de la famille FF : Les barres rouges représentent la
couverture moyenne de 10 nucléotides, les bleues représentent les bornes
de chaque exon.
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2.2.4 Article n°3

Whole-exome sequencing of familial cases of multiple morphological ab-
normalities of the sperm flagella (MMAF) reveals new DNAH1 muta-
tions
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Chapitre 2. Mise en place d’une stratégie pour l’analyse des données exomiques –

application en recherche clinique

Contexte et objectifs

Dans une étude précédente non détaillée dans ce manuscrit (en annexe), notre équipe
a pu identifier DNAH1 comme le premier gène codant pour une dynéine axonémale
responsable uniquement d’infertilité masculine. Dans cette première étude, 5 de nos 18
patients non-apparentés, soit environ 28% d’entre eux, étaient porteur d’une mutation
homozygote sur le gène DNAH1 responsable de leur phénotype MMAF. Ces résultats
ont ainsi démontré l’importance de l’implication de ce gène dans ce phénotype.

Dans cette nouvelle étude, nous nous concentrons sur l’analyse des données génétiques
de 5 familles iraniennes et d’une famille italienne soit un total de 12 individus parmi
lesquels 10 ont été séquencés en WES. Cependant, pour des raisons techniques, seules les
données de 9 d’entre eux ont été analysées par ExSQLibur décrit précédemment.

Dans ce contexte j’ai effectué l’ensemble des analyses bio-informatiques de ces pa-
tients.
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STUDY QUESTION: Can whole-exome sequencing (WES) of patients with multiple morphological abnormalities of the sperm flagella
(MMAF) identify causal mutations in new genes or mutations in the previously identified dynein axonemal heavy chain 1 (DNAH1) gene?

SUMMARY ANSWER: WES for six families with men affected by MMAF syndrome allowed the identification of DNAH1 mutations in four
affected men distributed in two out of the six families but no new candidate genes were identified.

WHAT IS KNOWN ALREADY: Mutations in DNAH1, an axonemal inner dynein arm heavy chain gene, have been shown to be respon-
sible for male infertility due to a characteristic form of asthenozoospermia called MMAF, defined by the presence in the ejaculate of spermato-
zoa with a mosaic of flagellar abnormalities including absent, coiled, bent, angulated, irregular and short flagella.

STUDY DESIGN, SIZE, DURATION: This was a retrospective genetics study of patients presenting a MMAF phenotype. Patients were
recruited in Iran and Italy between 2008 and 2015.

PARTICIPANTS/MATERIALS, SETTING, METHODS: WES was performed for a total of 10 subjects. All identified variants were
confirmed by Sanger sequencing. Two additional affected family members were analyzed by direct Sanger sequencing. To establish the
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prevalence of the DNAH1 mutation identified in an Iranian family, we carried out targeted sequencing on 38 additional MMAF patients of the
same geographical origin. RT-PCR and immunochemistry were performed on sperm samples to assess the effect of the identified mutation
on RNA and protein.

MAIN RESULTS AND THE ROLE OF CHANCE: WES in six families identified a causal mutations in two families. Two additional
affected family members were confirmed to hold the same homozygous mutation as their sibling. In total, DNAH1 mutations were identified
in 5 out of 12 analyzed subjects (41.7%). If we only include index cases, we detected two mutated subjects out of six (33%) tested MMAF indi-
viduals. Furthermore we sequenced one DNAH1 exon found to be mutated (c.8626-1G > A) in an Iranian family in an additional 38 MMAF
patients from Iran. One of these patients carried the variant confirming that this variant is relatively frequent in the Iranian population. The
effect of the c.8626-1G > A variant was confirmed by RT-PCR and immunochemistry as no RNA or protein could be observed in sperm
from the affected men.

LARGE SCALE DATA: N/A.

LIMITATIONS, REASONS FOR CAUTION: WES allows the amplification of 80–90% of all coding exons. It is possible that some
DNAH1 exons may not have been sequenced and that we may have missed some additional mutations. Also, WES cannot identify deep
intronic mutations and it is not efficient for detection of large genomic events (deletions, insertions, inversions). We did not identify any causal
mutations in DNAH1 or in other candidate genes in four out of the six tested families. This indicates that the technique and/or the analysis of
our data can be improved to increase the diagnosis efficiency.

WIDER IMPLICATIONS OF THE FINDINGS: Our findings confirm that DNAH1 is one of the main genes involved in MMAF syndrome.
It is a large gene with 78 exons making it challenging and expensive to sequence using the traditional Sanger sequencing methods. We show
that WES sequencing is good alternative to Sanger sequencing to reach a genetic diagnosis in patients with severe male infertility phenotypes.

STUDY FUNDING/COMPETING INTEREST(S): This work was supported by following grants: the ‘MAS-Flagella’ project financed by
the French ANR and the DGOS for the program PRTS 2014 and the ‘Whole genome sequencing of patients with Flagellar Growth Defects
(FGD)’ project financed by the Fondation Maladies Rares for the program Séquençage à haut débit 2012. The authors have no conflict of
interest.

Key words:male infertility / genetic diagnosis / gene mutations / exome sequencing / teratozoospermia / flagellum / MMAF / DNAH1

Introduction
Men with primary ciliary dyskinesia (PCD), a pathology grouping differ-
ent phenotypic entities due to molecular defects altering cilia function
and affecting mainly the pulmonary function, are often infertile with
asthenozoospermia and abnormal flagellar morphology (Storm van’s
and Omran, 2005). Some patients however present with similar sperm
abnormalities with no other associated syndromes, suggesting analo-
gous molecular mechanisms affecting only the sperm flagellum. As this
phenotype is restricted to fertility, it could be considered as a new clin-
ical entity and such sperm defects have indeed been described on
many occasions since 1984 (Escalier and David, 1984). Patients con-
sistently have had astheno-teratozoospermia characterized by a
mosaic of flagellar abnormalities including absent, coiled, bent, angu-
lated, irregular or short flagella mainly due to numerous ultrastructural
defects of the axoneme. This phenotype has been reported as dyspla-
sia of the fibrous sheath, short/stump tails or non-specific flagellar
anomalies (Chemes et al., 1987; Stalf et al., 1995; Chemes and Rawe,
2003). Until recently, genetic causes of flagellar abnormalities have
remained largely unexplained. In 2005, deletions in AKAP3 and AKAP4,
two genes encoding proteins of the fibrous sheath, were reported in
one patient (Baccetti et al., 2005); these findings however remain to
be confirmed. In 2014, our team carried out a large genetics study and
we proposed to use the term multiple morphological abnormalities of
the sperm flagella (MMAF) which seemed to clearly define the pheno-
type of the included patients (Ben Khelifa et al., 2014). In this study,
homozygosity mapping using a single nucleotide polymorphism (SNP)

array allowed the identification of pathogenic mutations in the dynein
axonemal heavy chain 1 (DNAH1) gene in 28% of the analyzed
patients. The identification of DNAH1 mutations indicated that
DNAH1 is a major gene involved in the MMAF phenotype and is
expected to account for up to one-third of cases (Ben Khelifa et al.,
2014). This indicates that MMAF is genetically heterogeneous and that
other genes are likely involved in this syndrome (Coutton et al., 2015).
It is currently estimated that 1500–2000 genes are involved in the

control of spermatogenesis, including 300–600 specifically expressed in
male germ cells (Matzuk and Lamb, 2008). The abundance of potential
candidate genes makes the identification of pathogenic mutations diffi-
cult and complex. Gene identification is however the key to improving
our understanding of the pathophysiology of infertility and could open
new perspectives for the diagnosis and treatment of infertile patients. In
recent years, different promising genomic approaches have catalyzed
the identification of new genes involved in male infertility (El et al.,
2012). Whole-exome sequencing (WES), the sequencing of the coding
sequence located in the exons of the translated genes, now appears as
the best strategy to detect disease-causing variations in individuals
affected with Mendelian disorders (Bamshad et al., 2011). Analysis of
WES data however remains challenging as 20 000–30 000 variants differ-
ing from the genomic reference sequence are usually found in any given
individual (Gilissen et al., 2012). It is then extremely arduous to identify
the causal variant(s) from this large number of variants of usually
unknown significance. The number of potentially pathogenic variants can
be reduced by analyzing cohorts of affected individuals and looking for
variants or defects in the same gene present in several affected
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individuals. Alternatively, consanguineous kindreds can be analyzed and
this strategy can be particularly successful for genetically heterogeneous
pathology such as infertility (Boycott et al., 2013). Indeed, WES of small
families has been successfully used for the detection of causal genes in
phenotypes such as non-obstructive azoospermia (Ayhan et al., 2014)
or sperm fertilization defects (Escoffier et al., 2015). In this study, we
wanted to evaluate the efficiency of family-based WES to identify new
DNAH1mutations or new genetic causes of MMAF syndrome.

Materials andMethods

Patient and control individuals
Five Iranian families (1–5) and one Italian family (6) were included in this
study (Fig. 1). Among these 6 families, we included 12 subjects (P1–P12)
presenting with asthenozoospermia due to a combination of 5 morpho-
logical defects of the sperm flagella including: absent, short, bent, coiled fla-
gella and of irregular width (Table I) without any of the additional
symptoms associated with PCD. About 10 individuals originated from
Middle East (Iranians) and were treated in Tehran at the Royan Institute,
(Reproductive Biomedicine Research Center) for primary infertility from

2008 to 2015. Two brothers of European origin (Southern Italia) consulted
for primary infertility at the Center for the Study of Rare Inherited
Diseases in Milan, Italia. About 10 of the 12 subjects were born from
related parents, usually first cousins. WES was performed for a total of 10
patients and DNAH1 targeted Sanger sequencing was performed for two
additional brothers (P7 and P12) who had not been included in time for
WES (Fig. 1). Except for Families 5 and 6, at least two infertile brothers
from each family were included and were analyzed by WES (Fig. 1). All
subjects had normal somatic karyotypes.

Sperm analysis was carried out in the source laboratories during the
course of the routine biological examination of the patient, according
to World Health Organization (WHO) guidelines (World Health Organiza-
tion, 2010). The morphology of patients’ sperm was assessed with
Papanicolaou staining (Fig. 2). Small variations in protocol might occur
between the different laboratories. Subjects were recruited on the basis of
the identification of >5% of at least four of the aforementioned flagellar mor-
phological abnormalities (absent, short, coiled, bent and irregular flagella)
(Table I). Unfortunately, sperm parameters from patient P2 were not avail-
able. All subjects presented with severe asthenozoospermia: seven patients
had no motility (≤5%), two had sperm motility < 15% and two (P11 and
P12) had approximately 30% motility. These latter two patients were consid-
ered to have a milder form of MMAF syndrome.

Family 1 Family 2

Family 3 Family 4

Family 6Family 5

P1

P2

P3 P4

P5 P6

P7

P10

P11 P12

P9
P8

Figure 1 Pedigrees of five Iranian (1–5) and one Italian family (6). Black squares indicate infertile subjects in the family. Red arrows indicate patients
for whom WES was performed. Blue arrow indicates patients (P7 and P12) who did not have WES but subsequent exon targeted DNAH1 Sanger
sequencing.
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In order to evaluate the incidence of the detected mutation in the gen-
eral Iranian population, we recruited 38 additional patients (SP1 to SP38)
presenting with MMAF phenotype with at less 80% of sperm with flagellar
abnormalities (Supplementary Table S1).

Saliva and/or peripheral blood was obtained for all participants. Sperm
samples were obtained, following informed consent, from patients P5, P6,
P7 and SP4. All subjects answered a health questionnaire focused on PCD
manifestations during their medical consultation for infertility. Informed
consent was obtained from all the subjects participating in the study
according to the local Institutional Review Board protocols and the princi-
ples of the Declaration of Helsinki. In addition, the study was approved by
local ethic committees.

Molecular analysis
DNA extraction
DNA was extracted from blood or saliva. Blood DNA extraction was car-
ried out from 5 to 10 ml of frozen EDTA blood using the quick guanidium
chloride extraction procedure. Saliva was collected with Oragene DNA
Self-Collection Kits (DNA genotek Inc., Canada) and DNA extraction was
performed following the manufacturer’s recommendations.

Exome sequencing and bioinformatics analysis
WES was carried out on DNA extracted from the 10 studied subjects.
Coding regions and intron/exon boundaries were enriched using the ‘all
Exon V5 kit’ (Agilent Technologies, Wokingham, UK). DNA sequencing
was undertaken at the Plateforme Biopuces et Séquençage IGBMC, Illkirch,
France, on the HiSeq 2000 from Illumina®. All steps from sequence map-
ping to variant selection were performed using the ExSQLibur pipeline
(https://github.com/tkaraouzene/ExSQLibur). Sequence reads were
aligned to the reference genome (hg19) using MAGIC (SEQC/MAQC-III
Consortium, 2014). Duplicate reads and reads that mapped to multiple
locations in the exome were excluded from further analysis. Positions
whose sequence coverage was below 10 on either the forward or reverse
strand were excluded. Single nucleotide variations (SNV) and small inser-
tions/deletions (indels) were identified and quality-filtered using in-house
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Figure 2 Light microscopy analysis of spermatozoa from three
c.8626-1G > A homozygous Iranian brothers (P5, P6, P7) and one
sporadic Iranian patient (SP4). Sperm samples were spread over a
slide and dried at room temperature for Papanicolaou staining. These
images are given as examples of typical spermatozoa observed in
mutated patients.
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scripts. The most promising candidate variants were identified using an in-
house bioinformatics pipeline. Variants with a minor allele frequency greater
than 5% in the NHLBI ESP6500 or in 1000 Genomes Project Phase 1 data
sets, or greater than 1% in ExAC were discarded. We also compared these
variants to an in-house database of 56 control exomes. All variants present
in a homozygous state in this database were excluded. We used Variant
Effect Predictor to predict the impact of the selected variants. We only
retained variants impacting splice donor/acceptor sites or causing frame-
shift, inframe insertions/deletions, stop gain, stop loss or missense muta-
tions, except those scored as ‘tolerated’ by SIFT (sift.jcvi.org) and as
‘benign’ by Polyphen-2 (genetics.bwh.harvard.edu/pph2).

Sanger sequencing
The two variations identified in DNAH1 using WES were verified by Sanger
sequencing. The coding exon 23 and intron-exon boundary adjacent to
intron54/exon55 were amplified as indicated in the Supplementary Table SII.
Sequencing reactions were carried out with BigDye Terminator v3.1
(Applied Biosystems). Sequence analysis were carried out on ABI 3130XL
(Applied Biosystems).

RNA extraction
Nucleated cells were isolated from whole blood using Ficoll® 400 (Sigma-
Aldrich Corp., St. Louis, MO, USA) following the manufacturer’s protocol.
RNA extraction was carried out on the isolated white blood cells using
Macherey Nagel NucleoSpin® RNA II columns (Macherey Nagel, Hoerdt,
France) using the manufacturer’s protocol.

RT-PCR
Reverse transcription was carried out in three patients P5, P6, P7 and two
healthy controls (C1 and C2) with 5 µl of extracted RNA (approximately
500 ng). Hybridization of the oligo-dT was performed by incubating for 5min
at 65°C and quenching on ice with the following mix: 5 µl of RNA, 3 µl of
poly T oligo primers (dT)12–18 (10mM, Pharmacia ), 3 µl of the four dNTPs
(0.5 mM, Roche diagnostics) and 2.2 µl of H2O. Reverse Transcription was
then carried out for 30min at 55°C after the addition of 4 µl of 5× buffer,
0.5 µl RNase inhibitor and 0.5 µl of Transcriptor Reverse transcriptase
(Roche Diagnostics). Then 2 µl of the obtained cDNA mix was used for the
subsequent PCR. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as a housekeeping gene (internal control). Primers sequences and
RT-PCR conditions are indicated in the Supplementary Table SIII.

Immunostaining
Sperm were fixed in PBS/4% paraformaldehyde for 1 min at room tem-
perature. After washing in 1 ml PBS, the sperm suspension was spotted
onto 0.1% poly L-lysine pre-coated slides (Thermo Scientific). After attach-
ment, sperm were permeabilized with 0.1% (v/v) Triton X-100—DPBS
(Triton X-100; Sigma-Aldrich) for 5 min at room temperature. Slides were
then blocked in 5% corresponding normal serum—DPBS (normal goat or
donkey serum; GIBCO, Invitrogen) and incubated overnight at 4°C with
primary antibodies. Polyclonal DNAH1 antibodies were purchased from
Prestige Antibodies® (Sigma-Aldrich, France) (1:50). Monoclonal mouse
anti-acetylated-α-tubulin antibodies were purchased from Sigma-Aldrich
(1:2500). Washes were performed with PBS containing 0.1% of Tween 20,
followed by 1 h incubation at room temperature with Alexa Fluor 555-
labeled goat anti-rabbit or Dylight 488-labeled goat anti-rabbit (1:400) sec-
ondary antibodies. Appropriate controls were performed, omitting the
primary antibodies. Samples were counterstained with 5 mg/ml Hoechst
33342 (Sigma-Aldrich) and mounted with DAKO mounting media (Life
Technology). Whole images were reconstructed and projected from
Z-stack images using ZEN software.

Results

WES identified two new DNAH1mutations
Given the notion of consanguinity in the families we studied, we pos-
tulated that the infertility has been likely transmitted by autosomal
recessive inheritance and was thus caused by a homozygous muta-
tion. We proceeded to WES to identify a possible genetic defect that
could explain the observed MMAF phenotype. After exclusion of fre-
quent variant and applying stringent filters, a limited list of homozy-
gous variants was identified in each proband. Apart from these three
variants in DNAH1, no variants were present in genes described to
be strongly expressed in the testis nor in any gene described to be
connected with cilia, the axoneme or the flagellum. Only the DNAH1
variants were retained as likely causal (Supplementary Table SIV). In
cases where the brothers were simultaneously analyzed by WES,
only common variants shared by both brothers were retained. Two
different pathogenic mutations in the DNAH1 gene were identified in
Families 3 and 6.
In Family 3, the c.8626-1G > A variant was identified in the two

MMAF brothers analyzed by WES. This mutation affects the final G
nucleotide of DNAH1 intron 54, one of the consensus splice acceptor
bases (Fig. 3). The alternate splicing is predicted to cause a frameshift
in the new transcript and to induce a premature stop codon. The
c.8626-1G > A variant was absent from over 60 000 individuals
described in the ExAC database which confirms that it is not a poly-
morphism and that a splicing mutation occurring at this localization
would be negatively selected throughout evolution. No other variants
were identified in the DNAH1 coding sequence and UTR regions.
Sanger sequencing confirmed the splicing mutation for both infertile
brothers (Fig. 3) and showed that the third infertile brother has the
same mutation while their father and a non-affected brother were het-
erozygous (data not shown).
In Family 6, a second mutation was found in DNAH1. The identified

mutation is c.3860 T > G (p.Val1287Gly). This was confirmed in the
same subject by bidirectional Sanger sequencing of DNAH1 exon 23.
No other unreported DNAH1 variant was identified by exome
sequencing. No rare variants were present in other genes reported
to be associated with male infertility. The presence of the c.3860
T > G mutation was tested in the other family members available for
genotyping by restriction analysis and confirmed by Sanger sequen-
cing. In this large Italian family, the other infertile brother and one sis-
ter were homozygous for the DNAH1 mutation (Fig. 3). Six other
related fertile subjects of both sexes were heterozygous for the
mutation. The sister, also homozygous for p.Val1287Gly mutation,
was healthy by general evaluation and had not yet attempted to have
children.

Targeted PCR-Sanger sequencing in 38
MMAF Iranian patients
We next assessed 38 Iranian patients (SP1 to SP38) presenting with
morphological abnormality of flagella (Supplementary Table S1) for the
c.8626-1G > A splicing mutation identified in the Iranian Family 3.
Sequencing results showed that one of these affected men (SP4) is
homozygous for this new splice site mutation indicating that this muta-
tion segregates in the Iranian population.
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Detrimental effects of the two identified
mutations
To assess the functional impact of the DNAH1 splice acceptor site
mutation c.8626-1G > A, we studied mRNA products isolated
from two control and from P5, P6 and P7. RT-PCR of patients’ sam-
ples yielded no product despite repeated attempts, contrary to
what was observed from the controls yielding bands of the
expected size (Fig. 4). RT-PCR targeting GAPDH confirmed the
integrity of patients’ RNA (Fig. 4). This suggests a specific degrad-
ation of the mutant DNAH1 transcripts by nonsense mediated
mRNA decay (NMD). To further validate the pathogenicity of this
variant, we analyzed DNAH1 localization by immunofluorescence
on patients’ sperm. In control individuals, DNAH1 antisera deco-
rated the full length of the sperm flagellum (Fig. 5). In contrast, in
sperm from the three brothers carrying the c.8626-1G > A muta-
tion as well as in sperm from the sporadic case SP4, DNAH1 immu-
nostaining was absent, indicating that the splicing defect induces the

degradation of the transcripts by NMD thus precluding protein pro-
duction (Fig. 5).
Unfortunately, no mRNA analysis or immunostaining could be per-

formed on sperm cells from the Italian patients, P11 and P12. We how-
ever found Val1287 to be very well conserved throughout evolution
(Fig. 3) and this missense change is also predicted to be likely damaging
by SIFT and PolyPhen-2, two prediction software for nonsynonymous
SNPs. This variant was also absent from all the control sequence data-
bases (dbSNP v137, 1000 Genomes Project, NHLBI Exome Variant
Server).

Discussion
To date, SNP array-based homozygosity mapping has permitted the iden-
tification of mutations in three main genes leading to teratozoospermia
(Dieterich et al., 2007; Harbuz et al., 2011; Ben Khelifa et al., 2014). This
strategy is however time-consuming and requires that several patients

(c)

(d) 1 500 1000 1500 2000 2500 3000 3500 4000

AAA1 AAA2 AAA3 AAA4Tail + linker AAA5 AAA6

Stalk

70201 10 30 40 50 60

c.11788-1G>A 
c.5094+1G>A

c.12796T>C 

c.3877G>A
(D1293N)

N CMTBD

c.8626-1G>A

c.3860T>G
(V1287G)

(a) (b)

Refseq

P5

P6

Control

p.V1287G

Exon 22 Exon 23

Figure 3 DNAH1 novel point mutations. (a) Electropherogramms of DNAH1 showing the homozygous splice acceptor site mutation c.8626-1G > A
for P5, P6 and a heathy control individual. (b) Interspecies alignment. The two Italian brothers carry a homozygous missense mutation c.3860.T > G in
DNAH1 exon 23, leading to the change of the valine in position 1287 into a Glycine. The valine in position 1287 is well conserved between species.
Amino acid sequence alignment was realized with homologene (http://www.ncbi.nlm.nih.gov.gate1.inist.fr/homologene/?term=dnah1). (c)
Localization of the DNAH1mutations in the intron-exon structure showing the position of the two novel identified mutations (in red) and the mutations
identified in our previous study (in black) (Ben Khelifa et al., 2014). Green boxes indicate coding exons, white boxes indicate noncoding exons. (d)
Protein domain map of the axonemal dynein heavy chain 1 (DNAH1). The blue boxes indicate the six known AAA-ATPase domains (AAA 1 to 6) as
detected by homology (Uniprot server). The microtubule-binding domain (MTBD) lies between AAA4 and AAA5. The N-terminal part of the protein
binds to the intermediate, light-intermediate dynein chains. The position of the stalk and the MTBD are indicated.
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share a common genetic cause responsible for the phenotype. Due to the
high genetic heterogeneity of infertility, SNPs array has now reached its
limits and has been supplanted by next generation sequencing and in par-
ticular WES. Unfortunately in this study, this strategy has not led to the
identification of new reliable candidate genes in MMAF patients. Some
deleterious variants have been identified but they do not concern genes
that have been described to have a strong connection with spermatogen-
esis. What appears as a negative result can be explained by: (i) a lack of
information regarding a mutated gene explaining why it was not selected;
(ii) a false starting assumption based on the hypothesis that the infertility
has been likely transmitted by autosomal recessive inheritance; (iii) exclu-
sion criteria being too stringent, eliminating the pathogenic variant (e.g.
silent variant modifying splicing sites), (iv) a variant undetectable by the
technique used or our current bio-informatic pipeline, e.g., genomic rear-
rangements (large deletions and duplications), unsequenced deep intronic
variants or some exonic variants (as only about 90% of coding nucleotides
were covered). These results therefore highlight the fact that WES cannot
be expected to provide 100% positive diagnoses. A diagnosis was how-
ever reached for 2 out of 6 of the analyzed families (33%). Two new
DNAH1 mutations were identified. These results thus reinforce the fact
that DNAH1 remains the main gene associated with MMAF and corrobor-
ate our previous study indicating that approximately 30% of subjects with
MMAF are expected to harbor DNAH1 mutations. These findings raise

Negative control

Positive control

P5

P6

P7

SP4

DNAH1

DNAH1

DNAH1

DNAH1

DNAH1

DNAH1

αα-Tubulin

α-Tubulin

α-Tubulin

α-Tubulin

α-Tubulin

α-Tubulin

Overlay

Overlay

Overlay

Overlay

Overlay

Overlay

Figure 5 Immunofluorescence images of human spermatozoa from the four patients with the c.8626-1G > A mutation with DNAH1 antibodies and
α-Tubulin. DNAH1 staining (green) was observed throughout the flagellum in positive control sperm, whereas it was absent in all sperm samples from
patients with the c.8626-1G > A variant. The α-tubulin signal (red) was observed in controls and patients. Sperm were counterstained with Hoechst
33342 (blue) as nuclei marker. These images are given as examples of typical stainings observed in patients.

MW C1 C2 P5 P6 P7 B MW

(a)

(b)

(c)

Figure 4 RT-PCR analyses of subjects P5, P6 and P7 (c.8626-
1G > A homozygotes) and control individuals from the general popu-
lation. Electrophoresis showing the RT-PCR amplification of (a)
DNAH1 exons 53–56 (b) DNAH1 exons 53–57 and (c) GAPDH amp-
lification used as housekeeping gene. Controls DNA C1 and C2 show
good amplification for all tested loci whereas the three patients do
not amplify DNAH1 but only the GAPDH control. There is no amplifi-
cation from the RT-negative blank control (column B).
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the question of whether DNAH1 routine diagnosis should be proposed to
all MMAF patients. DNAH1 is a very large gene (84 Kb and 78 exons)
making conventional Sanger sequencing difficult, laborious and costly. In
view of our results, we recommend to perform WES in MMAF patients
as a first approach. WES in MMAF patients provides a fast way to
sequence all DNAH1 exons while giving the opportunity to identify new
gene defects. This strategy, followed by the assessment of ICSI results
obtained with patients with different gene defects, could allow improve-
ments in the prediction of ICSI success rates and thus to provide better
counseling to MMAF patients. We recently reported that ICSI with
spermatozoa from MMAF patients with DNAH1 mutations had a high
pregnancy rate following ICSI (Wambergue et al., 2016). DNAH1 muta-
tion positive patients identified in this study can thus be encouraged to ini-
tiate an IVF/ICSI procedure.
One of the main difficulties associated with WES is the confirmation of

the deleterious effect of the identified variant. The effect of the first
DNAH1 variant (c.8626-1G > A) cannot be questioned as: (i) it was iden-
tified in four individuals (P5, P6, P7 and SP4); (ii) it affects a consensus
splice site known to be essential to the mRNA splicing machinery; and (iii)
the mRNA and the protein were shown to be absent from mutated
patients. The effect of the second variant, Val1287Gly, is not as easy to
predict as it concerns only one amino acid. We however have several
arguments in favor of its pathogenicity: (i1) the variant was described as
deleterious by two prediction tools; (ii) it was not found in any database
now including in excess of 60 000 individuals; and (iii) it affects a conserved
residue located in the N-terminal part of the protein known to be import-
ant for the structure of the dynein arms (Habura et al., 1999) and it is
positioned close to the first missense DNAH1 mutation (Asp1293Asn)
identified previously. The four patients with the severe variant present 0%
of morphologically normal spermatozoa with a motility <5% in contrast
with the two brothers with the Val1287Gly variant who present a milder
phenotype with approximately 30% motility and 10% of morphologically
normal spermatozoa (Table I). This suggests that the Val1287Gly mutated
protein is likely preserve a residual activity as was previously observed in
the patient with the nearby missense mutation. This supports the hypoth-
esis of a phenotype continuum depending on the severity of DNAH1
mutations (Ben Khelifa et al., 2014). We can therefore expect that indivi-
duals harboring homozygous or compound heterozygous DNAH1 muta-
tions of moderate severity could present with intermediate
asthenozoospermia and low levels of morphological anomalies.
When all patients with MMAF analyzed in our previous and present

work are pooled, we have a total of 32 patients including 24 index
cases. Seven unrelated individuals out of 24 carried a homozygous vari-
ant in DNAH1 (29.2%). Although a large majority of patients are of
North African origin, we have now identified DNAH1 mutations in
Middle East and European patients indicating that DNHA1 diagnosis
should not be ruled out for non-Maghrebian individuals. The c.8626-
1G > A variant was found in 1/38 sporadic MMAF Iranian cases result-
ing in a prevalence estimated at 2.6% in this Iranian population. It
would be interesting to compare the haplotype of these affected
Iranian patients in order to highlight a possible founder effect.
As reported in our previous work, all individuals carrying mutations in

DNAH1 only presented with male infertility and did not report any other
symptoms associated with PCD such as an impairment of the respira-
tory functions (Ben Khelifa et al., 2014). The data reported here is con-
sistent with the hypothesis suggesting that DNAH1 function in cilia may
be compensated by other dyneins. The absence of clinical signs does

not formally exclude that DNAH1 mutations could lead to a slight func-
tional impairment of motile cilia function in respiratory epithelium but
the impairment would not necessarily lead to lung dysfunction.
Unfortunately, family members in which a DNAH1 mutation was identi-
fied did not consent to the investigation of their respiratory function.
The abundance of potential candidate genes makes identification of

pathogenic mutations difficult and complex. However, gene identifica-
tion is the key to improving knowledge of the pathophysiology of
MMAF and opens new perspectives for diagnosis and treatment of
infertile patients. Further genetic studies are therefore warranted to
identify other genes involved in MMAF to better characterize the gen-
etic etiology of the MMAF phenotype and to improve the management
of patients diagnosed with flagellar defects.

Supplementary data
Supplementary data are available at http://humrep.oxfordjournals.org/.
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Supplementary Table S1 Semen parameters of 38 Iranian sporadic patients.

Patients Semen
volume (ml)

Sperm conc.
(106/ml)

Total
motility 1 h
(%)

Vitality
(%)

Normal
spermatozoa
(%)

Anomalies of the
flagella (%)

Anomalies of the
head (%)

Amorph
(%)

Short Coiled Other Round Pin Giant

SP1 4.50 0.15 0 0 98 2

SP2 5 7 0 60 0 86 2 2 1 9

SP3 0.3 6 0 60 1 92 2 5

SP4* 4.5 13 Few spz 88 0 86 1 13

SP5 2.5 30 0 70 0 98 2

SP6 4 11 Few spz 88 0 89 3 1 2 5

SP7 3 12 0 88 0 92 2 8

SP8 1 5 0 55 1 81 2 6 10

SP9 2.4 6 0 35 0 95 3 2

SP10 2.1 3 0 82 0 84 1 4 11

SP11 5 4 Few spz 13 0 79 1 1 19

SP12 3.2 0.2 Few spz 0 86 5 2 5

SP13 3 20 0 92 0 96 2 2

SP14 2 20 0 80 0 100

SP15 2.5 14 Few spz 88 0 86 4 2 2 2 4

SP16 3 1 0 85 0 88 2 4 2 4

SP17 5.5 7 0 88 0 92 3 5

SP18 4 3 0 88 0 90 5 5

SP19 3 16 0 85 0 90 4 2 1 3

SP20 6.5 6 0 80 0 90 3 7

SP21 3.2 5 0 95 0 100

SP22 4.6 0.5 0 80 0 89 1 7 3

SP23 3.4 25 0 80 0 84 1 8 7

SP24 6.5 4 Few spz 70 0 92 8

SP25 4.2 2 0 35 2 83 2 2 11

SP26 4 5 Few spz 84 1 78 4 2 15

SP27 4.6 25 0 80 0 93 3 2 2

SP28 3 34 0 56 0 71 8 1 1 3 16

SP29 3.4 2.5 Few spz 48 0 79 3 2 1 1 14

SP30 3.5 30 5 75 1 60 5 2 32

SP31 2 5 0 3 0 88 1 1 10

SP32 3 0.25 0 0 86 8 4 2

SP33 5 0.5 Few spz 1 72 2 2 23

SP34 1 8 0 95 0 95 5

SP35 3 1 0 0 80 2 7 1 10

SP36 2.5 7 0 97 0 84 9 2 2 5

SP37 4.5 12 0 84 0 98 2

SP38 2.5 32 0 92 0 83 4 3 10

*Mutated patient.
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Supplementary Table SII Primer sequences used for Sanger sequencing of DNAH1 exons.

Primer name Primer sequence (5′-3′) Tm

DNAH1-int54F CACCCCAACTCTCCTTCCAT 58°C

DNAH1-int54R TCTGGGCATCGTCAGCAATA

DNAH1-ex23F TGGGATGAGCCTATCTTGCT 60°C

DNAH1-ex23R AGCCTTGTGGGCAGACAGT
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Supplementary Table SIII Primer sequences used in RT-PCR and respective melting temperatures (Tm).

Primer name Primer sequence (5′-3′) Size of amplicons Tm

RTex55-DNAH1F GCTTCATATTTTCTCCATCC 55 F/55R1: 584 bp
55 F/55R2: 441 bp

54°C

RTex55-DNAH1R1 CAATGTTGTCCTTGTCAAAC

RTex55-DNAH1R2 ATGCACACAGCTTCTATGAC
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Supplementary Table SIV All DNAH1 variations identified byWES for all probands analyzed from six MMAF families.

Gene Variant coordinates Transcript cDNA variation Amino acid variation Prediction Nationality

DNAH1 Chr3:52420175:G:A ENST00000420323 c.8626-1G > A Splice acceptor Damaging Iranian

DNAH1 Chr3:52391630:T:G ENST00000420323 c.3860.T > G p.Val1287Gly Possibly_damaging Italian
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Chapitre 2. Mise en place d’une stratégie pour l’analyse des données exomiques –

application en recherche clinique

Principaux résultats

Après avoir été séquencés en WES, les données des 9 patients Ghs119, Ghs130, Ghs131,
Ghs56, Ghs58, Ghs59, Ghs60, Ghs62 et Ghs63 ont été analysées au sein de notre
pipeline. Compte tenu de l’historique de consanguinité de ces familles, l’ensemble des
variants hétérozygotes ont été filtrés de même que l’ensemble des variants observés
fréquemment dans la population générale et ceux n’ayant aucun impact sur la séquence
codante. Aussi, dans les cas où les données de WES de plusieurs frères d’une même
famille étaient disponibles, seuls les variants partagés par l’ensemble des frères ont été
gardés. À l’issue de cette étape de filtrage, seuls quelques variants subsistaient pour
chacune des familles impactant entre 1 et 23 gènes différents en fonction de celles-ci
(Tables : B.1, B.2, B.3, B.4, B.5, Figure : 2.16).

Parmi cette liste de gènes, DNAH1 fut retrouvé muté chez les deux frères de la
famille MMAF3 ainsi que chez les deux frères de la famille MMAF6 (non analysée par
ExSQLibur). De même, un variant entraînant un décalage du cadre de lecture dans
la séquence du gène SPEF2 (codant pour la protéine Sperm flagellar 2 (SPEF2)) a
été retrouvé chez le patient P10 de la famille MMAF5. Aucun autre candidat évident
n’a pu être identifié pour les individus composant les 3 autres familles. Ensuite, bien
que le gène SPEF2 ait déjà été caractérisé comme ayant un rôle dans la biogénèse du
flagelle spermatique [223] nous nous sommes dans un premier temps concentrés sur la
caractérisation des deux variants retrouvés sur DNAH1.

1. Famille MMAF3 : Les deux frères P5 et P6 analysés en WES étaient tous deux
porteurs de la même mutation c.8626-1G > A qui fut par la suite confirmée en
Sanger pour ces deux patients ainsi que pour leur troisième frère (P7) non analysé
en WES. Cette mutation, absente des différentes bases de données, impacte le
dernier nucléotide de l’intron 54 de DNAH1, c’est-à-dire, l’une des deux bases
composant le site accepteur consensus d’épissage. Afin d’évaluer l’impact de
cette mutation sur le transcrit de DANH1, nous avons étudiés, par RT-PCR,
l’ARNm provenant de ces trois frères ainsi que de deux individus contrôle. Cette
étude a révélé qu’aucune amplification du transcrit de DNAH1 n’était observée
chez les trois frères contrairement aux deux contrôles tandis que l’amplification
ciblant GAPDH était positif pour les cinq individus confirmant ainsi l’intégrité
de l’ARNm de l’ensemble des individus testés. Ces résultats suggèrent donc que
les transcrits produits par les trois frères mutés ont été soumis au mécanisme de
dégradation spécifique par mRNA decay. Afin de valider la pathogénicité de ce
variant, la protéine DNAH a ensuite été localisée par immunofluorescence à la
fois chez les patients et les contrôles, révélant que contrairement aux contrôles, la
protéine DNAH1 était absente chez les trois frères, renforçant ainsi l’hypothèse
d’une dégradation spécifique des ARNm.

2. Famille MMAF6 : Le variant c.3860 T > G (p.Val1287Gly) induisant une
mutation faux sens dans la séquence de l’exon 23 de DNAH1 a été retrouvé dans
les données WES des deux frères P11 et P12 (non analysés par ExSQLibur) et a
par la suite été confirmé en Sanger. Malheureusement, par manque de matériel,
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aucune étude par RT-PCR ou immunofluorescence n’a pu être effectuée sur
ces patients. Cependant, le fait que ce variant faux-sens soit absent des bases
de données et qu’il soit prédit comme probably dammaging par PolyPhen et
deleterious par SIFT renforce l’hypothèse de la pathogénicité de ce variant.

Ainsi, à l’issue de l’analyse de ces 6 familles présentant un phénotype MMAF (dont
seulement 5 ont été analysées par ExSQLibur), le variant responsable a pu être
déterminé pour deux d’entre elles grâce à l’identification de deux nouveaux variants
impactant la séquence codante du gène DNAH1 confirmant ainsi l’importance de
l’implication de ce gène dans le phénotype MMAF. De même un indel entraînant un
décalage du cadre de lecture dans la séquence du gène SPEF2 fait de ce gène, déjà
connu comme ayant un rôle dans la formation des flagelles, un excellent candidat pour
expliquer le phénotype du patient P10. Notre équipe travaille à l’heure actuelle à la
caractérisation de ce gène. Cependant, aucun candidat évident n’a pu être identifié
pour les 3 familles restantes laissant supposer que le variant responsable de leur
phénotype ait été éliminé par un de nos filtres. Ainsi, la cause génétique de leur
phénotype n’a soit pas été détectée soit a été éliminée par un de nos filtres. Afin
d’identifier la cause génétique de leur phénotype, nous réanalysons actuellement les
données de ces patients en appliquant des filtres moins stringents, en conservant les
gènes sur lesquels deux variants hétérozygotes sont retrouvés, ce qui pourrait être la
signature d’une hétérozygotie composite.
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MMAF5

0 2 4 6 8 10 12 14 16 18 20 22 24

Nb of remaining genes after all filtering

Is the causal variant found? Yes Maybe No

Figure 2.16 – Nombre de gènes passant l’ensemble des filtres
par famille : Chaque barre représente une des familles analysées. La
hauteur de cette barre correspond au nombre de gènes ayant passé
l’ensemble des filtres pour chaque famille. Les barres vertes caractérisent
les familles pour lesquelles le gène responsable de la pathologie a été
identifié parmi la liste de gènes (dans ce cas le symbole du gène est
écrit au-dessus de la barre). La barre orange caractérise la famille pour
laquelle un candidat potentiel a été identifié (le symbole du gène est
écrit au-dessus suivit d’un “ ?”). Les barres rouges indiquent qu’aucun
des gènes ayant passé les filtres ne semble expliquer le phénotype des
individus de la famille (dans ce cas il est écrit “ ? ? ?” au-dessus de la
barre).
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2.3 Résultats 2 : Étude d’une cohorte de femmes
infertiles

2.3.1 Article n°4

PATL2 Gene Mutation Causes Oocyte Meiotic Deficiency and Female In-
fertility

Christou-Kent M, Amiri-Yekta A, Kherraf ZE, Karaouzène T, Escoffier J, Guttin
A, Martinez G, Le Blévec E, Lambert E, Fourati Ben Mustapha S, Cedrin-Durnerin I,
Halouani L, Marrakchi O, Makni M, Latrous H, Kharouf M, Bottari S, Thierry-Mieg
N, Coutton C, Zouari R, Issartel JP, Ray PF, Arnoult C

New England Journal of Medicine, 07 Juillet 2017 (soumis)
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Contexte et objectifs

Entre 2013 et 2014 notre équipe a pris en charge l’étude génétique de 23 femmes nord
africaines présentant toutes une déficience méiotique ovocytaire (DMO) caractérisée
par un blocage de la méiose au stade M1 et entrainant une infertilité. À l’heure actuelle,
seul le gène TUBB8 retrouvé muté à l’état hétérozygote chez des patientes chinoises
avait pu être lié à ce phénotype. Cette étude a donc pour objectif de caractériser la
cause génétique responsable du phénotype DMO de ces 23 femmes. Parmi celles-ci,
15 ont été analysées par séquençage haut-débit. Dans ce contexte, j’ai, au cours
de ma thèse, été en charge de l’ensemble des analyses bio-informatiques de ces 15
femmes.
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Abstract: 

Background— Infertility impacts the life of over 70 million couples 
worldwide, yet its molecular basis remains largely unknown. Some women 
present primary infertility with no menstruating defects. They respond well 
to the IVF ovarian stimulation protocol with normal follicular growth 
however the collected oocytes all appear immature or degenerated and 
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cannot be fertilized even after recourse to assisted reproductive 
technologies. The aim of this study was to identify the genetic defects 
inducing this oocyte meiotic deficiency (OMD) and to characterize its 
molecular pathogeny.  
 
Methods and subjects  
A total of 23 OMD subjects were recruited and whole exome and Sanger 
sequencing was performed to identify candidate genes. Patl2 knock-out 
(Patl2-/-) mice were generated to study their reproductive phenotype and 
to perform a comparative transcriptomic analysis against WT.  
 
Results  
Six out of the 23 tested subjects (26%) harbored a homozygous PATL2 
truncating mutation.  Patl2-/-female mice exhibited a severe subfertility 
associated with oocyte spindle anomalies and poor developmental 
competence of oocytes and embryos. PATL2, as a translation factor, is 
believed to be involved in storage, processing, regulation, and/or 
degradation of mRNA. Transcriptomic analysis confirmed that the absence 
of Patl2 impacts numerous genes known to be crucial for oocyte meiotic 
progression and early embryonic development.  
 
Conclusions  
We demonstrate that PATL2 is crucial for RNA regulation in human and 
mice oocytes and that PATL2 gene mutation is a main genetic cause of 
oocyte meiotic deficiency. 
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Abstract 

 

Background— Infertility impacts the life of over 70 million couples worldwide, yet its molecular basis 

remains largely unknown. Some women present primary infertility with no menstruating defects. 

They respond well to the IVF ovarian stimulation protocol with normal follicular growth however the 

collected oocytes all appear immature or degenerated and cannot be fertilized even after recourse to 

assisted reproductive technologies. The aim of this study was to identify the genetic defects inducing 

this oocyte meiotic deficiency (OMD) and to characterize its molecular pathogeny. 

 

Methods and subjects  

A total of 23 OMD subjects were recruited and whole exome and Sanger sequencing was performed 

to identify candidate genes. Patl2 knock-out (Patl2
-/-) mice were generated to study their 

reproductive phenotype and to perform a comparative transcriptomic analysis against WT.  

 

Results 

Six out of the 23 tested subjects (26%) harbored a homozygous PATL2 truncating mutation.  Patl2
-/-

female mice exhibited a severe subfertility associated with oocyte spindle anomalies and poor 

developmental competence of oocytes and embryos. PATL2, as a translation factor, is believed to be 

involved in storage, processing, regulation, and/or degradation of mRNA. Transcriptomic analysis 

confirmed that the absence of Patl2 impacts numerous genes known to be crucial for oocyte meiotic 

progression and early embryonic development. 

 

Conclusions 

We demonstrate that PATL2 is crucial for RNA regulation in human and mice oocytes and that PATL2 

gene mutation is a main genetic cause of oocyte meiotic deficiency. 
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INTRODUCTION 

In humans, oocyte production is a long process starting during embryonic development and 

characterized by a long diapause which lasts for decades until the production of a mature oocyte at 

each menstrual cycle. The quiescent oocytes are blocked in the prophase of the first meiosis and 

form an immature oocyte containing a germinal vesicle (GV) and embedded in a primordial follicle. 

Periodically, a group of follicles is recruited to form a growing follicular pool, where close interactions 

between follicular cells and the growing oocytes allow the production of a fully grown oocyte in an 

antral follicle1 in approximately 100 days. At this stage, the oocyte is sensitive to hormonal 

stimulation, which triggers meiosis resumption associated with GV break down (GVBD) which entails 

the completion of the first meiosis with extrusion of the first polar body followed by a new arrest at 

the metaphase 2 (MII) of the second meiosis. Completion of meiosis with the exclusion of the second 

polar body is triggered by fertilization. Several reports describe that some infertile women 

repetitively produce mostly immature oocytes, a poorly-defined syndrome known as "oocyte factor" 

or “bad eggs syndrome”
2-5

. Our cohort consisted of patients who all had at least one IVF cycle with 

only GV, MI or atretic oocytes and we called this phenotype oocyte meiotic deficiency (OMD). The 

characterization of several KO mice has permitted the identification of several genes inducing a 

meiotic block at different stages. For instance, in mice with an invalidated Cdc25b gene, involved in 

cyclic AMP control, oocyte maturation arrests at the GV stage 6,7. Similarly, the absence of H1foo, a 

transcription factor, Mei1, required for normal meiotic chromosome synapsis and Ubb, an ubiquitin 

controlling the destruction of key cell cycle regulators, lead to MI arrest8-10. Finally, Smc1b, a meiosis-

specific component of the cohesin complex, is involved in MII arrest
11

 while Mlh3, which maintains 

homologous chromosome pairing at meiosis, induces mixed arrests12. These genes are therefore 

suitable candidates for OMD but none of them have so far been associated with OMD in humans.  

Heterozygous mutations of TUBB8, an oocyte specific tubulin necessary for the meiotic spindle were 

recently identified in a cohort of Chinese patients with OMD 13, establishing TUBB8 as the first human 

gene identified in the context of OMD.  In our present study, we analyzed a total of 23 unrelated 
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OMD patients coming from North and Sub Saharan Africa and found that 6 (26%) have a homozygous 

truncating mutation in the PATL2 gene indicating that absence of PATL2 is the main cause of OMD in 

this region.  

 

METHODS 

Human subjects 

A total of 23 patients were recruited.  All subjects originated from North Africa, mainly Tunisia and 

Algeria and one patient from Mauritania, and underwent one or two cycles of ovarian stimulation for 

the purpose of egg collection for further in vitro fertilization. The patients responded normally to 

ovarian stimulation with a number of harvested oocytes similar to control patients (Figure S1AB). 

However, no MII oocytes were collected, the only oocytes harvested were either arrested immature 

oocytes (GV or MI stages) or oocytes presenting an irregular shape with a dark ooplasm and 

considered atretic (Figure S1C).  The description of oocyte parameters of the patients harboring a 

PATL2 mutation is described in Table 1.   

 

Study design 

Whole exome sequencing was performed for 15 subjects. Sanger sequencing of PATL2 was then 

performed on an additional 8 subjects. The importance and role of PATL2 in oocyte maturation was 

assessed using Patl2 knock-out mice (Patl2
-/-

). Detailed methods are provided in the Methods section 

in the Supplementary Appendix. 

Ethics 

Informed consent was obtained from all the subjects participating in the study according to the local 

IRB protocols and the principles of the Declaration of Helsinki. All animal procedures were run 

according to the French guidelines on the use of animals in scientific investigations with the approval 
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of the local Ethics Committee (ComEth Grenoble N° 318, ministry agreement number #7128 UHTA-

U1209-CA). 

RESULTS 

Whole-exome and Sanger sequencing identifies a homozygous truncating mutation in PATL2 in 26% of the 

tested subjects.  

In the present study, we analyzed a cohort of 23 infertile women presenting with OMD. Given the 

fact that most of the patients are Tunisian and that 20-30% of marriages are consanguineous in this 

country, we thus postulated that infertility was likely transmitted through recessive inheritance and 

we focused on homozygous mutations.  

Exome analysis was performed for 15 patients. After exclusion of common variants and application of 

technical and biological filters, only three genes were found to be homozygously mutated in at least 

two subjects (Table S1). We have not yet explored the variants found only in one patient. Two genes 

were mutated in two patients and did not appear good candidates: FAM58A because the identified 

variant is in fact common in the Genome Aggregation Database (gnomAD), 

(http://gnomad.broadinstitute.org/) and MGAM because of its expression (primarily in the digestive 

tract) and type of mutation (probably benign). Remarkably we identified 5 women (33%) with the 

same homozygous loss of function variant p.Arg160Ter, c.478C>T in PATL2 transcript 

ENST00000434130. This variant introduces a premature stop codon in the coding sequence, resulting 

(at best) in the production of a non-functional truncated protein with less than the first third of the 

protein (Figure 1A). As the xpat1a gene, the xenopus ortholog of PATL2, has been described to be 

expressed during oocyte growth
14,15

, PATL2 appeared an excellent candidate gene. This variant was 

identified in a heterozygous state in 5 out of 148,732 alleles (rs548527219) in the Genome 

Aggregation Database (gnomAD), a very low frequency of 0.003362% compatible with the expected 

key role of PATL2 in female reproduction. The presence of the variant was confirmed by Sanger 

sequencing on the five mutated patients (Figure 1B). Sanger sequencing of PATL2 coding sequences 
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was then performed on an additional 8 OMD subjects. One carried the same homozygous mutation, 

giving 6 out of 23 analyzed subjects (26%) carrying the PATL2 p.Arg160Ter variant.  

Our exome data was then screened for the presence of TUBB8 heterozygous mutations which have 

been described to induce OMD13 and no deleterious TUBB8 variants were identified in the 15 

analyzed subjects.    

 

Patl2 KO female mice display subfertility due to compromised oocyte maturation and poor developmental 

competence of oocytes and embryos. 

Data bank analyses confirmed that PATL2 is highly expressed in both human and mouse oocytes 

(Figure S2) and we observed that its expression is very low in human follicular cells (Figure S2), 

suggesting that the maturation defect is of oocyte rather than follicular origin. To confirm the 

involvement of PATL2 in our patient’s phenotype, we assessed the reproductive phenotype of Patl2 

deficient mice (Patl2
-/-) harboring an exon 7 deletion inducing a translational frameshift downstream 

(Figure S3). We first studied the fertility of Patl2
-/-

 females crossed with WT males by measuring the 

number of pups produced per litter, the number of pups produced over a period of 6 months and the 

number of litters per month. Females lacking Patl2 exhibited a severe subfertility: the number of 

pups per litter dropped from 7.2 ± 0.9 n=13 for WT to 2.3 ± 0.4 n=7 for Patl2
-/-

 mice (Figure 2A) and 

both the number of pups and of litters per month/per female were reduced (Figure S4AB). 

Conversely no difference in litter size was observed between WT and Patl2
-/-

 males (7.2±0.9 n=13 for 

WT and 8.7±0.5 n=35 for Patl2
-/- males, (Figure S4C)).  

This severe subfertility could be due to oocyte and/or embryonic developmental defects. To better 

characterize the female Patl2
-/- phenotype, we first performed a histological study of the ovaries. No 

obvious defects were observed at this level and Patl2
-/- and WT ovaries had similar cellular structure 

(Figure S5). Next, ovarian stimulation was performed and GV and MII oocytes were collected for 

morphological and in vitro fertilization (IVF) studies.  Patl2
-/- GV oocytes, which displayed a smaller 
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diameter than WT GV oocytes, showed a well-defined apparent nucleolus (Figure S6AB). Similar 

to observations in OMD women, Patl2
-/-  and WT mice produced the same number of follicles and 

oocytes after full ovarian stimulation (Figure S6C). Nevertheless, contrary to what happened in 

women, part of the collected oocytes reached the MII stage (Figure S6D). It is worth noting that as 

for GV, MII Patl2
-/-

 oocytes had a smaller diameter than control (Figure S6E), suggesting that oocyte 

growth was impaired in the absence of Patl2. Next the developmental competence of MII oocytes 

was challenged through IVF. The IVF outcomes were significantly altered in Patl2
-/-

 females with the 

percentage of eggs reaching the 2-cell stage dropping from 67.7% ± 8.1, n=5 in WT mice to 36.4% ± 

6.4, n=5 in Patl2
-/- mice (Figure 2C), demonstrating that the developmental competence of Patl2

-/- 

oocytes was compromised. This decrease of 2-cell Patl2
-/- 

embryos was mostly due to defective 

development of Patl2
-/- zygotes, which exhibited numerous defects including delayed pronucleus 

formation, absence of sperm DNA decondensation or/and polyspermy whereas almost all fertilized 

WT zygotes exhibited 2 pronuclei (Figure 2D-F). The poor developmental competence of Patl2
-/- eggs 

and their abnormal fertilization finally impacted preimplantation development since only 27.2% ± 

5.1, n=4 of 2-cell embryos generated with Patl2
-/- eggs reached the blastocyst stage in contrast to 

87.1% ± 5.6, n=4 with WT eggs (Figure 2C and S6F). The impaired ability of Patl2
-/- oocytes to sustain 

embryo development was likely due to numerous defects observed in MII oocytes such as abnormal 

morphology of the spindle, misalignment of the chromosomes on the spindle and numerous 

cytoplasmic asters (Figure 3AB). It is worth noting that the lack of Patl2 also impacts meiosis 

resumption, blocking a significant number of oocytes in a defective MI stage (Figure 3CD).  

 

Absence of Patl2 induces an important alteration of the transcriptome of GV and MII oocytes. 

Interestingly, xpat1a, the xenopus ortholog of PATL2, has been reported to be expressed during 

oocyte growth, to interact with the cytoplasmic polyadenylation element binding complex (CPEB) 

and to repress RNA translation in xenopus oocytes14,15. This suggests that PATL2 could be involved in 
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specific modulation of the oocyte transcriptome during oocyte maturation in Mammals. To address 

this point, global gene expression analysis was performed on oocytes collected at the GV and MII 

stages from WT and Patl2
-/- 

females.  

The expression of nearly 66,000 transcripts was measured across the different oocyte groups with 

Affymetrix microarrays. First, we verified that oocyte RNA purification was not contaminated by RNA 

from follicular cells, by comparing expression levels of specific follicular and oocyte genes (Figure 

S7A). The absence of exon 7 transcription in Patl2
-/-

 oocytes’ extracts was also verified on microarray 

data (Figure S7B). First, there was no difference in global purified RNA concentration between WT 

and Patl2
-/-  for GV and MII oocytes, indicating that the overall transcription process is not controlled 

by Patl2 (Figure S7C). We however observed significant changes in specific transcripts, both at the GV 

and MII stages (Figure 4B).  At the GV stage, lack of Patl2 induces a >two-fold decrease of 95 

transcripts (p< 0.05) and >two-fold increase of 39 transcripts (Table S2) and at the MII stage, a >two-

fold decrease of 124 transcripts and >two-fold increase of 122 transcripts (Table S3). Around one 

third of the downregulated genes at the GV stage (32) were also downregulated at the MII stages, 

and half of the upregulated genes at the GV stage (19) were also upregulated at the MII stage (Table 

S4 and Figure 4C). The impact of the absence of Patl2 on gene expression at the GV and MII stages 

was visualized using hierarchical clustering of genes with an absolute fold-change ((aFC))> 2, p< 0.05 

(Figure 4D).   

 

Discussion 

Genetic alteration of PATL2 is the main cause of OMD in North African women.  

The genetic basis of OMD remained unexplored until last year when heterozygous mutations of 

TUBB8 were described to be responsible for approximately 30% (7/23) of OMD Chinese Han familial 

cases
13

. Surprisingly, we found no TUBB8 deleterious variant in any of the 15 subjects analyzed by 

WES, indicating that TUBB8 mutations are not a frequent cause of OMD in North /Sub Saharan Africa. 
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This result underlines a geographical heterogeneity of genetic causes of OMD. Here, we observed 

that 26% of our patients present the same homozygous truncating mutation in PATL2 demonstrating 

that PATL2 is also one of the main genes leading to OMD. Because all the tested patients were of 

North African/Sub Saharan origin, we were unable to assess the frequency of PATL2 gene mutation in 

subjects suffering from OMD from other origins. All women exhibit the same mutation, suggesting a 

founder effect. Analysis of variants from WES data in the PATL2 surrounding regions shows a 

common homozygous haplotype thus confirming this hypothesis (Table S5).  

Additionally, we did not observe any downregulation of the expression of the tubulin genes in GV 

and MII oocytes from Patl2
-/- mice indicating that PATL2-dependent OMD is not caused by a tubulin 

deregulation.  

  

Importance of Patl2 in mRNA regulation for oocyte maturation and zygote development 

We have shown that the absence of Patl2 induces a transcriptomic deregulation, affecting 135 genes 

at GV and 248 at MII stages presenting an absolute fold-change >2, (p< 0.05). A literature survey of 

the downregulated genes in Patl2
-/- oocytes enabled us to identify several groups of genes reported 

to be involved in oocyte maturation. The encoded proteins are actors of several signaling pathways 

involved in oocyte differentiation, oxidative stress, transcription and translation, exocrine 

modulation, and meiosis and spindle formation (Table S6). We therefore expect that the decreased 

expression of these genes should interfere with normal oocyte differentiation. Regarding signaling 

pathways activated during oocyte maturation, a significant downregulation of transcripts of proteins 

involved in mTORC1, Wnt, NF-kB, MAP kinase and phosphatase pathways was spotted. It is worth 

noting that a > two-fold decrease of Pgrmc1 is also observed, a receptor necessary for slowing down 

oocyte meiotic progression16 (Table S6). Oocyte maturation is controlled by a bi-directional cross-talk 

between the follicular cells and the oocyte and the secretion of oocyte origin factors is necessary for 

follicular cell differentiation, which in turn secretes factors activating different signaling pathways 
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within the oocyte1. Interestingly, two factors Cxcl14 and Adm2, known to play a crucial role in 

cumulus cell maturation17,18, are downregulated in Patl2
-/-  oocytes (Table S6). We also observed a 

strong deregulation of several transcription factors (Table S6). Among them, Sohlh2, which was 

downregulated 2.2 folds and 5.3 folds at the GV and MII stages, respectively, is particularly 

interesting as it has been described as being necessary for oocyte growth and KO mice were found 

infertile19. Interestingly this factor does not affect meiosis I20, in agreement with the phenotype of 

Patl2
-/- 

females, which are able to generate MII oocytes. We also noticed that two gluthatione-S-

transferases were repressed in Patl2
-/-  GV oocytes, which may increase oxidative stress within the 

oocyte (Table S6). Oocytes are very sensitive to oxidative stress, which leads to spindle 

abnormalities
21

 and impacts developmental competence
22

.  Moreover, glutathione-S-transferase is a 

marker of oocyte maturity in pigs23. Spindle defects may also be aggravated by Pak4 and Ccdc69 

repression, two proteins known to affects spindle assembly through Ran-GTPase for Pak4
24,25

 (Table 

S6). We expect that the overall decreased production of these proteins likely contributes to 

abnormal meiosis. Some transcripts such as Fgf9 and Cdc25a were strongly upregulated after the 

GVBD and control meiosis II26. Interestingly both corresponding transcripts are significantly 

downregulated in Patl2
-/- MII oocytes (Table S6), such a decrease likely negatively impacts final 

oocyte maturation. Among common upregulated genes (Table S4), the most upregulated gene in MII 

is Prr11. In WT MII oocytes, its expression was low, suggesting that its role in oogenesis is minimal or 

null. Prr11 deregulation has however been shown to dramatically modify the cell cycle, although its 

specific role remains unclear27. Its strong upregulation may therefore interfere with meiosis or early 

development. Another remarkable common GV-MII upregulated gene is Ska2 (spindle and 

kinetochore associated complex subunit 2), known to control spindle stability during meiosis28. This 

upregulation is in accordance with the numerous defects observed in MI and MII spindles. Altogether 

these results underline the importance of PATL2 in the regulation of specific mRNAs necessary for 

the generation of mature oocytes.  
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If most of the mRNAs synthetized during oocyte growth are immediately translated and correspond 

to proteins supporting oocyte growth, around 30% of mRNA are stored for subsequent translation 

and are necessary for meiosis resumption and early zygote development. It is worth noting that a 

considerable number of genes known to be involved in preimplantation embryo development are 

also downregulated in both Patl2
-/-

 GV and MII oocytes and likely contribute to the poor 

preimplantation developmental competence observed for Patl2
-/- embryos (Figure 2). These results 

suggest that Patl2 is essential in maintaining the integrity of a small pool of mRNA synthetized during 

oocyte growth and necessary after fertilization during early embryo development. This result is in 

agreement with its function as a translation repressor shown in Xenopus oocytes 14. 

Identifying key actors of oocyte maturation is mandatory for a better mastery of in vitro oocyte maturation. 

By unraveling the molecular basis of OMD, this work will help the patients who will benefit from a 

better diagnosis and comprehension of their pathology. It will also be of tremendous interest to the 

fast growing field of clinical in vitro oocyte maturation, necessary for the development of different 

applications such as fertility preservation before engaging in reprotoxic chemotherapies for patients 

diagnosed with cancer and in particular for young prepubertal girls 29 or in vitro maturation of 

primary/secondary follicles for patients suffering from polycystic ovary syndrome and from 

premature ovarian failure
30,31

.  

In conclusion, we show for the first time here that PATL2 is one of the vital actors of oocyte 

maturation through the regulation of the levels of mRNAs encoding proteins which are crucial for 

oocyte maturation and early embryonic development and that its invalidation results in OMD in 

humans.  
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LEGENDS OF TABLE/FIGURES 

Table 1.  Medical history, laboratory investigations and oocyte collection outcomes of six patients 

presenting with OMD due to PATL2 mutation. Control corresponds to couples where the male 

suffers from azoospermia (n=234), NDoR (not determined or recorded) 

Figure 1. Identification of a truncating mutation in PATL2 

(A) Location of the PATL2 mutation in the intron-exon structure and in the protein structure 

representation. The identified variant, homozygous in the 6 patients, is in exon 6 and creates a STOP 

codon, ending the translation and giving a truncated protein of 158 amino acids (aa) lacking the PAT1 

(Topoisomerase II-associated protein PAT1) domain instead of 543 aa for the full length protein. (B) 

Electropherograms of Sanger sequencing for PATL2 mutated patients compared to reference 

sequence.  

 

Figure 2. infertility of Patl2 deficient female mice is due to low developmental competence of MII 

oocytes 

(A)  Comparative accumulation of live pups over a period of 6 months from 3 WT and 3 Patl2
-/- 

females crossed with WT males shows a severe hypofertility phenotype of Patl2
-/- females. (B) 

Histograms showing the number of pups per litter (mean ± SD) obtained by crossing WT and Patl2
-/-

 

females with WT males. (C) IVF outcomes measured at the 2-cell, morula and blastocyst stages show 

that the developmental competence of Patl2
-/-

 oocytes is compromised. Oocytes were collected from 

stimulated WT and Patl2
-/- females and sperm from WT males. (D) Z-stack projections of confocal 

images of 2PN zygotes obtained from WT and Patl2
-/-

 oocytes 6-8 h after sperm-egg mixing. Fertilized 

WT oocytes exhibit normal 2PN stage (D1) whereas the number of fertilized Patl2
-/- oocytes 

exhibiting normal 2PN stage is strongly reduced (D2) and most of them show defects such as absence 

of male pronucleus (D3), partial decondensation of male PN (D4, D5, white arrows) or polyspermy 

(D5 white arrows). Scale bars 20 µm, pb polar body (E) The rate of 2PN at 6-8 h after fertilization 
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drops from 53.4% for WT to 14.4% for Patl2

-/- oocytes, which exhibit various fertilization defects 

including partial decondensation of sperm DNA, polyspermy, abnormal number of PN or mixed 

defects (F). 

Figure 3. MII oocytes from Patl2
-/- female mice exhibit various defects preventing normal embryo 

development. 

(A) Oocytes collected after ovarian stimulation were labelled with a tubulin antibody (red) and 

counterstained with DAPI for DNA staining (blue). In control MII oocytes, stack projections of 

confocal images show that the spindle was symmetric and the chromosomes distributed in the 

middle of the spindle. In contrast, in Patl2
-/- MII oocytes various defects were observed such as 

irregular spindle shape, spindle rotation and numerous cytoplasmic asters. Slightly more oocytes 

with abnormal chromosome distribution were also observed. (B) Histograms quantifying the % of 

defects observed in Patl2
-/-

 MII oocytes. (C) An increase of non MII oocytes (blockage in first meiosis, 

absence of pb) after full ovarian stimulation was observed in Patl2
-/- mice. (D) In Patl2

-/- oocytes 

blocked in MI stage, various defects were observed as irregular shape of the spindle and abnormal 

distribution of the chromosomes.  

Figure 4. Transcriptome analysis of GV and MII oocytes from WT and Patl2-/- mice. 

(A) Comparison of the transcriptomic profiles in Patl2
-/-

 oocytes vs WT oocytes at the GV or MII 

stages. GV oocytes were collected 44 h after PMSG injection and MII 13 h after HCG injections. For 

MII and GV oocytes, 2 replicates of WT and 3 replicates of Patl2
-/-

 oocytes were analyzed (B) Venn 

diagram representing down or up regulated genes in Patl2
-/- oocytes (absolute fold-change ((aFC))> 2, 

p< 0.05,) with respect to WT oocytes at GV and MII stages. (C) Hierarchical clustering of gene 

expression data for the down- and up-regulated genes (aFC> 2, p< 0.05) of Patl2
-/- and WT oocytes at 

the GV (left) and the MII (right) stages, demonstrating the clustering of replicates to their respective 

groups.  
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Comments 

   GV MI MII Atretic        

              

P1 Tunisia 35 4 0 0 1 5 NDR NDR 1.36 NDR NDR  
  34     2      Medical records not available 

  34     8      Medical records not available 

P2 Tunisia 28 9 0 0 11 20 NDR NDR NDR NDR YES  
  28.9 15  0 4 19       

P3 Tunisia 24 11 0 0 5 16 10.31 3.54 NDR 22.28 NDR 1 GV maturates to M1 in vitro 

P4 Tunisia 34.28 8 0 0 2 10 NDR NDR 1.07 23 YES  

P5 Algeria 41 2 0 0 2 4 9.39 6.1 2.3 12.9 YES  
  42 3 1 0 1 5       

P6 Mauritania 36 2 10 0 4 16 3.01 3.38 2.88 25 YES Cytoplasmic vacuoles in M1 

oocyte 

  36.8 0 0 0 5 5       
              
 Patients’ mean 34.00 6.00 1.38 0 3.89 10.00       
              

Normal values 

n=234 
34.4 1.2 0.6 6 1.3 9.1 <10.2 <16.9 0.5-

5 

2-20   

 

 

Table 1 
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Figure 1. Identification of a truncating mutation in PATL2  
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Figure 2. infertility of Patl2 deficient female mice is due to low developmental competence of MII oocytes  
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Figure 3. MII oocytes from Patl2-/- female mice exhibit various defects preventing normal embryo 
development.  
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Figure 4. Transcriptome analysis of GV and MII oocytes from WT and Patl2-/- mice.  
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Chapitre 2. Mise en place d’une stratégie pour l’analyse des données exomiques –

application en recherche clinique

Principaux résultats

L’application d’ExSQLibur sur les données de ces femmes nous a permis d’obtenir
une liste de 316 variants impactant 299 gènes différents. Parmi ces variants, aucun
n’impactait le gène TUBB8. Afin de restreindre à nouveau la liste de gènes, nous
nous sommes concentrés sur ceux retrouvés mutés à l’état homozygote chez au moins
2 femmes. Seul 3 gènes ont passé ce nouveau critère : FAM58A, MGAM et PATL2.
Aucune investigation n’a pour l’instant été effectuée sur les 296 autres. En raison de
la fréquence élevée du variant retrouvé sur FAM58A et de l’impact peu délétère du
variant chevauchant MGAM, ces deux gènes ont été considérés comme de mauvais
candidats.

Ainsi, nous nous sommes dans un premier temps concentrés sur la caractérisation de
PATL2 dont l’orthologue xpat1a chez le xénope a été décrit comme étant exprimé au
cours du développement de l’ovocyte [224, 225] faisant de ce gène un excellent candidat.
Nous avons observé que 5 de nos patientes (33.3%) étaient porteuses de la même
mutation homozygote : c.478G>T, p.Arg160Ter induisant un codon stop prématuré
dans la séquence codante du transcrit canonique PATL2 : ENST00000434130. Au vu
de ces résultats un séquençage Sanger de la séquence codante de ce gène fut réalisé pour
ces 5 femmes afin de confirmer cette mutation, ainsi que sur 8 femmes supplémentaires
souffrant du même phénotype. Parmi ces dernières, une s’est révélée porter la même
mutation à l’état homozygote. Au final six femmes sur 23 (26%) étaient homozygotes
pour la mutation stop de PATL2.

Dans un second temps, l’étude du modèle murin KO Patl2 -/- nous a permis de
mettre en évidence une subfertilité importante chez les souris femelles tandis qu’aucun
phénotype n’était observable chez les mâles.

Pour finir, xpat1a, l’orthologue de PATL2 chez le xénope, ayant été décrit comme
réprimant la traduction de l’ARNm dans l’ovocyte, nous avons cherché à savoir si
les souris femelles KO Patl2 -/- présentaient des dérégulations de leur transcriptome
ovocytaire. Pour cela, nous avons procédé à une étude comparative des transcriptome
ovocytaires aux stades GC et MII murins sur puces Affymetrix mesurant les valeurs
d’expression d’environ 66,000 transcrits différents. Ainsi, nous avons pu mettre en évi-
dence 134 transcrits différentiellement exprimés au stade GV parmi lesquels 95 étaient
sous-exprimés tandis que 39 étaient sur-exprimés. Au stade MII, ces dérégulations
se révélèrent être plus impressionnantes puisque 124 étaient sous-exprimées et 122
sur-exprimées démontrant ainsi une forte implication de Patl2 dans la transcription
ovocytaire des gènes murins.
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2.4.1 Article n°5

Whole exome cohort study and analysis of mouse and Trypanosoma models
demonstrate the importance of CFAP43 and CFAP44 proteins in flagello-
genesis and male fertility

Coutton C, Kherraf ZE, Vargas A, Amiri-Yekta A, Le Tanno P, Fourati Ben Mustapha
S, Wambergue-Legrand C,Karaouzène, Martinez G, Daneshipour A, Hanieh Hosseini
S, Mitchell V, Halouani L, Marrakchi O, Makni M, Latrous H, Kharouf M, Deleuze
JF, Boland A, Hennebicq S, Satre V, Jouk PS, Bottari S, Thierry-Mieg N, Conne B,
Dacheux-Deschamps D, Schmitt A, Stouvenel L, Lorès P, El Khouri E, Fauré J, Wolf
JP, Escoffier J, Gourabi H, Robinson D, Nef S, E Dulioust, Zouari R, Bonhivers M,
Touré A, Arnoult C, Crouzy S, Pernet-Gallay K

Nature Communications. En révision
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Chapitre 2. Mise en place d’une stratégie pour l’analyse des données exomiques –

application en recherche clinique

Contexte et objectifs

Après avoir mis en évidence l’implication du gène DNAH1 dans le phénotype MMAF
notre équipe s’est en partie spécialisée dans la caractérisation ce syndrome. Ainsi, entre
2012 et 2016, notre équipe a effectué le séquençage de 78 individus présentant tous
ce phénotype afin d’en établir la cause génétique. Ces séquençages ont été effectués
dans 4 centres différents que sont le Genoscope, Integragen, Novogene et la plateforme
de séquençage de l’IGBMC de Strasbourg. La plupart de ces séquençages ont été
effectués sur des Illumina HiSeq2000 sauf les 25 plus récents qui ont été effectués sur
un Illumina HiSeq4000 (Table : 2.6).

Table 2.6 – Liste des différents individus présentant un phénotype
MMAF séquencé en WES

Place Year Platform Nb of individuals
IGBMC 2012 Illumina HiSeq2000 12
Genoscope 2013 Illumina HiSeq2000 12
Genoscope 2014 Illumina HiSeq2000 25
Genoscope 2015 Illumina HiSeq2000 3
Integragen 2016 Illumina HiSeq4000 15
Novogene 2016 Illumina HiSeq4000 10
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ABSTRACT 55 

Spermatogenesis defects concern millions of men worldwide yet the vast majority 56 

remains without a diagnosis. Here we studied men with primary infertility due to multiple 57 

morphological abnormalities of the sperm flagella (MMAF) with severe disorganization of the 58 

sperm axoneme, a microtubule-based structure highly conserved throughout evolution. Whole 59 

exome sequencing was performed on 78 patients allowing the identification of 22 men with 60 

bi-allelic mutations in DNAH1 (n=6), the only previously described MMAF gene, and in 61 

CFAP43 (n=10) and CFAP44 (n=6). Knockout mice were created for the two newly identified 62 

genes using the CRISPR/Cas9 technique. Homozygous males were infertile and presented 63 

severe flagellar defects thus confirming the validity of the human genetic results. Two 64 

dimensional structure analysis of both proteins demonstrated a high similarity and an unusual 65 

sequence of repeated β-strand and α-helical domains. Immuno-electron and stimulated-66 

emission-depletion (STED) microscopies performed on CFAP43 and CFAP44 orthologs in 67 

Trypanosoma brucei, evidenced that both proteins are located between the doublet 68 

microtubules 5 and 6 and the paraflagellar rod.  Altogether our results demonstrate that 69 

CFAP43 and CFAP44 have a similar structure with a unique axonemal localization and are 70 

both necessary to produce functional flagella in species ranging from Trypanosoma to human.  71 

 72 

 73 

 74 

  75 
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INTRODUCTION 76 

The global burden of infertility is substantial and is likely to further increase with the 77 

observation in the past decades of a widespread decline in semen quality1–4 which might be 78 

correlated with the global environmental change5. Medical treatment of infertility has rapidly 79 

evolved over the past four decades but much remains to be accomplished6. Additional efforts 80 

should be pursued to better characterize male infertility, first focusing on gene identification, 81 

which is key to improve diagnosis efficiency, patient management and to develop 82 

personalized medicine in the field of reproduction. Most genetic causes of male infertility are 83 

currently uncharacterized, likely due to the large number of genes involved in human 84 

spermatogenesis7. The emergence of high-throughput, genome-wide genomic approaches 85 

such as whole-exome sequencing (WES) has revolutionized the identification of new genes 86 

involved in human diseases8 and now allows unprecedented progresses in the field of 87 

infertility9–11. Genetic characterization of gross morphological abnormalities of the sperm, or 88 

monomorphic teratozoospermia, has been particularly successful12,13. Teratozoospermia, 89 

which accounts among the most frequent and most severe phenotype of male infertility14, 90 

represents a heterogeneous group including a wide range of abnormal sperm phenotypes 91 

affecting, solely or simultaneously, the head, the neck, and the sperm tail. We demonstrated 92 

previously that mutations in the DNAH1 gene are responsible for multiple morphological 93 

abnormalities of the flagella (MMAF), a relatively frequent teratozoospermia phenotype 94 

characterized by severe asthenozoospermia (i.e. absence or reduction of sperm motility) due 95 

to a combination of flagellar defects including short, curled, abnormal width, rolled or absent 96 

flagella15. DNAH1 encodes an axonemal inner dynein arm heavy chain, the lack of which 97 

leads to a strong disorganization of the axoneme 15. In our primary study, DNAH1 was found 98 

mutated in about one third of the 20 patients analyzed presenting with a severe MMAF 99 

phenotype 15. Novel DNAH1 mutations were subsequently found in MMAF patients from 100 
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various geographical origins in two replicative studies with a prevalence ranging from 33% to 101 

37.5%16,17. These results confirmed the strong implication of DNAH1 in the MMAF 102 

phenotype but also indicate that MMAF is genetically heterogeneous and that other genes are 103 

likely to be involved in this syndrome13. In the present study, we analyzed 78 additional 104 

MMAF patients using WES and showed that in addition to mutations in DNAH1, mutations in 105 

CFAP43 and CFAP44, two genes encoding for WD Repeat domains (WDR) containing 106 

proteins, are responsible for MMAF syndrome and account for 20.5% of this cohort. Most 107 

importantly, we investigated the role of these novel genes by performing gene invalidation 108 

and silencing in two evolutionary distant models, Trypanosoma and mouse, yet sharing an 109 

extremely conserved flagellar structure. Using this original approach we demonstrate the 110 

importance of WDR proteins for axonemal structure of the flagella and male fertility in 111 

humans. 112 

 113 

RESULTS 114 

Whole-exome sequencing identifies homozygous truncating mutations in CFAP43 and 115 

CFAP44 in MMAF patients. 116 

In the present study we analyzed a cohort of 78 individuals presenting with a MMAF 117 

phenotype defined by the presence in the ejaculate of immotile spermatozoa with several 118 

abnormalities of the sperm flagellum including short, coiled, absent and flagella of irregular 119 

caliber15 (Fig. 1).  A majority of patient originated from North Africa, 46 were recruited in 120 

Tunisia, 10 in Iran and 22 in France. The average semen parameters of all 78 MMAF patients 121 

included in the cohort are described in Table 1.  Nearly no spermatozoa with normal 122 

morphology could be observed in the ejaculate of MMAF individuals (1.6%); an average of 123 

20.7% and 43.7% of spermatozoa had no flagella and short flagella, respectively, and 31.7% 124 

of the spermatozoa had flagella with an irregular caliber. As a result, total sperm motility was 125 
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dramatically reduced to 3.9% (normal value > 40%), which prevented natural conception for 126 

all individuals and led them to consult for infertility. Given the notion of consanguinity for 127 

most individuals from the cohort, we postulated that infertility was likely to be transmitted 128 

through recessive inheritance and therefore likely resulted from homozygous mutations. After 129 

exclusion of frequent variants and applying stringent filters, a limited list of homozygous 130 

variants was identified for each proband. First, we identified 6 patients (7.7%) with mutations 131 

in the DNAH1 gene (Table 2) which was previously identified as the main cause for the 132 

MMAF phenotype15,16. We subsequently identified 10 subjects with variants in CFAP43 133 

(12.8%), 8 of which had a homozygous loss of function variant and two had two likely 134 

deleterious variants (Table2). In addition 6 subjects (7.7%) had a homozygous loss of function 135 

variant in CFAP44 (Table2). These two CFAP genes (for Cilia and Flagella Associated 136 

Protein) were reported in public expression databases as strongly expressed in the testis and 137 

appear to be connected with cilia and flagella structure and/or functions18. These results were 138 

confirmed by RT-qPCR experiments performed in human and mouse tissue panels. In both 139 

cases, the relative expression of CFAP43 and CFAP44 mRNA in testis was predominant and 140 

very significantly higher than in the other tested tissues (Supplementary Fig. 1). Taking into 141 

account the high number of mutated patients and the specific expression pattern of the two 142 

genes we focused on these two genes, which appeared as the best candidates to explain the 143 

primary infertility observed for these individuals. All individuals with CFAP43 or CFAP44 144 

mutations were unrelated and to our knowledge, none of them carried rare variants in genes 145 

that were previously reported to be associated with male infertility. CFAP43 and CFAP44 146 

encoded proteins belong to the WDR protein family and are both composed of nine WD 147 

repeats19.  148 

CFAP43 (also known as WDR96, NM_025145) is localized on chromosome 10 and 149 

contains 38 exons encoding a predicted 1665-amino acid protein (Q8NDM7). We identified 9 150 
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different pathogenic variants in CFAP43, in 10 unrelated individuals from the cohort. The 151 

splicing variant c.3541-2A>C was identified in 2 unrelated individuals and affects a 152 

consensus splice acceptor site of CFAP43 intron 27 (Table 2, Fig. 2). This variant was absent 153 

from the 60,706 unrelated individuals aggregated in the ExAC database 154 

(http://exac.broadinstitute.org), consistent with a deleterious effect on protein function. Three 155 

other variants correspond to stop-gain mutations identified in three subjects: c.2658G>A and 156 

c.2680C>T are located in exon 21 and c.3352C>T is located in the exon 26 (Fig. 2). These 157 

three nonsense mutations were found in the ExAC database with very low allele frequency 158 

ranging from 8.24e-06 to 9.89e-05 (1 to 12 mutated alleles). Two others mutations were small 159 

frameshift indels: c.1240_1241delGT (found in two unrelated patients), and c.3882delA 160 

(Table 2, Fig. 2), not listed in ExAC. All these mutations generate a premature stop codon 161 

and are considered to be “damaging” by prediction softwares such as SIFT and Polyphen-2. 162 

Apart from these obvious harmful mutations found in 8 patients, we also identified two 163 

patients harboring likely deleterious mutations in CFAP43. The first patient harbors a 164 

homozygous splicing mutation c.2141+5G>A, not listed in ExAC which, according to the 165 

splice site prediction algorithm Human Splicing Finder (http://www.umd.be/HSF3), likely 166 

alters the consensus splice donor site of CFAP43 exon 16. Unfortunately, we could not obtain 167 

any additional biological material from this patient and could not verify the effect of this 168 

variant on mRNA expression. The second patient is a compound heterozygous carrying one 169 

single-nucleotide duplication, c.1320dupT, located in the exon 11 and an additional missense 170 

mutation, Val347Ala, located in exon 8 of the CFAP43 gene.  Although prediction software 171 

classified this last variant as likely “benign”, this mutation affects a conserved residue located 172 

in the N-terminal part of the protein within a WD-repeat known to be important for 173 

protein/protein interactions20. Moreover, this missense variant is found at a very low 174 

prevalence in the general population estimated to 7.45e-5 (9/12078). Altogether the above 175 
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identified mutations clearly indicate that in humans, loss of function of CFAP43 is associated 176 

with asthenozoospermia and sperm flagellum defects. 177 

 178 

CFAP44 (also known as WDR52, NM_001164496) is localized on chromosome 3 and 179 

contains 35 exons encoding a predicted 1854-amino acid protein (Q96MT7). Five different 180 

homozygous variants were identified in 6 unrelated patients (Table 2, Fig. 2). The stop-gain 181 

mutations c.1387G>T and c.3175C>T are located in exon 12 and 23, respectively. The 182 

frameshift mutations, c.4767delT, with a single-nucleotide deletion, is located in exon 31 and 183 

the variant c.2818dupG, with a single-nucleotide duplication, is located in exon 21. The last 184 

mutation, c.1890+1C>T, affects exon 15 consensus splice donor site. All these mutations are 185 

predicted to generate a premature stop codon and are considered as “damaging” by prediction 186 

softwares. None of these variants were listed in the ExAC database. The presence of these 187 

variants was verified by bidirectional Sanger sequencing (Supplementary Fig. 2). 188 

The detailed sperm parameters of the patients carrying DNAH1, CFAP43 or CFAP44 189 

mutations were compared with each other. There was no significant difference between these 190 

three groups (Table 1) as illustrated by the similar morphologies of sperm from patient P43-8 191 

and P44-3, mutated for CFAP43 and CFAP44, respectively (Fig. 1). Data from all these 192 

groups were therefore pooled and compared with data from the patients without an identified 193 

mutation. All patients with a mutation had a significantly higher rate of spermatozoa with 194 

short or absent flagella and present a significantly lower motility rate compared to patients 195 

with no identified mutations. There was no difference in the other sperm parameters (Table 196 

1). 197 

 198 

Mutations in CFAP43 and CFAP44 lead to severe axonemal disorganization 199 
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The internal skeleton of motile cilia and flagella, named the axoneme, is a highly 200 

evolutionary conserved structure, which consists of nine doublets of microtubules (DMTs) 201 

circularly arranged around a central pair complex of microtubules (CPC) (‘9+ 2’ structure). 202 

All DMTs are not identical and are organized in a highly reproducible fashion with 203 

substructures specific to certain doublets. Convention adopted in the numbering of the DMTs 204 

was based on the relative position of each DMT with regard to the plane of the CPC. The 205 

DMT referenced as #1 is parallel and centered on the CPC. The other DMTs are then 206 

numbered successively clockwise21,22.  Beating of cilia and flagella is orchestrated by 207 

multiprotein-ATPase complexes, located on the peripheral doublets, which provide the sliding 208 

force for sperm motility. In addition, the sperm flagellum harbors specific peri-axonemal 209 

structures, which are not found in other motile cilia, a helical mitochondrial sheath (MS) in 210 

the midpiece, the fibrous sheath (FS) in the principal piece (PP) and outer dense fibers (ODF) 211 

in the midpiece and the proximal part of the PP.   212 

We studied the ultrastructure of sperm cells from mutated patients in CFAP43 and 213 

CFAP44 by transmission electron microscopy (TEM) (Fig. 3). Due to an insufficient amount 214 

of sperm cells collected from most CFAP44 and CFAP43 patients, only one patient for each 215 

gene was studied by TEM. For each patient, we could observe longitudinal sections and >20 216 

cross-sections presenting a sufficient quality to observe the ultrastructure of the axonemal 217 

components. Longitudinal sections showed severe axonemal and peri-axonemal defects 218 

affecting the ODF, the FS and the MS, which appeared completely disorganized resulting in 219 

aborted flagella or their replacement by a cytoplasmic mass englobing unassembled axonemal 220 

components (Fig. 3). In CFAP43 and CFAP44-mutated patients, approximately 95% of the 221 

cross-sections were abnormal and the main defect observed was the absence of the CPC (9+0 222 

conformation) observed in 81.8 %, and 66.7% of the cases respectively, compared to 0% in 223 

control fertile subject (Supplementary Table 1). In the residual fraction (~5%) of axoneme 224 
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with normal (9+2) conformation, peri-axonemal structures abnormalities were constantly 225 

observed (Supplementary Table 1). The lack of central pair defects was associated with 226 

peripheral doublets disorganization in 13.6 and 19% for CFAP43 and CFA44, respectively 227 

(Supplementary Table 1). Cross-sections with a single central microtubule (9+1 228 

conformation) were observed in about 10% of cases, only for the CFAP44 patient. 229 

Interestingly in CFAP43 patients, the CPC, when present, was misoriented compared to 230 

control sections in which the CPC is normally parallel to the axis of the two longitudinal 231 

columns of the FS (Fig. 3).  232 

To define the ultrastructural defects evidenced by TEM, we performed 233 

immunofluorescence (IF) experiments using antibodies targeting different axonemal proteins. 234 

In CFAP43 and CFAP44-mutated patients, staining of SPAG6, a protein located in the CPC, 235 

was abnormal and atypical compared to control staining (Fig. 4a1-a3). SPAG6 staining was 236 

totally absent in CFAP43 patient sperm cells, whereas in CFAP44 patients’ sperm cells, 237 

SPAG6 immunostaining was present but displayed an abnormal and diffuse pattern 238 

concentrated in the midpiece of the spermatozoa, quickly vanishing along the flagellum (Fig. 239 

4c1-c3). Additionally, staining of the radial spoke head protein RSPH1 presented significantly 240 

different patterns from controls. In CFAP43-mutated patients, the RSPH1 staining was 241 

completely abnormal with a marked diffuse staining, concentrated in the midpiece, whereas 242 

the tubulin staining remains restricted to the axoneme (Fig. 4e1-e3). In CFAP44-mutated 243 

patients’ sperm cells, RSPH1 staining was significantly reduced (Fig. 4f1-f3). For CFAP43 244 

and CFAP44-mutated patients, immunostaining for AKAP4, DNALI1, DNAI2 and GAS8 245 

were all comparable with controls, suggesting that FS, outer dynein arms (ODAs), inner 246 

dynein arms (IDAs) and the nexin-dynein regulatory complex (N-DRC), respectively were 247 

not directly affected by mutations in CFAP43 or CFAP44 (Supplementary Table 2-Human). 248 
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Unfortunately, we could not obtain any specific antibodies against CFAP43 and CFAP44 249 

allowing to localize these proteins in mouse and human flagella. 250 

 251 

Orthologs of CFAP43 and CFAP44 in Trypanosoma are axonemal proteins and are 252 

necessary for cell survival and ultrastructure integrity. 253 

To better characterize CFAP43 and CFAP44 localization and function and to 254 

overcome the absence of reliable antibodies in human and murine cells, we decided to use a 255 

tractable model organism, which could be used for forward and reverse genetics. We choose 256 

Trypanosoma brucei (T. brucei) because this flagellated protozoan is a common model to 257 

study the function of axonemal proteins and has largely contributed to elucidating the 258 

molecular pathogeny of human ciliopathies23.  259 

BLASTp analysis on T. brucei genome database24 using human CFAP43 and CFAP44 260 

sequences identified T. brucei orthologs Tb927.7.3560 (named TbCFAP44 in this study) and 261 

Tb927.4.5380 (named TbCFAP43 in this study), respectively. The sequence identity, 262 

calculated with clustal omega25, between the 4 proteins shows that CFAP44 is closest to 263 

TbCFAP44 with 25.6 % sequence identity and CFAP43 closest to TbCFAP43 with 20.8 % 264 

sequence identity. Previous functional genomics and proteomic studies identified TbCFAP44 265 

and TbCFAP43 as flagellar proteins26,27. In addition, TbCFAP44 is the Chlamydomonas 266 

FAP44 ortholog, and is involved in flagellar motility (also referred to as T. brucei components 267 

of motile flagella 7 (TbCMF7 in 28). However, the function of TbCFAP44 and TbCFAP43 are 268 

currently unknown. To confirm that both Trypanosoma proteins are the orthologs of the 269 

mouse and human proteins, we first compared their secondary structure. The secondary 270 

structure predicted by Porter 4.029 for the 4 sequences is shown in Supplementary Fig. 3. 271 

Clearly, the 4 proteins share a common general motif with β-strand domains in the first half of 272 

the protein and α-helical domains in the second half (C-Ter). We note that in CFAP43 and 273 
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TbCFAP43, all residues in the sequence between amino acids 719 and 1657 and 631 and 1446 274 

are predicted to form α-helices, respectively. Interestingly, analyses using Superfamily30,31, 275 

indicated that long α-helices stretches such as those identified in CFAP43 (amino acid 719 to 276 

1657) have not yet been reported in any known fold. According to SCOP32, the N-Terminal 277 

part of all 4 proteins (almost half of the proteins) belongs to the class of “All β-proteins” and 278 

“7-bladed β-propeller fold”. These N-Ter domains also belong to the WD40 repeat-like 279 

Superfamily.  The WD40 repeat, also known as the WD or β-transducin repeat, corresponds 280 

to a short structural motif of approximately 40 amino acids, often terminating in a tryptophan-281 

aspartic acid (W-D) dipeptide. Tandem copies of these repeats typically fold together to form 282 

a type of circular solenoid protein domain called the WD40 domain. WD40 domain-283 

containing proteins have 4 to 16 repeating units, all of which are thought to form a 284 

circularized β-propeller structure (Supplementary Table 3). Despite the fact that the low 285 

sequence homology to any protein of known structure, prevents 3D-structure prediction for 286 

these proteins using homology modelling techniques, this structural comparative analysis 287 

indicates that T. brucei TbCFAP44 and TbCFAP43 and their human orthologs share unique 288 

structural similarities and therefore demonstrates that these proteins belong to the same 289 

family.  290 

We next localized TbCFAP44 and TbCFAP43 in bloodstream form (BSF) T. brucei 291 

(present in the mammalian host), using myc-tagged proteins by generating T. brucei cell lines 292 

expressing endogenous levels of C-terminal myc-tagged proteins TbCFAP44myc and 293 

TbCFAP43myc. Both proteins were found in the axoneme as substantiated by co-labelling with 294 

an antibody against the paraflagellar rod (PFR) structure (Fig. 5a). Both proteins extended 295 

throughout the whole flagellum length, as demonstrated by the myc labelling preceding the 296 

PFR at the posterior end of the flagellum (next to the kinetoplast) and along the flagellum up 297 

to its anterior end.  298 



12 
 

To further investigate this localization and the interdependence of both proteins, we 299 

used  a 10TY1 repeat tag producing strong IF staining33 necessary for stimulated-emission-300 

depletion confocal microscopy (STED)34 and created two double labelled cell lines 301 

10TY1TbCFAP44/TbCFAP43myc and 10TY1TbCFAP43/TbCFAP44myc (see materials an methods). 302 

Triple labelling STED confocal microscopy of 10TY1-tagged proteins, tubulin, and PFR2 on 303 

permeabilized whole cells demonstrated that 10TY1TbCFAP44 and 10TY1TbCFAP43 are closely 304 

associated to the axoneme along the PFR (Fig. 5b); similar results were obtained on 305 

cytoskeleton extracted cells. To confirm this localization, TEM-immunogold was performed 306 

on myc- and 10TY1-tag proteins. Concordant with the STED microscopy results, all 307 

immunogold beads were located along the axoneme and facing the PFR, therefore indicating 308 

that TbCFAP44 and TbCFAP43 are in direct contact only with the doublets facing the PFR, 309 

which correspond to DMT 5 and 635 (Supplementary Fig. 4a). The interval between two 310 

adjacent gold particles were measured and the minimal distances between two particles was 311 

around 25 nm for both proteins (Supplementary Fig 4b). STED experiments were performed 312 

on both cytoskeletal extracted cells and intact cells (whole cells) and no differences between 313 

the two conditions were observed, ruling out the presence of a soluble pool of TbCFAP43 or 314 

44. 315 

To evaluate the impact of the absence of TbCFAP44 and TbCFAP43 on the structure 316 

of the trypanosome flagellum and its beating, we knocked-down protein expression by 317 

inducible RNA interference (RNAi), either in the parental cell line (cell lines TbCFAP44RNAi, 318 

TbCFAP43RNAi), or in the cell lines expressing the myc-tagged proteins (cell lines 319 

TbCFAP44myc
RNAi, TbCFAP43myc

RNAi) (Fig. 6). Efficiency and specificity of RNAi 320 

knockdown of TbCFAP44 and TbCFAP43 was validated by RT-PCR (Supplementary Fig. 321 

5) and by immunofluorescence, showing a clear decrease of myc labelling in the new 322 

flagellum of TbCFAP44myc
RNAi and TbCFAP43myc

RNAi induced cells (Fig. 6a). Cell 323 
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proliferation was assessed in parental, non-induced and induced TbCFAP44RNAi and 324 

TbCFAP43RNAi cells (and in TbCFAP44myc
RNAi and TbCFAP43myc

RNAi cell lines, showing the 325 

same results, data not shown). In all cases both TbCFAP44RNAi and TbCFAP43RNAi induced-326 

cells showed abnormal beating (Supplementary video 1-3) and stopped proliferating after 24 327 

hours and eventually died (Fig.6b). These growth defects were accompanied by a defect in 328 

cytokinesis producing multiflagellated cells (Supplementary Fig. 6), a phenotype previously 329 

described when proteins directly or indirectly involved in flagellar motility are knocked-down 330 

in BSF36. We observed that the absence of TbCFAP44myc and TbCFAP43myc did not impact 331 

flagella length (Fig. 6c). Overall these results indicate that TbCFAP44 and TbCFAP43 are 332 

necessary for flagellar function and thus cell proliferation in T. brucei BSF. 333 

To assess if the observed cellular phenotypes are caused by each protein independently 334 

or if the absence of one induces the absence of the other, we took advantage of the double 335 

labelled cell lines 10TY1TbCFAP44/TbCFAP43myc and 10TY1TbCFAP43/TbCFAP44myc.  336 

Inactivation of TbCFAP43 by RNAi did not alter the amount and localization of TbCFAP44 337 

and had no impact on cell survival; conversely inactivation of TbCFAP44 had no impact on 338 

TbCFAP43 protein (Supplementary Fig. 7). 339 

The impact of TbCFAP44 and TbCFAP43 knockdown was also investigated by TEM. 340 

In control longitudinal sections of parental cells, the flagellum exits the cell through the 341 

flagellar pocket (Fig. 6d1), and, in cross section, the canonical ultrastructure of the axoneme, 342 

composed of 9 DMTs and the CPC, is observed (Fig. 6d2). In control cell line only a small 343 

proportion (0.6%) of the axoneme (n=172) were abnormal. In contrast, TbCFAP44RNAi and 344 

TbCFAP43RNAi induced cells were abnormal and displayed more than 2 flagella in one 345 

abnormally enlarged flagellar pocket (Fig. 6d3, d5). In cross-section, flagella exhibited 346 

numerous abnormal axonemes with 90° rotated CPC, a defect never observed in control 347 

trypanosome cell lines37 (Fig. 6d3, white arrows) and mainly displaced CPC and DMTs (Fig. 348 
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6d4 and 6d6). Overall 27.3% of TbCFAP44RNAi (n=139) and 27.7% of the TbCFAP43RNAi 349 

(n=150) showed axonemal defects.  No obvious defaults were observed in the PFR size and in 350 

the basal body structure (data not shown). Altogether these results confirm the essential role 351 

of TbCFAP43 and TbCFAP44 in the organization of the axoneme ultrastructure. 352 

 353 

 354 

Male infertility and flagellar anomalies are also observed in Cfap43 and Cfap44 355 

CRISPR/Cas 9 knock out (KO) mice.  356 

We assessed the impact of Cfap43 and 44 absences on mouse spermatogenesis by 357 

generating KO animals using the CRISPR-Cas9 technology. We obtained 4 independent 358 

mutational events for Cfap43 and 3 for Cfap44; all were insertions/deletions of a few 359 

nucleotides inducing a translational frameshift expected to lead to the complete absence of the 360 

protein or the production of a truncated protein. Because all KO strains for Cfap43 presented 361 

the same reproductive phenotype (identical sperm morphology associated with complete 362 

infertility), we randomly chose one and restricted our study to a strain with a 4 pb deletion in 363 

exon 21 (delAAGG). Similarly, the Cfap44 lines presented the same reproductive phenotype, 364 

and we randomly focused on a strain with a 7 pb insertion in exon 3 (InsTCAGATA). RT-365 

PCR was performed on testis RNA from Cfap43-/- and Cfap44-/- mice, which confirmed the 366 

production of abnormal transcripts in both mutants leading to a premature stop codon 367 

(Supplementary Fig. 8). 368 

Reproductive phenotype was studied for both KO mice models. First homozygous KO 369 

females were fully fertile and gave litters of normal size (7.8±1.8 and 7.3±3.5 versus 6.7±0.5 370 

pups/litter (mean ± SD, n=7) for Cfap43-/-, Cfap44-/- and WT, respectively), contrary to 371 

homozygous KO males, which exhibited complete infertility when mated with WT females 372 

(Fig. 7a). Epididymal sperm concentrations were 11.4±0.9, 11.2±0.4 and 14.4±3.1 106 373 
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sperm/ml (mean ± SD, n=3), for Cfap43-/-, Cfap44-/- and wild-type (WT), respectively, and 374 

fall within the normal values for mouse. We next studied sperm morphology and observed 375 

that for Cfap43-/- males, 100% of sperm displayed a typical human MMAF phenotype with 376 

short, thick and coiled flagella (Fig. 7b1); although slightly deformed, sperm head exhibited 377 

an overall normal hooked form (Fig. 7c2). In contrast, sperm from Cfap44-/- males had normal 378 

flagellum length but most of them showed abnormal forms and irregular caliber of the 379 

midpiece (Fig. 7b2c3). In sperm from Cfap44-/- mice, staining of Mpc11,  a sperm 380 

mitochondrial protein38 was discontinuous or punctiform, strongly suggesting that the 381 

distribution of the mitochondria surrounding the axoneme was irregular, in consistence with 382 

the observed midpiece abnormalities (Fig. 7e1-e6).  For both Cfap43-/- and Cfap44-/- sperm, 383 

the observed structural flagellum defects were associated with severe motility deficiencies 384 

(Fig. 7d) with sperm from Cfap43-/- males showing complete immotility whereas those from 385 

Cfap44-/- sometime presented some small vibrations (Supplementary Video 4), in contrast to 386 

the motile sperm from Cfap44+/- heterozygotes (Supplementary Video 5). Interestingly we 387 

observed that in heterozygous animals, Cfap43+/- mice had an impaired progressive sperm 388 

motility and Cfap44+/- animals an increased proportion or morphologically abnormal 389 

spermatozoa (Fig. 7d).  390 

To better characterize the molecular defects induced by the absence of Cfap43 and 44 391 

in mouse sperm, we studied by immunofluorescence (IF) the presence and localization of 392 

several proteins belonging to different sub-structures of the axoneme in sperm from both KO 393 

mouse models. The presence of the following proteins was investigated: Dnah5 and Dnali1 as 394 

markers of dynein arms, Rsph1 and Rsph4a as markers of radial spokes, Gas8 as a marker of 395 

nexin links and Spef2 as a marker of the central pair (Supplementary Table 2-Mouse). In 396 

Cfap43-/- mutated animals Spef2, Rsph1 and Rsph4a were clearly missing (Fig. 8a,b, 397 

Supplementary Table 2 and Supplementary Fig. 9), indicating that the center of the 398 
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axoneme, including the head of the radial spoke interacting with the central pair, was absent.  399 

In contrast, no obvious defects were observed in sperm from Cfap44-/-, suggesting that all 400 

substructures were present (Supplementary Table 2-Mouse). 401 

To better visualize the impact of the absence of these proteins on the flagellum 402 

ultrastructure, sperm from Cfap43-/- and Cfap44-/- males were analyzed by TEM. The 403 

organization of WT mouse flagellum has been described in detail39–41.  In the midpiece, a 9+2 404 

axoneme is surrounded by 9 outer dense fibers ODFs and the mitochondria sheath. The ODFs 405 

1, 5, 6 and 9 are parallel and aligned with the central pair (Fig. 8c1, see also Fig. 9a1). In 406 

addition, a transversal complex is composed of the central pair and DMT 3 and 8. This 407 

complex includes ODFs 3 and 8 in the midpiece and is closely associated with the fibrous 408 

sheath in the principle piece, through two stalks emerging from the longitudinal column and 409 

linking DMTs 3 and 842. In the principal piece, the axoneme is surrounded by 7 ODFs (3 and 410 

8 are missing) and by a fibrous sheath containing 2 longitudinal columns.. Contrary to what is 411 

usually observed in human sperm, this organization is highly reproducible and less than 5% of 412 

WT sections from mouse sperm flagellum present structural defects (Supplementary Fig. 413 

10a). Analyses of longitudinal sections from Cfap43-/- sperm showed that the observed short 414 

tail actually corresponds to a large cytoplasmic mass containing unorganized structural 415 

components of the flagellum (Supplementary Fig. 11).  When the axoneme was present, all 416 

transversal sections observed revealed a substantial structural disorganization with uneven 417 

distribution of the 9 DMTs and the absence of the CPC (Fig.7c2). In contrast, in Cfap44-/- 418 

sperm, the 9+2 organization of the axoneme was preserved in 70% of cases (Fig. 9a2, c2-c3, 419 

d2-d5). The observed defects included the absence of peripheral doublets, external shift or 420 

mislocalization of the central pair and distorted circular distribution of the DMTs with CPC 421 

misorientation (Fig. 9b1-b3). Cfap44-/- sperm also exhibited important defects of the ODFs 422 

and of the fibrous sheath (Supplementary Fig. 10b). In the midpiece, the number of dense 423 
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fibers was significantly higher and their localization and orientation were defective (Fig. 424 

9a2,a3). In the principal piece, the ODFs 3 and 8 were abnormally retained, preventing 425 

normal anchoring of the stalks of the fibrous sheath on DMTs 3 and 8 (Fig. 9c2,c3). The 426 

longitudinal columns also present several defects:  they were misaligned and not facing the 3-427 

central-8 complex, leading to notable asymmetry of the structure (Fig. 9d2,d3), which was 428 

reinforced in numerous sperm by the presence of a third longitudinal column (Fig. 9d4,d5). 429 

Finally, the defects detected in Cfap44-/- mitochondrial sheath by optic and fluorescence 430 

microscopy were specified by TEM analyses of sperm midpieces, evidencing uneven 431 

distribution and fragmentation of the mitochondria (Supplementary Fig. 12). 432 

 433 

DISCUSSION 434 

CRISPR/Cas9-modified mouse models confirmed that CFAP43 and CFAP44 mutations 435 

are responsible for male infertility and MMAF phenotype. 436 

Identification of disease-causing genes has recently been catalyzed by high-throughput 437 

genome-wide sequencing technologies. New challenges are now arising, in particular the 438 

validation of the involvement of candidate genes in the investigated phenotypes. 439 

CRISPR/Cas9 is a very efficient and fast technique to create KO models43–46, compatible with 440 

the increased number of mutations/genes found by high-throughput sequencing. To confirm 441 

the pathogenicity of the mutations identified in CFAP43 and CFAP44 in MMAF patients, we 442 

produced two knockout mice lines using CRISPR/Cas9 technology47,48. Cfap43-/- males were 443 

infertile and 100% of their spermatozoa were immotile and morphologically abnormal with short 444 

and coiled tail, a phenotype very similar to human MMAF (Fig. 7c2). Cfap44-/- male mice were 445 

also infertile due to flagellar immotility, yet presenting subtler flagellar defects than those 446 

observed in patients with CFAP44 mutations (Fig. 6c3). Such a phenotypic discrepancy between 447 

mouse and human is not uncommon. For example, Dnah1 KO mice display asthenozoospermia 448 

without morphological defects of the flagellum49 whereas in humans DNAH1 truncating mutations 449 
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induce a MMAF phenotype15. Nevertheless, TEM analysis of Cfap44-/- sperm evidenced 450 

ultrastructural defects similar to those found in CFAP44 patients confirming that CFAP44 is 451 

necessary for axonemal organization and function both in mouse and human.  The reason why 452 

this axonemal disorganization does not impact the overall flagellum morphology and length in 453 

mice is not known. It is however highly unlikely that a functional truncated protein could persists 454 

and have a rescue effect in KO mice since they harbor a 7bp insertion, predicted at best to produce 455 

a truncated peptide of 49 out of the 1854 amino-acids contained in the full protein 456 

(Supplementary Fig. 5).  Overall, the tandem use of WES and CRISPR/Cas9 technology in 457 

the mouse was a very efficient strategy to identify and validate the mutations responsible for 458 

the investigated infertility phenotype. 459 

 460 

Deciphering the localization and function of CFAP43 and CFAP44 from the conserved 461 

axoneme of Trypanosoma brucei.  462 

The structure and organization of motile cilia or flagellum was mainly deciphered from 463 

models including the green alga Chlamydomonas reinhardtii, the protozoa T. brucei and 464 

Tetrahymena, sea urchins, the zebrafish, Xenopus l. and the mouse23,50. Such a wide selection 465 

of distant models is possible because motile cilia or flagella are built on a canonical 9 + 2 466 

axoneme which forms a highly organized protein network remarkably conserved during 467 

evolution51. In our study, we chose to use T. brucei mutants to confirm CFAP43 and CFAP44 468 

localization in the axoneme and the impact of their deletion on the structure of the flagellum. 469 

This model has two advantages, first, in contrast to Chlamydomonas and other models, it 470 

shares some specific structural axonemal characteristics with mammalian flagellum such as a 471 

full RS3 and a fixed orientation of the central pair during flagellum beating, and second it 472 

allows forward and reverse genetics for an easier characterization of gene function. BlastP 473 

enabled us to identify CFAP43 and CFAP44 likely orthologs in T. brucei with good sequence 474 

identity. Interestingly, in-depth structural analyses showed that these proteins share some 475 
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unique structural similarity, in particular a common general motif with β-strand domains in 476 

the proteins N-terminal region followed by α-helical domains in the C-Terminal region. These 477 

results confirm the relatedness of the identified orthologs and suggest that CFAP43 and 478 

CFAP44 proteins may have a similar function as reported for others proteins with similar 479 

structures 52. In consistence with this, we showed that in T. brucei, inactivation of one protein 480 

by RNAi did not alter the amount and localization of the other protein, indicating that i.) the 481 

phenotype observed when invalidating each protein is independent of the other protein, ii.) the 482 

presence of one cannot compensate for the absence of the other, and iii.) if the two proteins 483 

were to interact with one another they do not depend on each other for adequate positioning 484 

and docking. 485 

We have shown that the N-Terminus regions of CFAP43 and CFAP44 proteins belongs to the 486 

WD40 repeat-like superfamily described to serve as a platform for protein-protein interactions 487 

and macromolecular assembly19,53,54, suggesting that both proteins may be included in large 488 

protein complex; this could explain why all attempts to produced specific antibodies against 489 

these proteins were unsuccessful.  490 

In all studied models (i.e. humans, mouse and T.brucei), the invalidation of each 491 

protein induced important axonemal disorganization. It is important to underline that the 492 

destabilization of the axoneme can be triggered by the absence of proteins located either in 493 

axonemal or periaxonemal structures55,56, making it difficult to assess the function from the 494 

observed defects. Only the localization at the ultrastructural level would give us a cue on 495 

protein function. For this purpose, we generated several T. brucei cell lines expressing 496 

endogenous tagged proteins, and studied their localization by super-resolution microscopy 497 

(STED) and immuno-EM.  We showed that both proteins have a restricted location within the 498 

flagellum, closely associated with the part of the axoneme facing the PFR (Fig. 5b) and 499 

corresponding to DMTs 5 and 635. This localization rules out a potential role of both proteins 500 
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in the intra flagellar transport (IFT) since IFT in T. brucei flagella was never described 501 

between the PFR and the axoneme and is circumscribed to two sets of doublet microtubules 3-502 

4 and 7-8,  located on each side of the PFR57. Moreover, the absence of cytoplasmic material 503 

accumulated at the basis of the flagellum and in the flagellar pocket and the normal length of 504 

the flagellum in both RNAi mutants (Fig. 6) do not support the IFT hypothesis58.  505 

Interestingly, it has been reported that two specific structures are present around 506 

DMTs 5 and 6: the first one is proposed to consolidate the interaction between the axoneme 507 

and the periaxonemal components59 and the second one to specifically strengthen DMT5-6 508 

interaction, known as the 5-6 bridge22, made of inner and outer subunits. Both structures, the 509 

5-6 bridge and the connecting proteins linking the axoneme to the PFR, are known to present 510 

an intervallic pattern22,59. This subcellular distribution is in agreement with our super-511 

resolution and immuno-EM results which showed a minimum interval between two 512 

immunogold particles of around 25 nm for both TbCFAP44 and TbCFAP43, a distance 513 

similar to the interval between two outer 5-6 bridge subunits observed in the flagellum of sea 514 

urchin sperm22. All these connecting structures, located in the same area could share physical 515 

interactions and the absence of one of the CFAP proteins could destabilize the whole 516 

complex, leading to both periaxonemal and axonemal defects. This echoes the anomalies 517 

evidenced in IF and TEM experiments in both mouse models and in man. This was 518 

particularly noticeable in Cfap44 -/- sperm, where 5-6 DMTS were preferentially missing and 519 

periaxonemal structures such as dense fibers and fibrous sheaths were defective (Fig. 9). 520 

Altogether these results suggests that TbCFAP44 and TbCFAP43 may be the first two 521 

proteins specifically located next to DMTs 5-6 therefore opening the way for a fine 522 

characterization of the protein complexes located in this area. 523 

 524 

 525 
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Whole-exome sequencing (WES) revealed that CFAP43, CFAP44 and DNAH1 are the 526 

main genes involved in MMAF phenotypes. 527 

Our work illustrates the efficiency of the combination of WES with an original 528 

workflow for the validation of the candidate genes identified for male infertility due to a 529 

MMAF phenotype. Our strategy allowed to identify two new genes responsible for MMAF 530 

syndrome. Novel mutations in DNAH1 were also identified, reinforcing the importance of this 531 

gene in MMAF syndrome. The prevalence of mutations in DNAH1 is however lower 532 

compared to our two previous studies15,16. This may be explained by a wider geographic 533 

recruitment of patients in the current study compared to our previous work in which a founder 534 

effect may have led to an increased prevalence of DNAH1 mutations15,16. Altogether, DNAH1, 535 

CFAP43 and CFAP44 mutations were identified in 28.2% of the analyzed subjects (n=78) 536 

originating from North Africa, Europe and Middle East. These results underline the global 537 

importance of these 3 genes in the MMAF syndrome and will improve the genetic diagnosis 538 

efficiency of infertile MMAF patients.  539 

To investigate the possibility of a potential genotype-phenotype correlation, we 540 

examined the semen parameters of patients carrying mutations in DNAH1, CFAP43 and 541 

CFAP44 and MMAF patients with yet unidentified mutations. There were not differences 542 

between the first three groups but a higher rate of spermatozoa with short and absent flagella 543 

and a lower motility rate were evidenced in the mutated subjects compared to patients with no 544 

identified mutation. This suggests that mutations in these three genes induce the most severe 545 

form of MMAF. The identified mutations are distributed throughout the whole CFAP43 and 546 

44 genes strongly suggesting that the entirety of both encoded proteins is necessary for 547 

preserving their functionality. Interestingly among CFAP43 mutated patients, only one (P43-548 

9) carried a missense variant (Val347Ala) (and a truncating mutation) and presents a milder 549 

phenotype compared to the others with homozygous truncating mutations. This patient has the 550 
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lowest percentage of sperm with short flagella (22%) with 10% of morphologically normal 551 

spermatozoa (versus 0% for the other CFAP43 mutated subjects). These parameters suggest 552 

that the Val347Ala mutated protein is still present in the flagellum and may contribute to 553 

maintaining a somewhat normal yet malfunctioning organization. This is coherent with the 554 

modification of a single amino acid in the N-part of the protein, which could only mildly 555 

impair protein activity. All spermatozoa of this patient were however totally immotile (0%) 556 

indicating that this variant could abrogate the function of the protein resulting in complete 557 

flagellum immobility. This data supports the existence of a genotype-phenotype correlation as 558 

had been demonstrated for DNAH1 mutated subjects15,16.  559 

Several questions remain concerning the prognosis of ICSI using sperm cells from 560 

CFAP43 and CFAP44 patients. We have previously demonstrated that MMAF patients with 561 

DNAH1 mutations had a good prognosis using ICSI60 but it remains difficult to predict the 562 

success rate for the other MMAF genotypes. Additional correlation studies should now be 563 

performed to take into account the individual genotypes in the counseling of MMAF patients. 564 

Exome sequencing of MMAF patients permitted a diagnosis efficiency of 27% for the 565 

three validated genes. Subsequent analysis of exome data from the remaining 56 subjects 566 

permitted to identify 7 additional candidate genes with bi-allelic mutations found in at least 567 

two individuals in a total of 23 subjects. The identified mutations and these additional genes 568 

are currently being investigated. If all these variants are confirmed to be deleterious a 569 

diagnosis will be obtained for 45/78 patients (58%) confirming the interest of WES as a 570 

diagnostic tool for MMAF syndrome. 571 

Apart from infertility, the studied patients did not present any obvious PCD associated 572 

symptoms, such as cough, rhinitis, sinusitis, and rhinorrhea and chronic bronchitis. It is not 573 

very surprising because flagellar and cilia defects are not always associated61. We already 574 

have shown that it is also true DNAH1 mutated patients15–17,62. These observations suggest 575 
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that mutations in MMAF genes are only responsible for primary infertility without other PCD 576 

features and reinforce the fact that the sperm flagellum is assembled and organized through a 577 

specific way, different from other cilia. These differences are notably illustrated by a different 578 

beating pattern and the presence of specific peri-axonemal structures. Further extensive work 579 

should be now performed to elucidate the differential composition and organization of these 580 

two organelles. Last, analysis of KO heterozygous mice showed a small deterioration of 581 

sperm motility and morphology suggesting that heterozygous mutations in key 582 

spermatogenesis genes, might, alone or more likely through cumulative genetic and/or 583 

environmental factors, contribute to the less severe but much more frequent phenotype of 584 

mild to intermediate oligoasthenozoospermia.  585 

 586 

 587 

MATERIALS AND METHOD 588 

Subjects and controls 589 

We included 78 subjects presenting with asthenozoospermia due to a combination of 590 

morphological defects of the sperm flagella including: absent, short, bent, coiled flagella and 591 

of irregular width without any of the additional symptoms associated with primary ciliary 592 

dyskinesia (PCD). The morphology of patients’ sperm was assessed with Papanicolaou 593 

staining. Small variations in protocol might occur between the different laboratories. Subjects 594 

were recruited on the basis of the identification of >5% of at least three of the aforementioned 595 

flagellar morphological abnormalities (absent, short, coiled, bent and irregular flagella).  596 

The global average of all semen parameters are presented in Table 1 and were compared 597 

between the different genotype groups using a two-tailed t-test. Forty-six patients were of 598 

North African origin and consulted for primary infertility at the Clinique des Jasmin in Tunis. 599 

Ten individuals originated from the Middle East (Iranians) and were treated in Tehran at the 600 
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Royan Institute, (Reproductive Biomedicine Research Center) for primary infertility and 601 

twenty-two patients were recruited in France: 21 at the Cochin Institute and one in Lille. 602 

All patients were recruited between 2008 and 2016. All subjects had normal somatic 603 

karyotypes. Approximately half of the patients declared to be born from related parents. 604 

Sperm analysis was carried out in the source laboratories during the course of the routine 605 

biological examination of the patient, according to World Health Organization (WHO) 606 

guidelines (World Health Organization, 2010). Saliva and/or peripheral blood was obtained 607 

for all participants. During their medical consultation, all subjects answered a health 608 

questionnaire focused on primary ciliary dyskinesia (PCD) manifestations for infertility. 609 

Informed consent was obtained from all the subjects participating in the study according to 610 

the local protocols and the principles of the Declaration of Helsinki. In addition, the study was 611 

approved by local ethic committees. The samples were then stored in the CRB Germetheque 612 

(certification under ISO-9001 and NF-S 96-900) following a standardized procedure. Controls 613 

from fertile individuals with normal spermograms were obtained from CRB Germetheque. 614 

Consent for CRB storage was approved by the CPCP Sud-Ouest of Toulouse (coordination of 615 

the multi sites CRB Germetheque).  616 

 617 

Whole-Exome Sequencing and bioinformatics analysis 618 

Genomic DNA was isolated from saliva using Oragen DNA extraction kit 619 

(DNAgenotech®, Ottawa, Canada). Coding regions and intron/exon boundaries were 620 

enriched using the all Exon V5 kit (Agilent Technologies, Wokingham, UK). DNA 621 

sequencing was undertaken at the Genoscope, Evry, France, on the HiSeq 2000 from 622 

Illumina®. Sequence reads were aligned to the reference genome (hg19) using MAGIC63. 623 

MAGIC produces quality-adjusted variant and reference read counts on each strand at every 624 

covered position in the genome. Duplicate reads and reads that mapped to multiple locations 625 
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in the genome were excluded from further analysis. Positions whose sequence coverage was 626 

below 10 on either the forward or reverse strand were marked as low confidence, and 627 

positions whose coverage was below 10 on both strands were excluded. Single nucleotide 628 

variations (SNV) and small insertions/deletions (indels) were identified and quality-filtered 629 

using in-house scripts. Briefly, for each variant, independent calls are made on each strand, 630 

and only positions where both calls agree are retained. The most promising candidate variants 631 

were identified using an in-house bioinformatics pipeline, as follows. Variants with a minor 632 

allele frequency greater than 5% in the NHLBI ESP6500 [Exome Variant Server, NHLBI GO 633 

Exome Sequencing Project (ESP), Seattle, WA] or in 1000 Genomes Project phase 1 634 

datasets64, or greater than 1% in ExAC65, were discarded. We also compared these variants to 635 

an in-house database of 94 control exomes obtained from subjects mainly originated from 636 

North Africa and Middle East corresponding to the geographical origin of most patients from 637 

this study and which is under-represented in SNP public databases. All variants present in 638 

homozygous state in this database were excluded. We used Variant Effect Predictor (VEP 639 

version 8166) to predict the impact of the selected variants. We only retained variants 640 

impacting splice donor / acceptor or causing frameshift, inframe insertions / deletions, stop 641 

gain, stop loss or missense variants except those scored as "tolerated" by SIFT67 (sift.jcvi.org) 642 

and as "benign" by Polyphen-268 (genetics.bwh.harvard.edu/pph2). Finally, identified 643 

mutations were validated by Sanger sequencing. PCR primers and protocols used for each 644 

patient are listed in the Supplementary Table 3. Sequencing reactions were carried out with 645 

BigDye Terminator v3.1 (Applied Biosystems). Sequences analysis were carried out on ABI 646 

3130XL (Applied Biosystems). Sequences were analysed using SeqScape software (Applied 647 

Biosystems). 648 

 649 

Quantitative real-time RT-PCR analysis  650 
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RT-qPCR was performed with cDNAs from various tissues of human and mouse 651 

including testes. A panel of 8 organs was used for mouse experiments: testis, brain, lung, 652 

kidney, liver, stomach, colon and heart. RNA extraction were performed from three DBA-653 

C57 wild-type mice with the mirVana™ PARIS™ Kit (LifeTechnologies®). For human 654 

experiments, a panel of the 3 main ciliated tissues was used: testis, brain and lung. Human 655 

RNAs were purchased from Life Technologies®. Reverse-transcriptions were performed 656 

using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystem®). Each 657 

sample was assayed in triplicate for each gene on a StepOnePlus (LifeTechnologies®), with 658 

Power SYBR®Green PCR Master Mix (Life Technologies®). The PCR cycle was as follows: 659 

10 min at 95°C, 1 cycle for enzyme activation; 15 s at 95°C, 60 s at 60°C with fluorescence 660 

acquisition, 40 cycles for the PCR.  RT-qPCR data were normalized using the reference 661 

housekeeping gene ACTB for human and mouse with the -ΔΔCt method69. The 2-ΔΔCt value 662 

was set at 0 in brain cells, resulting in an arbitrary expression of 1. Primers sequences and RT-663 

qPCR conditions are indicated in the Supplementary Table 4. The efficacy of primers was 664 

checked using a standard curve. Melting curve analysis was used to confirm the presence of a 665 

single PCR product. Statistics were performed using a two-tailed t-test on Prism 4.0 software 666 

(GraphPad, San Diego, CA) to compare the relative expression of CFAP43 and CFAP44 667 

transcripts in several organs. Statistical tests with a two-tailed P values ≤ 0.05 were 668 

considered significant. 669 

 670 

Immunostaining in human and mouse sperm cells 671 

We performed immunofluorescence (IF) staining on human and mouse spermatozoa as 672 

described by our laboratory70.  In human, immunostaining could be carried out on samples from 673 

two of the patients with a stop-gain mutation, one mutated in each gene. IF experiments were 674 

performed using sperm cells from control individuals, from the patient P43-5 homozygous for 675 
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the c.2658C>T variant in CFAP43 and from the patient P44-2 homozygous for the c.3175C>T 676 

variant in CFAP44. Sperm cells were fixed in PBS/4% paraformaldehyde for 1 min at room 677 

temperature. After washing in 1 ml PBS, the sperm suspension was spotted onto 0.1% poly L-678 

lysine pre-coated slides (Thermo Scientific). After attachment, sperm were permeabilized 679 

with 0.1% (v/v) Triton X-100 –DPBS (Triton X-100; Sigma-Aldrich) for 5 min at RT. Slides 680 

were then blocked in 5% corresponding normal serum–DPBS (normal goat or donkey serum; 681 

GIBCO, Invitrogen) and incubated overnight at 4°C with primary antibodies. For human 682 

experiments, the following primary antibodies were used: DNAI2, DNALI1, RSPH1, 683 

RPSH4A, SPAG6, GAS8, AKAP4 and anti-acetylated-α-tubulin.  For mouse experiments: 684 

Rsph1, Rsph4a, Gas8, Spef2, Dnali1, Dnah5, Mpc1l anti-acetylated-α-tubulin. Primary 685 

antibodies references, provider, species, and dilutions used are listed in the Supplementary 686 

Table 5. Washes were performed with 0.1% (v/v) Tween 20–DPBS, followed by 1 h 687 

incubation at room temperature with secondary antibodies. Highly cross-adsorbed secondary 688 

antibodies (Dylight 488 and Dylight 549) were from Jackson Immunoresearch®. Appropriate 689 

controls were performed, omitting the primary antibodies. Samples were counterstained with 690 

5 mg/ml Hoechst 33342 (Sigma-Aldrich) and mounted with DAKO mounting media (Life 691 

Technology). Fluorescence images were captured with a confocal microscope (Zeiss LSM 692 

710). 693 

 694 

Electron microscopy of human and mouse sperm cells 695 

We performed transmission electron microscopy (TEM) experiments on human and 696 

mouse (Cfap43-/- and Cfap44-/- and wild-type) spermatozoa. In human, TEM experiments 697 

were performed using sperm cells from fertile control individuals, from the patient P43-8 698 

homozygous for the c.3352C>T variant in CFAP43 and from the patient P44-3 homozygous 699 

for the c.2818dupG variant in CFAP44. Sperm cells were fixed with 2.5% glutaraldehyde in 700 
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0.1 M sodium phosphate (pH 7.4) during 2 hours at room temperature. Cells were washed 701 

with buffer and post fixed with 1% osmium tetroxide in the same buffer for 1 hour at 4°C. 702 

After washing with distilled water, cells were stained overnight at 4°C with 0.5% uranyl 703 

acetate pH 4.0. Cells were dehydrated through graded alcohol (30%, 60%, 90%, 100%, 100%, 704 

and 100%; 10 minutes for each bath) and infiltrated with a mix of 1:1 Epon/alcohol 100% for 705 

2 hours before 2 baths of fresh Epon for 2 hours. Finally, cells were included in fresh Epon 706 

and polymerized during 2 days at 60°C. Ultrathin sections (90 nm for human samples and 60 707 

nm for mouse samples) of the cell pellet were done with an ultramicrotome (Leica). Sections 708 

were post-stained 10 minutes with 5% uranyl acetate pH 4.0, washed four times with distilled 709 

water (1 hour) and then stained with 0.4% lead citrate before being observed in an electron 710 

microscope at 80kV (JEOL 1200EX).  711 

 712 

Work on Trypanosoma brucei 713 

Cultures and transfection 714 

The trypanosome cell lines used in this study derived from the blood stream form 715 

parental T. brucei 427 90-13 strain co-expressing the T7 RNA polymerase and tetracycline 716 

repressor71. Cells were cultured at 37 °C and 5% CO2 and transfected and cloned as described 717 

in 72 in medium supplemented with puromycin (0.1 μg/ml) or blasticidin (10 μg.ml) for 718 

constitutive expression of myc-tagged proteins and 10TY1-tagged proteins respectively, and 719 

with phleomycin (2.5 μg/ml) for RNAi inducible cells.  RNAi interference was induced with 720 

tetracycline (10 μg.ml).  721 

 722 

Cell lines generated for this study 723 

For wild-type level of expression of 3xmyc C-terminal tagged proteins 724 

(TbCFAP44myc, TbCFAP43myc), parental cells were transfected as in 72 with a tagging cassette 725 



29 
 

that was obtained by PCR using a set of long primers containing 80 nucleotides from the 5′- 726 

and 3′-UTRs flanking regions of the TbCFAP44 and TbCFAP43 ORF and pMOTag23M 727 

vector as template73 (Supplementary Table 6). For RNA interference, fragments of 728 

TbCFAP44 ORF (bp 1880 to 2309) and TbCFAP43 ORF (bp 131 to 596) were cloned into 729 

p2T7tiB74 and transfected  into TbCFAP44myc, TbCFAP43myc  cell lines generating the cell 730 

lines TbCFAP44myc
RNAi and TbCFAP43myc

RNAi (Supplementary Table 6). For wild-type level 731 

of expression of 10xTY1 N-terminal tagged proteins, cell lines expressing TbCFAP44myc
RNAi 732 

and TbCFAP43myc
RNAi were transfected with a tagging cassette that was obtained by PCR 733 

using a set of primers amplifying the end of the 5′-UTR and the beginning of, respectively, 734 

the TbCFAP43 and TbCFAP44 ORF and the pPOTv4-10TY1-blast vector as template34 735 

(Supplementary Table 6). 736 

 737 

RNA expression analysis (RT-PCR) 738 

Total RNA was isolated from 108 cells of parental, non-induced, and tetracycline 739 

induced RNAi cells using the TRIzol reagent according to the manufacturer's instructions 740 

(Life Technologies). The constitutively expressed housekeeper Telomerase reverse 741 

transcriptase (TERT) was used as an internal control75. RT-PCR was carried out with a 742 

SuperScript III one-step RT-PCR system with Platinum Taq high-fidelity polymerase (Life 743 

Technologies Ltd, UK) following the manufacturer’s protocol. Briefly, 100 ng of total RNA 744 

were mixed with primers and reverse transcriptase solution in 50 ul total volume and using the 745 

following cycle protocol: 30 min at 55°C (reverse transcription); 2 min at 94°C (inactivation 746 

of reverse transcriptase and activation Taq polymerase); followed by 25 cycles of regular PCR 747 

(denaturation: 94°C for 15 s; annealing: 55°C for 30s; extension: 68°C for 40 sec); and 748 

finalized with a hold for 5 min at 68°C. The RT-PCR products were resolved on 1% agarose 749 

running gel with BET and visualized by UV light. 750 
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 751 

Immunofluorescence 752 

Cells were collected, washed, and processed for immunolabelling on cytoskeletons (detergent 753 

extracted cells) as in 68, except that the cytoskeletons were fixed in methanol at -20°C for 30 754 

min. Samples were incubated with the primary antibodies anti-myc and rabbit anti-PFR2 755 

(PFR2 is a protein of the para-axonemal structure called paraflagellar rod, 1: 2000 dilution in 756 

PBS) and with secondary antibodies anti-mouse FITC conjugated (Sigma F-2012, 1: 400 757 

dilution in PBS) and anti-rabbit Alexa594 conjugated (Thermofischer A11012, 1: 400 dilution 758 

in PBS). Nuclei and kinetoplasts were stained with DAPI (10 μg/ml). Images were acquired 759 

on a Zeiss Imager Z1 microscope, using a Photometrics Coolsnap HQ2 camera, with Zeiss 760 

100X or 63X objectives (NA 1.4) using Metamorph software (Molecular Devices), and 761 

processed with ImageJ.  762 

For STED analysis on whole cells, cells were collected, washed and loaded on poly-L-lysine 763 

coated coverslips and air-dried. After a 5 min rehydration step, cells were fixed in methanol at 764 

-20°C for at least 30 min. Samples were incubated with antibodies in four steps: 1) with the 765 

primary antibody anti-TY1 (BB2)33, a mouse IgG1 monoclonal, 2) followed by the secondary 766 

antibody Alexa-594 coupled anti-mouse IgG1, 3) anti-tubulin (TAT1)76, a mouse IgG2a 767 

monoclonal together with anti-PFR2 (rabbit polyclonal), 4) Alexa-488 coupled anti-mouse 768 

IgG2a and ATTO647N-coupled anti-rabbit secondary antibodies. Coverslips were mounted 769 

using ProLong Gold antifade reagent. Images were acquired on a Leica DMI6000 TCS SP8 770 

X-STED microscope with a 93x glycerol objective (N.A. 1.3), de-convolved with Huygens 771 

Pro 16.10, and 3D reconstructions were generated using Imaris X64 8.1.2. 772 

Primary antibodies references, provider, species, and dilutions used are listed in the 773 

Supplementary Table 6.  774 

 775 
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Electron microscopy 776 

Cells were fixed in culture medium, by the addition of glutaraldehyde to a final concentration 777 

of 2.5%, for 60 min. They were pelleted (1,000 g, 10 min), resuspended in fixation buffer (2.5 778 

% glutaraldehyde, 2% PFA, 100 mM Phosphate buffer pH 7.4, 50 mM sucrose for 2 779 

h).  Fixed cells were washed in water for 10 min, post-fixed in 1% OsO4 for 1 h, washed 3 780 

times in water, then samples were stained in 2% uranyl acetate in water at 4°C overnight. 781 

Samples were next washed in water, dehydrated in ethanol, embedded in Spurr resin and 782 

polymerised overnight at 60°C. Sections (60-80 nm) were stained in 2% uranyl then lead 783 

citrate, and visualized on a TECNAI 12 TEM. 784 

 785 

Immunogold labelling on cytoskeleton extracted cells 786 

Cell cultures were pelleted (1,000 g, 10 min), washed in vPBS (PBS, sucrose 15.7 g.L-787 

1, glucose 1.8 g.L-1) and extracted with PIPES 100mM, NP-40 (Igepal) 1%, MgCl2 1mM, 788 

benzonase. Cytoskeletons were pelleted by centrifugation 10 min at 2,500 g and washed twice 789 

in PIPES 100mM, 1%, MgCl2 1mM, benzonase. 250uL droplets of cytoskeletons were placed 790 

on parafilm. Butvar covered, charged, carbon coated nickel grids were floated on each drop 791 

and incubated for 10 min to let the cytoskeletons adhere. The grids were then moved through 792 

two blocking droplets for 5min each (blocking buffer - 1% Fish skin gelatin, 0.01% Tween-20 793 

in PBS) then to droplets containing the primary antibody in blocking buffer (anti-TY1 1:10, 794 

anti-myc, anti-PFR2) for 2 h at room temperature. The grids were washed four times in 795 

blocking buffer and incubated with gold-conjugated secondary antibodies – EM GAR10 1:20 796 

(anti-mouse, 6nm), in blocking buffer for 2h at room temperature. After incubation, grids 797 

were washed 3 x 5min in blocking buffer, 2 x 5min in 0.1% fish skin gelatin, 0.001% Tween-798 

20 in PBS, 2 x 5min PBS and then fixed in 2.5% glutaraldehyde in milliQ H2O for 5min. 799 

Samples were negatively stained with 10µL auro-thioglucose for 20 sec. Samples were 800 
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visualised on a FEI Tecnai 12 electron microscope, camera ORIUS 1000 11M Pixel 801 

(resolution 3-5 nm). Images were acquired with Digitalmicrograph and processed with 802 

ImageJ. 803 

 804 

Western-blotting on cytoskeleton extracted cells 805 

Proteins from cytoskeleton extracted cells (2.107) were separated on SDS-PAGE gels (6%) 806 

and semi-dry transferred (BioRad) for 45 min at 25V on PVDF membrane. After a 1 h 807 

blocking step in 5% Milk in PBS-0.2% Tween-20, the membranes were incubated overnight 808 

at 4°C with the anti-TY1 primary antibody (BB2, 1 :5,000) diluted in blocking buffer. After 3 809 

washes in blocking buffer and one wash in 1M NaCl, the membranes were incubated with the 810 

HRP-conjugated secondary antibody (Jackson, 1:10,000 dilution), washed twice 10 min in 811 

blocking buffer and twice 5 min in PBS. Blots were revealed using the Clarity Western ECL 812 

Substrate kit (Bio Rad) with the ImageQuant LAS4000. After membrane stripping, protein 813 

loading was controlled by probing tubulin (TAT1, 1 :500) as described above. 814 

 815 

CRISPR/Cas9 KO mice 816 

All animal procedures were run according to the Swiss and French guidelines on the 817 

use of animals in scientific investigations with the approval of the French local Ethical 818 

Committee  (ComEth Grenoble N° 318, ministry agreement number #7128 UHTA-U1209-819 

CA) and the Direction Générale de la Santé (DGS) for the State of Geneva. All the procedures 820 

were done in Geneva until the birth of the modified litters. For each gene, three plasmids were 821 

injected directly into the nucleus of the zygotes. One plasmid expressed the Cas9 protein and 822 

the other two expressed two distinct RNA guides (single guide RNA, or sgRNA) targeting 823 

exons 2 and 21 of the Cfap43 gene and exons 3 and 15 of the Cfap44 gene. All plasmids 824 

(pGS-U6-sgRNA expression vector) were ordered from GeneScript (Piscataway, NJ, USA) 825 
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with the different cDNA sequences already inserted. sgRNA sequences are indicated in the 826 

Supplementary Table 7. The Cas9 nuclease and sgRNAs were introduced into fertilized 827 

oocytes. Microinjected oocytes were introduced into pseudopregnant host females and carried 828 

to term. Edited founders were identified by Sanger sequencing from tail biopsies. Tail 829 

biopsies (2 mm in length) were digested in 200 μl lysis Direct PCR Lysis Reagent (Tail) 830 

(Viagen Biotech inc, CA, USA) and 0.2mg of proteinase K for 12–15 h at 55°C and 1 h at 831 

85°C. The DNA was directly used for PCRs. The two targeted exons were amplified using the 832 

following PCR protocol: 59°C x 1 cycle, 58°C x 1 cycle and 57°C x 35 cycles with 1 min 833 

elongation. SANGER sequencing was then performed to identify CRISP/Cas9 induced 834 

mutations and genotypes were determined according to the sequence electrophoregrams. Mice 835 

carrying desired modification events are bred with C57BL6/J to ensure germline transmission 836 

and eliminate any possible mosaicism. From the second generation of mice, genotyping was 837 

performed by High Resolution Melting (HRM) using MeltDoctor™ HRM Master Mix with 838 

the following parameters: 10 min at 95°C for enzyme activation, 15 sec at 95°C for 839 

denaturation, 1 min at 60°C for annealing and extension, then for the melting curve, 1 min at 840 

95°C for denaturation, 1 min at 60°C for annealing, 15 sec at 95°C for high resolution melt 841 

and 15 sec at 60°C for annealing. List of primers used for mice genotyping with both methods 842 

is available in the Supplementary Table 8.   843 

Heterozygous animals were mated to generate homozygous offspring. Approximately 844 

25% of the offspring were homozygous for the mutated allele, indicating the absence of an 845 

increased embryonic or postnatal lethality in Cfap43-/- and Cfap44-/- mice. Mice were housed 846 

with unlimited access to food and water and were sacrificed by cervical dislocation after 8 847 

weeks old, which means that they were pubescent and that their reproductive organs were 848 

fully established.  849 
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The edited gene expression in mutant mice was validated by RT-PCR followed by 850 

Sanger sequencing of testicular transcripts. RT-PCR experiments were performed using testis 851 

RNA from wild-type, heterozygous and homozygous animals. Reverse transcription was 852 

carried out with 5 µl of extracted RNA ( ̴ 500 ng) using Macherey Nagel columns (Macherey 853 

Nagel, Hoerdt, France) according to the manufacturer ’s protocol. Hybridization of the oligo 854 

dT was performed by incubating for 5 min at 65°C and quenching on ice with the following 855 

mix : 5 µl RNA, 3 µl of poly T oligo primers (dT) 12-18 (10 mM, Pharmacia), 3 µl of the four 856 

dNTPs (0.5 mM, Roche diagnostics) and 2.2 µl of H2O. Reverse transcription then was 857 

carried out for 30 min at 55° after the addition of 4 µl of 5X buffer, 0.5 µl RNase inhibitor 858 

and 0.5 µl of Transcriptor reverse transcriptase (Roche Diagnostics). Two microliters of the 859 

obtained cDNA mix was used for the subsequent PCR and Sanger sequencing. Primers 860 

sequences and RT-PCR conditions are indicated in the Supplementary Table 9. 861 

 862 

Phenotypic analysis of mutant 863 

To test the fertility, pubescent Cfap43 -/- and Cfap44-/- males (8-wk-old) were mated 864 

with C57BL6/J females. To determine sperm concentration, sperm samples were collected 865 

from the cauda epididymis of 8-wk-old Cfap43 -/- and Cfap44-/- and sperm number was 866 

determined using a hemocytometer under a light microscope. For sperm morphology, sperm 867 

was displayed over a slide, dried at room temperature, and then fixed in 75% ethanol. Harris-868 

Schorr staining was performed according to the WHO protocol. Schorr staining solution was 869 

obtained from Merck and at least 100 sperm per animal were analyzed. Mobility of sperm was 870 

assessed with computer-assisted motility analysis (CEROS I, Hamilton Thorn Research, 871 

Beverly, MA) in an analysis chamber (100 μm depth, 30 μl volume, Leja Products B.V., 872 

Netherlands) at 37 °C. The settings employed for analysis were as follows: acquisition rate, 873 

60 Hz; number of frames, 100; minimum contrast, 25; minimum cell size, 10; low static size 874 
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gate, 2.4; high static size gate, 2.4; low static intensity gate, 1.02; high static intensity gate, 875 

1.37; minimum elongation gate, 12; maximum elongation gate, 100; magnification factor, 876 

0.70. The motility parameters measured were curvilinear velocity (VCL), average path 877 

velocity (VAP), and straight-line velocity (VSL). At least 100 motile sperm were analyzed for 878 

each assay. Motile sperm and progressive sperm were characterized by VAP >1 μm/s, by 879 

average path velocity >30 μm/s and straightness (VSL/VAP) >70%, respectively. For each 880 

genotype, 5 mice were used. 881 

Statistical analyses were performed with SigmaPlot Software. Unpaired t test was used 882 

to compare the different genotypes. Statistical tests with a 2-tailed P values ≤ 0.05 were 883 

considered significant. 884 

 885 

 886 
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FIGURE LEGENDS 920 

 921 

Figure 1. Morphology of spermatozoa from the patients P43-8 and P44-3. All spermatozoa 922 

have a much shorter flagellum than those of controls. Additional features of MMAF 923 

spermatozoa are absent (*), thick (&) and rolled flagella (@). 924 

 925 
 926 
Figure 2. Location of CFAP43 and CFAP44 mutations in the intron-exon structure and 927 

in the protein representation. (a) Mutations identified in the CFAP43 gene. (b) Mutations 928 

identified in the CFAP44 gene. Blue squares stand for WD-repeats domains and green squares 929 

for coiled-coiled domains as described by Uniprot server. Mutations are annotated in 930 

accordance to the HGVS’s recommendations. 931 

 932 
 933 
Figure 3. Transmission Electron Microscopy analysis of sperm cells from CFAP43 and 934 

CFAP44 patients reveals that the central pair is missing or presents major defects. 935 

(Left panel) Longitudinal sections (scale bar 500 nm) and cross sections (scale bars 100 nm) 936 

of sperm flagellum from control. (Central panel) Longitudinal sections (scale bars 500 nm) 937 

and cross sections (scale bars 100 nm) of sperm flagellum from CFAP43 mutated patient (P43-938 

8). We can notice a short short tail corresponding to a cytoplasmic mass containing the 939 

different components of the flagellum, all unorganized. In CFAP43 upper cross section, the 940 

CPC is not aligned with DMTs 3 and 8 (red line) and is rotated by 90°. We can observe the 941 

absence of central pair of microtubules in other cross sections. (Right panel) Ultrastructure of 942 

CFAP44 mutated sperm (P44-3) longitudinal sections (scale bars 500 nm) show similar 943 

ultrastructure of short tail (cytoplasmic mass). In CFAP44 upper cross section, the central pair 944 

is disassembled and displaced (red arrow).  We can observe the absence of central pair of 945 

microtubules in other cross sections. Scales bars for cross sections 100 nm. 946 
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 947 
 948 
Figure 4. Immunofluorescence staining in human spermatozoa from controls, CFAP43 949 

and CFAP44 patients reveals that the organization of the axoneme is impaired in 950 

patients. (a1-a3) sperm cells from a fertile control stained with anti SPAG6 (Green), a 951 

protein located in the CPC, and anti-acetylated tubulin (red) antibodies. DNA was 952 

counterstained with Hoechst 33342. a3 corresponds to a1-a2 overlay and shows that in 953 

control sperm, SPAG6 and tubulin staining superimpose. Scale bars 5 µm. (b1-b3) SPAG6 954 

staining is absent in sperm from the patient P43-5 homozygous for the c.2658C>T variant in 955 

CFAP43. (c1-c3) Similar IF experiments performed with sperm cells from the patient P44-2 956 

homozygous for the c.3175C>T variant in CFAP44. Scale bar 5 µm. Contrary to the control, 957 

the SPAG6 immunostaining (green) is abnormal with a diffuse pattern concentrated in the 958 

midpiece of the spermatozoa and is not detectable in the principle piece. (d1-d3) Sperm cells 959 

from a fertile control stained with anti RSPH1 (Green), a protein of the radial spoke’s head, 960 

and anti-acetylated tubulin (red) antibodies. DNA was counterstained with Hoechst 33342. d3 961 

corresponds to d1-d2 overlay and shows that RSPH1 and tubulin staining superimpose in 962 

control sperm. Scale bar 5 µm. (e1-e3) In sperm from the patient P43-5, RSPH1 staining 963 

(green) is significantly different from control (d1) with a marked diffuse staining. (f1-f3) In 964 

sperm from the patient P44-2 the intensity of the RSPH1 staining is strongly reduced. 965 

 966 

Figure 5. Orthologs of T. brucei TbCFAP44 and TbCFAP43 are flagellar proteins 967 

apposed to DMts 5-6. (a) TbCFAP44 and TbCFAP43 are flagellar proteins. (a1-a4) 968 
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Immunofluorescence on detergent extracted cells of parental T. brucei (non expressing myc-969 

tagged proteins) stained with anti-PFR (red) and anti-myc (green) antibodies. No myc staining 970 

was observed on parental cells, confirming the specificity of the anti-myc antibody. (a5-a8) 971 

Immunofluorescence on detergent extracted cells constitutively expressing myc-tagged 972 

TbCFAP44 and non-induced for TbCFAP44RNAi. The flagella were labelled with the anti-PFR 973 

(red), and myc-tagged protein with anti-myc (green). Note the green staining of the entire 974 

flagellum showing that TbCFAP44 localisation is restricted to the flagellum. (a9-a12) Similar 975 

experiments as performed in a5-a8 for TbCFAP43. Insets are enlargement of images of 976 

flagella taken from the main panels and display areas indicated by white arrows (scale bar 1 977 

µm). Nuclei and kinetoplasts (mitochondrial genome) are labelled with DAPI (blue). Scale 978 

bars represent 5 μm. (b) STED confocal microscopy, deconvolution, and 3D reconstruction 979 

views of the co-labelling, on permeabilized whole cells, of tubulin (green), PFR2 (grey), and 980 

10TY1TbCFAP44 (b1-b3) and 10TY1TbCFAP43 (b4-b6) showing that TbCFAP44 and 981 

TbCFAP43 are facing the PFR and are closely associated with the tubulin, which likely 982 

corresponds to DMTS 5-6. Scale bars represent 0.5 μm. 983 

 984 

Figure 6. Orthologs of T. brucei TbCFAP44 and TbCFAP43 are necessary for cell 985 

survival and proper axonemal organization. (a) (a1-a4) Immunofluorescence on detergent 986 

extracted cells of parental T. brucei (non expressing myc-tagged proteins) stained with anti-987 

PFR (red) and anti-myc (green) antibodies. (a5-a8) Immunofluorescence on detergent 988 

extracted cells expressing TbCFAP44myc and RNAi induced (24h) for TbCFAP44 989 

(TbCFAP44myc
RNAi). Cells showed no, or weak myc-labelling (green) on the new flagellum 990 

(NF) whilst the old flagellum (OF) remained labelled. PFR is labelled in red. Note: cells with 991 

a maximum 2 flagella were chosen for clear imaging. (a9-a12) Similar RNAi experiments as 992 

performed in a7-a9 for TbCFAP43 RNAi in cells expressing TbCFAP43myc 993 
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(TbCFAP43myc
RNAi). Cells showed no, or weak myc-labelling (green) on the new flagellum 994 

(NF) whilst the old flagellum (OF) remained labelled. PFR is labelled in red. Nuclei and 995 

kinetoplasts (mitochondrial genome) are labelled with DAPI (blue). Scale bars represent 5 996 

μm. Insets are enlargement of images of flagella taken from the main panels and display areas 997 

indicated by white arrows (scale bar 1 µm). (b) TbCFAP44 and TbCFAP43 are necessary for 998 

T. brucei BSF growth. Growth curves for parental cells, and TbCFAP44RNAi and 999 

TbCFAP43RNAi cells, non-induced or induced with tetracycline. Cells were counted every 24h. 1000 

The graph represents the cumulative number of cells per ml. Error bars represent the standard 1001 

error from 3 independent experiments. (c) Flagellum length measurement of the new 1002 

flagellum in cells bearing two flagella from parental cells, and from cells expressing 1003 

TbCFAP44myc and TbCFAP44myc and induced (24h) for TbCFAP44 RNAi and TbCFAP43 1004 

RNAi respectively. Flagellum length was measured in cells showing a clear decrease in myc 1005 

labelling in the new flagellum. (d) Ultrastructure of the flagellum of TbCFAP44 and 1006 

TbCFAP43 RNAi-induced cells. Electron micrographs of stained thin sections of parental 1007 

cells (d1-d2) bearing 1 flagellar pocket (FP) and 1 flagellum (*), and of 24h induced 1008 

TbCFAP44RNAi (d3-d4) and TbCFAP43RNAi (d5-d6) cells. d4 and d6 are enlargements of d3 1009 

and d5, respectively. Scale bars 100 nm in d2, d4, d6; 200 nm in d1-d3. Note: in 1010 

TbCFAP44RNAi and TbCFAP43RNAi cells, the flagellar pocket is enlarged and bears more than 1011 

two flagella (d3, d5). Some of these flagella present axonemal defects including displaced and 1012 

rotated CPC and shifted DMTs (d3 white arrows, d4, d6). 1013 

 1014 

Figure 7. Reproductive phenotype of homozygous and heterozygous Cfap43 and Cfap44 1015 

male mice. (a) Fertility of Cfap43+/-, Cfap44+/- Cfap43-/- and Cfap44-/- males. Heterozygous 1016 

and homozygous mutant males were mated with WT females and the numbers of pups per 1017 

litter were measured. KO males were completely sterile. (b) Spermatocytograms showing the 1018 
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number of abnormal sperm in heterozygous and homozygous mutant males. (c) Images of 1019 

typical sperm stained with Harris-Shorr from Cfap43-/- and Cfap44-/- males. Scale bars =10 1020 

µm. (d) Total and progressive motilities of sperm from Cfap43-/- and Cfap44-/- males. (e) The 1021 

mitochondria sheath is fragmented in Cfap44-/- males. Staining of WT sperm with an anti-1022 

MCPl1 (e1, green), a mitochondrial transporter, and anti-acetylated tubulin (e3, red) 1023 

antibodies. (e5) Overlay of MCPl1 and tubulin staining. Sperm were counterstained with 1024 

Hoechst (blue). (e2, e4, e6). Similar experiments on sperm from Cfap44-/- males. Scale bars = 1025 

10 µm. a, b, d: Data represent mean ± SD; statistical differences were assessed with t-test, p 1026 

value as indicated. 1027 

 1028 

Figure 8. The sperm axoneme from Cfap43-/- males is fully disorganized. (a) Central pair 1029 

is absent in sperm from Cfap43-/- males.  Staining of WT sperm with an anti-Spef2, a marker 1030 

of the projection 1b of singlet C1, (a1, green) and anti-acetylated-tubulin (a3, red) antibodies. 1031 

(a5) Overlay of Spef2 and tubulin staining. Sperm were counterstained with Hoechst (blue). 1032 

(a2, a4, a6) Similar experiments on sperm from Cfap43-/- males. Scale bars = 5 µm. (b) Head 1033 

of radial spoke are absent in sperm from Cfap43-/- males. Staining of WT sperm with an anti-1034 

Rsph4a (a1, green) and anti-tubulin (a3, red) antibodies. (a5) Overlay of Rsph4a, another 1035 

protein of the RS head, and tubulin staining. Sperm were counterstained with Hoechst (blue). 1036 

(a2, a4, a6). Similar experiments on sperm from Cfap43-/- males. Scale bars = 5 µm. (c) 1037 

Transversal section of a sperm from WT (c1) and Cfap43-/- (c2) males observed by EM in the 1038 

midpiece region. Note the specific arrangement of the ODFs around the axoneme in WT 1039 

sperm and the complete disorganization of the DMTs and the absence of the central pair in 1040 

Cfap43-/-sperm. Scale bars = 240 nm. DMTs doublet of microtubules, ODF outer dense fiber 1041 

and Mt Mitochondria. Number of cross-section for WT and Cfap43-/- were 21 and 30, 1042 

respectively. All cross-section were defective for Cfap43-/-. 1043 
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 1044 

Figure 9. Electron microscopy cross-sections of sperm from Cfap44-/- males reveal 1045 

multiple structural axonemal defects. (a1) Cross-section of the midpiece of a WT sperm, 1046 

showing the arrangement of the ODFs around the axoneme. (a2) Presence of extra ODFs in 1047 

midpieces sections of sperm from Cfap44-/- males. The orientation of ODFs is also defective, 1048 

leading to an increase of the midpiece diameter. a1 and a2 same scale bars = 250 nm. (a3) 1049 

Graph showing the increased number of ODF in the mutant. Data represent mean ± SD; the 1050 

statistical difference was assessed with t-test, p value as indicated. 21 cross-sections in the 1051 

midpiece region were analyzed for WT and 21 for Cfap44-/-. (b1-b3) Various structural 1052 

defects of the axoneme in sperm from Cfap44-/- males. (b1) Four DMTs (4-7) were missing. 1053 

The central pair is shifted at the periphery (red arrowhead). (b2) DMTs 5 to 7 were missing. 1054 

Note the presence of a third longitudinal column (LC). (b3) Irregular distribution of the 1055 

DMTs associated with a rotation of the central pair (straight red line). Scale bars = 196 nm. 1056 

(c1) In WT sperm, the fibrous sheath is linked to the 3-central-8 complex by stalks emerging 1057 

from the longitudinal columns (white arrowheads). (c2, c3) The presence of extra ODFs 1058 

facing DMTs 3 and 8 (red arrowheads) prevents a normal anchoring of the fibrous sheath’s 1059 

stalks on DMTs 3 and 8. Scale bars = 270 nm. (d1-d5) Longitudinal columns (LC) are not 1060 

aligned with 3-8 CPC axis. In contrast to WT, where the 3-central-8 complex is aligned with 1061 

LC to form almost a straight line (d1, red line), LC are misaligned in sperm from Cfap44-/- 1062 

males, leading to notable asymmetry of the structure (d2, d3, red lines). (d4, d5) The presence 1063 

of a third LC increases asymmetry. Scale bars = 184 nm. (d6) Bar graph showing the % of 1064 

defects observed in the principal piece as described in  c and d. 100 cross-sections in the 1065 

principal piece region were analyzed for WT and 50 for Cfap44-/-  1066 

 1067 

 1068 
 1069 
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TABLES 1070 
 1071 
 1072 
Table 1. Average semen parameters in the different genotype groups for the 78 included 1073 

MMAF subjects.  1074 

Table 2. CFAP43 (WDR96), CFAP44 (WDR52), and DNAH1 variants identified by WES 1075 

for all the analysed subjects (n=78). 1076 

 1077 

SUPPLEMENTARY FIGURES 1078 

 1079 

Supplementary Figure 1. Relative mRNA Expression of human and mouse CFAP43 and 1080 

CFAP44 transcripts. 1081 

CFAP43 and CFAP4 mRNA levels in a panel of human and mouse normal tissues. Results 1082 

are presented as the mean of triplicates (ratio target gene/ACTB) ± Standard Deviation (SD). 1083 

RT-qPCR data were normalized using the reference gene ACTB with the - ∆∆Ct method. 1084 

Brain expression is arbitrarily set to 1. In human and mouse, CFAP43 (blue columns) and 1085 

CFAP44 (red columns) have their strongest expression in testis compared to other organs. 1086 

Unpaired t-test, ***P< 0.001.  1087 

 1088 

Supplementary Figure 2. Electrophoregrams of Sanger sequencing for all CFAP43 and 1089 

CFAP44 mutated patients compared to reference sequence.  1090 

 1091 

Supplementary Figure 3. Secondary structure prediction. 1092 

 Elements of the secondary structures of the CFAP44, TbCFAP44, CFAP43, TbCFAP43 were 1093 

predicted by Porter 4.0. C, E and H correspond to  coils, extended conformations (β-sheets) 1094 

and helices (α-helices),  respectively. C, E, H are shown for all residues and a detail of the 1095 

N-ter β-domain is highlighted in the inset. 1096 
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  1097 

Supplementary Figure 4. Ultrastructural localization of TbCFAP43 and TbCFAP44 1098 

Electron immuno-gold labelling of cytoskeleton extracted cells expressing 10TY1TbCFAP44 (a) 1099 

and TbCFAP44myc (b) and of 10TY1TbCFAP43 (d) and TbCFAP43myc (e). Controls with no 1100 

primary antibody (c) and anti-PFR2 (f). Gold beads size was either 6 nm (a, c, d) or 10 nm (b, 1101 

e, f). Scale bars represent 500 nm in a, d; 200 nm in c, e; 100 nm in b, f. Insets are 1102 

enlargement of images of flagella taken from the main panels. Scale bars represent 10 nm. 1103 

 1104 

Supplementary Figure 5. Quantification of TbCFAP43 and TbCFAP44 RNAi 1105 

knockdown. 1106 

 Total RNA was isolated from parental and non-induced cells, and from 6 and 12h RNAi 1107 

induced cells. mRNA decrease upon RNAi induction was tested by semi-quantitative RT-1108 

PCR using primer sets specific to TbCFAP44 (left panel) or TbCFAP43 (right panel) and 1109 

quantified (lower panel) relative to the telomerase reverse transcriptase (TERT) level. 1110 

 1111 

Supplementary Figure 6. Knockdown of TbCFAP43 and TbCFAP44 induces cytokinesis 1112 

defects and produces multiflagellated cells. 1113 

Parental cells (a), and cells induced 24h for the RNAi of TbCFPA44 (b) and TbCFAP43 (c) 1114 

were detergent extracted and methanol fixed. The flagella (F, asterisk) were immuno-labelled 1115 

with mAb25, an anti-axonemal protein (green). Parental cells have 2 flagella whereas mutant 1116 

cells have 4. The nuclei (N, triangle) and the kinetoplasts (K, arrow head) were labelled with 1117 

DAPI. Scale bars 5 μm. 4K4F2N means cell with 4 kinetoplasts, 4 flagella and 2 nuclei. 1118 

 1119 

 1120 
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Supplementary Figure 7. Expression of TbCFAP43 does not rescue cell death induced by 1121 

knock-down of TbCFAP44 and vice versa 1122 

(a) Western-blot analysis of the expression of endogenously tagged 10TY1TbCFAP44 and 1123 

10TY1TbCFAP43 in the background of the cell line TbCFAP43myc/TbCFAP43 RNAi and 1124 

TbCFAP44myc/TbCFAP44 RNAi respectively. RNAi was non induced (-) or induced (+) for 1125 

24 h. Expected MM of 10TY1TbCFAP44 is 213.7 KDa, and of 10TY1TbCFAP43 is 180 KDa. 1126 

Loading was controled using anti-tubulin. Cytoskeleton extracted cells (2.107) were loaded on 1127 

a 6% SDS-PAGE. (b) Growth curves for parental cells, and 10TY1TbCFAP44/TbCFAP43myc
RNAi 1128 

and 10TY1TbCFAP43/TbCFAP44myc
RNAi cells, non-induced or induced with tetracycline. Cells 1129 

were counted every 24 h. The graph represents the cumulative number of cells per ml. Error 1130 

bars represent the standard error from 3 independent experiments. (c) Immunofluorescence on 1131 

detergent extracted cells of parental T. brucei cell, 10TY1TbCFAP44/TbCFAP43myc
RNAi and 1132 

10TY1TbCFAP43/TbCFAP44myc
RNAi cells (non-induced or induced with tetracycline) and 1133 

labelled with anti-PFR (green) and anti-TY1 (red) antibodies. Anti-TY1 labelling is still 1134 

present on all flagella in RNAi induced cells. Nuclei and kinetoplasts (mitochondrial genome) 1135 

are labelled with DAPI (blue). Scale bars represent 5 μm.  1136 

 1137 

Supplementary Figure 8. Identification of indels in mice generated by CRISPR/Cas9 1138 

technology.  1139 

Cfap44 and Cfap43 KO mice were generated by targeting exon 3 and 21, respectively. 1140 

Sequencing of transcripts obtained from the testis of mutant mice allowed us to identify a 1141 

frameshift mutation InsTCAGATA in Cfap44 and delAAGG in Cfap43 (Red boxes) leading 1142 

to a premature stop codon (Black box).  1143 

 1144 
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Supplementary Figure 9. Head of radial spoke Rsph1 are absent in sperm from Cfap43-/- 1145 

males. 1146 

(a1,a3) Staining of WT sperm with an anti-Rsph1 (a1, green) and anti-tubulin (a3, red) 1147 

antibodies. (a5) overlay of Rsph1 and tubulin staining. Sperm were counterstained with 1148 

Hoechst (blue). (a2, a4, a6) Similar experiments on sperm from Cfap43-/- males. Scale bars = 1149 

5 µm. 1150 

 1151 

Supplementary Figure 10. Electron microscopy images of the ultrastructure of sperm 1152 

from WT and Cfap44-/- male at low magnification. 1153 

(a) Note the uniform structure of the WT sperm. (b) In contrast, in Cfap44-/- sperm, the overall 1154 

shapes of the flagella are heterogeneous. Scale bars = 402 nm. 1155 

 1156 

Supplementary Figure 11. TEM of sperm from Cfap43-/- exhibiting a disorganized 1157 

cytoplasmic mass. 1158 

Electron microscopy images of sperm from Cfap43-/- males show the absence of organized 1159 

flagellum in short tail sperm. The short tail rather corresponds to an unorganized cytoplasmic 1160 

mass containing the different components of the flagellum. scale bar = 2 µm. 1161 

 1162 

Supplementary Figure 12. Defective mitochondria organization in sperm from Cfap44-/- 1163 

Longitudinal sections obtained by electron microscopy of sperm from Cfap44-/- males 1164 

showing that the mitochondria are fragmented (a) and irregularly layered (b). Left image 1165 

scale bar = 510 nm and right image scale bar = 395 nm. 1166 

 1167 

  1168 
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SUPPLEMENTARY TABLES 1169 
 1170 
Supplementary Table 1: Sperm axonemal abnormalities observed by transmission 1171 
electron microscopy (TEM) in individuals P43-8 carrying mutations in CFAP43 and 1172 
individual P44-3 carrying mutations in CFAP44. 1173 
 1174 
Supplementary Table 2: Absence of CFAP43 or CFAP44 modulate intensities of staining 1175 
of different axonemal substructures in mouse and human flagella. 1176 
 1177 
The following antibodies were used to identify sub components of the axoneme: α-RSPH1 1178 
and α-RSPH4A for radial spokes, α-GAS8 for N-DRC, α-DNALI1 for IDA, α-DNAI2 and α-1179 
DNAH5 for ODA, α-SPAG6 and α-SPEF2 for CPC and α-AKAP4 for fibrous sheath. ++ 1180 
intense staining, + intermediate staining, +/- weak signal, - no staining. 1181 
 1182 
Supplementary Table 3: Protein folds found in the 4 target sequences.  1183 
WD40 folds are found for all N-ter domains of the proteins using the Superfamily program 1184 
with very good confidence (e-value corresponds to the probability of finding such folds by 1185 
chance in the sequence). 1186 
 1187 
Supplementary Table 4: Primers used for CFAP43 and CFAP44’s patients Sanger 1188 
sequencing verification. 1189 
 1190 
Supplementary Table 5: Primers used for RT-qPCR of CFAP43 and CFAP44 in human 1191 
and mouse. 1192 
 1193 
Supplementary Table 6: List of primary antibodies used in immunofluorescence 1194 
experiments in human, mouse and Trypanosoma  1195 
 1196 
Supplementary Table 7: Endogenous tagging and RNAi primer sequences for T. brucei 1197 
experiments  1198 
 1199 
Supplementary Table 8: Guide RNA sequences for CRISPR/Cas9 mice generation.  1200 
 1201 
Supplementary Table 9: Primers for CRISPR/Cas9 mice genotyping.  1202 
 1203 
Supplementary Table 10: List of primers used for RT-PCR experiments for Cfap43 and 1204 
Cfap44.  1205 
 1206 
  1207 
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SUPPLEMENTARY VIDEO 1208 
 1209 
Supplementary Video 1. Video showing normal flagellum beat of parental (WT) BSF T. 1210 
brucei. 1211 
 1212 
Supplementary Video 2. Video showing flagellum beat of CFAP43-RNAi induced T. brucei 1213 
(BSF). 1214 
 1215 
Supplementary Video3. Video showing flagellum beat of CFAP44-RNAi induced T. brucei 1216 
(BSF). 1217 
 1218 
Supplementary Video 4. Video showing the defective flagellum beat of sperm from Cfap44 -1219 
/- males. 1220 
 1221 
Supplementary Video 5. Video showing normal flagellum beat of sperm from Cfap44+/- 1222 
heterozygotes males. 1223 
 1224 
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Table 1. Average semen parameters in the different genotype groups for the 78 MMAF 
subjects.  
 

Semen 

parameters 

MMAF 

CFAP43 

patients 

n=10 

MMAF 

CFAP44 

patients 

n=6 

MMAF 

DNAH1 

patients 

n=6 

MMAF all 

mutations 

n=22 

MMAF with 

unknown 

causes 

n=56 

Overall 

MMAF 

n=78 

Mean age (years) 37.7 ± 9.6 
(n’=9) 

41.3 ± 4.3 
(n’=6) 

41.5 ± 4.4 
(n’=6) 

39.8 ± 7 
(n’=21) 

42.3 ± 7.9 
(n’=56) 

41.6 ± 7.7 
(n’=77) 

Sperm volume (ml) 3.5 ± 1.4 
(n’=8) 

3.2 ± 0.87 
(n’=6) 

3.5 ± 1.2 
(n’=6) 

3.4 ± 1.2 
(n’=20) 

3.5 ± 1.5 
(n’=55) 

3.5 ± 1.4 
(n’=75) 

Sperm 
concentration 

(106/ml) 
27.2 ± 23.4 

(n’=8) 
7.9 ± 8.4 

(n’=6) 
22.9 ± 15.2 

(n’=6) 
20.1 ± 18.8 

(n’=20) 
27.6 ± 35.7 

(n’=55) 
25.6 ± 32.1 

(n’=75) 

Motility (a+b+c) 1 
h 

0 ± 0 
(n’=9) 

0 ± 0 
(n’=6) 

2.6 ± 4.2 
(n’=6) 

0.7 ± 2.4* 
(n’=21) 

5 ± 6.1 
(n’=55) 

3.9 ± 5.6 
(n’=76) 

Vitality 55.5 ± 24 
(n’=8) 

43.3 ± 22.6 
(n’=6) 

51.2 ± 23.1 
(n’=5) 

50.5 ± 22.7 
(n’=19) 

53.4 ± 20 
(n’=53) 

52.7 ± 20 
(n’=72) 

Normal 
spermatozoa 

1.25 ± 3.5 
(n’=8) 

0 ± 0 
(n’=6) 

0 ± 0 
(n’=6) 

0.5 ± 2.3 
(n’=20) 

2.1 ± 4.1 
(n’=54) 

1.6 ± 2.7 
(n’=61) 

Absent flagella 21.8 ± 17.6 
(n’=5) 

36.8 ± 4.1 
(n’=5) 

25.6 ± 15.9 
(n’=5) 

28.1 ± 14.4* 
(n’=15) 

18.5 ± 15.5 
(n’=51) 

20.7 ± 15.7 
(n’=66) 

Short Flagella 65.3 ± 31.7 
(n’=8) 

52.2 ± 27 
(n’=6) 

49.8 ± 24.3 
(n’=5) 

57.1 ± 27.9* 
(n’=19) 

38.9 ± 25.7 
(n’=53) 

43.7 ± 27.3 
(n’=72) 

Coiled Flagella 8.2 ± 6 
(n’=6) 

14.4 ± 7 
(n’=5) 

9 ± 6.3 
(n’=5) 

10.4 ± 6.6 
(n’=16) 

13.5 ± 10 
(n’=53) 

12.8 ± 9.4 
(n’=69) 

Bent Flagella 10.3 ± 6 
(n’=3) 

9 
(n’=1) 

6 ± 8.5 
(n’=2) 

8.7 ± 5.8 
(n’=6) 

12 ± 9 
(n’=20) 

4.2 ± 8.4 
(n’=26) 

Flagella of  
irregular caliber 

20.2 ± 19.3 
(n’=5) 

28.4 ± 16.9 
(n’=5) 

35 ± 22.7 
(n’=5) 

27.9 ± 19.4 
(n’=15) 

32.8 ± 26.7 
(n’=52) 

31.7 ± 25.1 
(n’=67) 

Multiple anomalies 
index 

2.3 ± 0.2 
(n’=4) 

3.4 ± 0.4 
(n’=5) 

2.3 ± 1.3 
(n’=5) 

2.7 ± 1 
(n’=14) 

2.7 ± 0.6 
(n’=47) 

2.7 ± 0.7 
(n’=61) 

 
Values are expressed in percent, unless specified otherwise. 

Values are mean +/- SD; n= total number of patients in each group; n’= number of patients used to calculate the 
average based on available data. 

We compared statistical differences between MAAF due to CFAP43, CFAP44 and DNAH1 mutations versus 
MAAF due to uncharacterized genetic cause. *  indicates a significant difference  P <0.05  



Table 2. CFAP43 (WDR96), CFAP44 (WDR52), and DNAH1 variants identified by WES for all the analysed subjects (n=78). 

 

Gene Variant coordinates Transcript cDNA Variation Amino acid variation Patients Nationality Hom./Het.
CFAP43 chr10:105912486 ENST00000357060 c.3541-2A>C p.Ser1181Lysfs*4  P43-1,  P43-2 Tunisia Homozygous
CFAP43 chr10:105956662 ENST00000357060 c.1240_1241delGT p.Val414LeufsTer46 P43-3,  P43-4 Afghanistan, Iran Homozygous 
CFAP43 chr10:105928535 ENST00000357060 c.2658G>A p.Trp886Ter P43-5 Algeria Homozygous 
CFAP43 chr10:105928513 ENST00000357060 c.2680C>T p.Arg894Ter P43-6 Algeria Homozygous 
CFAP43 chr10:105905296 ENST00000357060 c.3882delA p.Glu1294AspfsTer47 P43-7 Tunisia Homozygous 
CFAP43 chr10:105921781 ENST00000357060 c.3352C>T p.Arg1118Ter P43-8 Tunisia Homozygous
CFAP43 chr10:105953765  ENST00000357060 c.1302dupT p.Leu435SerfsTer26 P43-9 France Heterozygous
CFAP43 chr10:105963485 ENST00000357060 c.1040T>C p.Val347Ala P43-9 France Heterozygous 
CFAP43 chr10:105944769 ENST00000357060 c.2141+5G>A p.Lys714Val*11 P43-10 Turkey Homozygous 
        
CFAP44 chr3:113114596 ENST00000393845 c.1890+1G>A p.Pro631Ile*22 P44-1 Tunisia Homozygous
CFAP44 chr3:113063450 ENST00000393845 c.3175C>T p.Arg1059Ter P44-2 Tunisia Homozygous
CFAP44 chr3:113082107_113082108 ENST00000393845 c.2818dupG p.Glu940GlyfsTer19  P44-3 Morocco Homozygous 
CFAP44 chr3:113119479 ENST00000393845 c.1387G>T p.Glu463Ter P44-4,  P44-5 Algeria Homozygous 
CFAP44 chr3:113023990 ENST00000393845 c.4767delT p.Ile1589MetfsTer6 P44-6 Algeria Homozygous 
      
DNAH1 chr3:52414073 ENST00000420323 c.7531delC p.Gln2511SerfsTer27 PDNA-1 Tunisia Homozygous
DNAH1 chr3:52382924 ENST00000420323 c.2127dupC p.Ile710HisfsTer4 PDNA-2 Tunisia Homozygous
DNAH1 chr3:52395227 ENST00000420323 c.4744_4752delCCAGCTGGC p.Pro1582_Gly1584del PDNA-3 Tunisia Homozygous 
DNAH1 chr3:52394055 ENST00000420323 c.4531G>A p.Val1511Met PDNA-4 Tunisia Heterozygous 
DNAH1 chr3:52394397 ENST00000420323 c.4642C>G p.Leu1548Val PDNA-4 Iran Heterozygous 
DNAH1 chr3:52409423 ENST00000420323 c.7153T>A p.Trp2385Arg PDNA-5 Iran Heterozygous
DNAH1 chr3:52423486 ENST00000420323 c.9505C>G p.Arg3169Gly PDNA-5 France Heterozygous
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Principaux résultats

L’application d’ExSQLibur sur les données de ces 78 patients nous a permis d’obtenir
une liste de 3630 variants distincts ayant passé l’ensemble de nos filtres (2903 SNPs et
727 indels), ceux-ci impactant un total de 2780 gènes différents.

Le gène DNAH1 étant le candidat évident, nous avons cherché en priorité l’ensemble
des variants retrouvés sur ce gène. Ainsi, nous avons obtenu une liste de 5 patients
portant tous, soit au moins un variant homozygote sur le gène DNAH1, soit deux
variants hétérozygotes sur ce même gène.

Suite à cela, au vu du nombre important de gènes restant et afin d’étudier en priorité
ceux pouvant expliquer le phénotype d’un maximum de patients nous avons limité
nos recherches aux gènes sur lesquels au moins 3 patients portaient un variant
homozygote tronquant. Cela nous a ainsi permis de mettre en évidence les gènes
CFAP43 et CFAP44 sur lesquels des variants homozygotes ont été retrouvés chez
respectivement 9 et 6 patients auxquels viennent s’ajouter 1 patient portant deux
variants hétérozygotes sur le gène CFAP43 (Tables : D.1 et D.2). Ces deux gènes
CFAP (pour Cilia and Flagella Associated Protein) avaient déjà été répertoriés dans les
bases de données publiques comme ayant une forte expression testiculaire, et comme
étant probablement impliqués dans la structure et / ou fonction du flagelle spermatique
[226]. De plus, ces deux gènes codent tous deux pour des protéines appartenant à
la famille des WDR et comportent tous deux neuf répétitions WD (tryptophane -
acide aspartique) [227]. Ainsi, en tenant compte du nombre important de patients
portant des variants sur un de ces deux gènes et le fait qu’ils codent tous deux pour des
protéines appartenant à la même famille, nous avons décidé de nous concentrer dans un
premier temps sur la caractérisation de ces deux seuls gènes, ceux-ci étant les meilleurs
candidats pour expliquer le phénotype d’infertilité de 16 de nos patients.

Un total de 9 a ainsi pu être identifié sur le gène CFAP43 impactant 10 de nos
patients n’ayant, à notre connaissance, aucun lien de parenté. Huit de ces variants
ont un effet tronquant évident et le dernier est un variant intronique localisé 5
nucléotides après l’exon 16, non listé dans ExAC et prédit par Human Splicing Finder
(http://www.umd.be/HSF3) comme altérant l’épissage de l’exon 16 de CFAP43.

Pour CFAP44, 6 de nos patients portaient des variants homozygotes ayant tous un
effet tronquant.

L’analyse au microscope électronique à transmission des cellules spermatiques d’un
patient portant un variant sur CFAP43 et d’un autre portant un variant sur CFAP44
révéla des défauts au niveau de l’axonème ainsi qu’une gaine fibreuse désorganisée
pour chacun des deux patients.

Ensuite, afin de compenser l’absence d’anticorps anti-CFAP43 et anti-CFAP44 fiables
chez l’humain comme chez la souris nous avons décidé de caractériser leur orthologues
chez Trypanosoma brucei (T. brucei), un protozoaire flagellé utilisé comme organisme
modèle dans l’étude des flagelles chez qui, les protéines TbCFAP43 et TbCFAP44

http://www.umd.be/HSF3
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respectivement orthologues de CFAP43 et CFAP44 avaient déjà été identifiées comme
des protéines du flagelle [228, 229]. Ensuite, l’utilisation d’ARN interférence nous a
permis de produire des organismes knock-down pour ces deux gènes TbCFAP43RAi

et TbCFAP44RNAi nous permettant ainsi d’évaluer la fonction de ces deux gènes
au sein du flagelle du trypanosome. Cela nous a permis d’observer un arrêt de la
prolifération cellulaire au bout de 24h ainsi que de nombreux défauts au niveau des
flagelles pour l’ensemble des lignées cellulaires TbCFAP43RAi et TbCFAP44RNAi. Cet
arrêt de prolifération est typique des problèmes flagellaires chez le trypanosome qui
dépend de son mouvement pour sa survie.

Pour finir, l’impact de l’absence des protéines CFAP43 et 44 sur la spermatogénèse
murine a été déterminé grâce à la génération de modèle KO utilisant la technologie
CRISPR-Cas9 qui nous a permis d’obtenir des phénotypes reproductibles pour nos deux
modèles de souris KO. Ces modèles nous ont permis d’observer que les mâles Cfap43 -/-

et Cfap44 -/- présentaient tous deux de nombreuses anomalies au niveau des flagelles
tandis que les femelles Cfap43 -/- et Cfap44 -/- étaient parfaitement fertiles.

De plus, une très récente publication identifie également les gènes CFAP43 et CFAP44
comme responsable du phénotype MMAF [230]. Dans cette étude, 30 patients chinois
ont été analysés soit par WES soit par puce à ADN. Parmi ces patients, trois portaient
des variants hétérozygotes composites sur le gène CFAP43 et un portait un variant
homozygote entrainant un décalage du cadre de lecture sur CFAP44. Tout comme
nous, leur étude présente la création de modèles murins Cfap43-/- et Cfap44*-/- en
utilisant la technologie CRISPR-Cas9. Cela leur a permis d’observer que les mâles
présentaient un phénotype MMAF tandis que les femelles étaient parfaitement fertiles,
corroborant ainsi nos résultats et renforçant ainsi les preuves que nous apportons sur
ces deux gènes.

Pour conclure, cette étude portant sur la caractérisation du phénotype MMAF nous a
permis d’d’identifier la cause génétique de 21 (26.9%) de nos patients, ceci n’ayant
aucun lien de parenté. L’utilisation d’ExSQLibur pour l’analyse des données NGS
nous a permis à la fois de confirmer l’importance du gène DNAH1 dans la structure
du flagelle et son implication dans ce phénotype, mais aussi d’identifier deux nouveaux
gènes, CFAP43 et CFAP44 respectivement responsables du phénotype de 10 et 6 de
nos patients soit 12.8 et 7.7% de notre cohorte.
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3.1 Introduction sur la globozoospermie

Comme expliqué précédemment, La globozoospermie est un phénotype rare (< 0.1% des
patients infertiles) mais sévère [83] de teratozoospermie menant à l’infertilité masculine.
Cette anomalie est caractérisée par la présence de spermatozoïdes présentant une tête
ronde dépourvue d’acrosome et d’une pièce intermédiaire désorganisée dans l’éjaculat
[231, 232] (Figure : 3.1). En plus des anomalies morphologiques, les spermatozoïdes
globozoocéphales présentent également des désorganisations au niveau moléculaire. Par
exemple, le facteur spermatique PLCZ1 requis pour l’activation ovocytaire, est absent
ou présent en quantité infime dans les spermatozoïdes globozoocéphales [99, 233, 234]
compromettant ainsi l’activation ovocytaire et expliquant le faible taux de fécondation
observés en fécondation in vitro (IVF) et en ICSI (intra cytoplasmic sperm injection)
[82]. On distingue la globozoospermie totale avec 100% des spermatozoïdes présentant
le phénotype ou partielle en fonction du taux de spermatozoïdes atteints. La présence
de cas familiaux dans les premières études présentant des patients atteints par un
phénotype complet [83] suggéraient que la globozoospermie avait une cause génétique.
De plus les caractéristiques morphologiques très typiques des spermatozoïdes laissaient
penser à une cause monogénique. En 2007, une étude portant sur une famille juive
ashkénaze comprenant six frères dont trois atteins a pu lier ce phénotype à une
mutation homozygotes sur le gène SPATA16 présente chez les trois frères atteint [235].
Cependant, dans la même étude, 29 autres patients présentant le même phénotype
ont été analysés, et pour ceux-ci, aucun variant du gène SPATA16 n’a pu être lié
au phénotype [235] indiquant clairement que les mutations de ce gène n’étaient pas
les seules responsables de ce phénotype. En 2011, une autre étude portant sur une
cohorte de 20 patients Tunisiens a pu mettre en évidence une délétion homozygote
de 200kb emportant la totalité du gène DPY19L2 chez 15 des 20 patients analysés
[87]. Les études effectuées ultérieurement sur ce phénotype ont ensuite confirmées que
les altérations du gène DPY19L2, et notamment délétion décrite initialement, étaient
responsables de la majorité des cas de globozoospermie [123, 236].

En 2012, le développement d’un modèle murin KO Dpy19l2−/− a permis de mieux
comprendre les mécanismes moléculaires impliqués dans la globozoospermie causée par
la délétion du gène DPY19L2 chez l’humain [237]. Ce modèle de souris KO présentait
les mêmes caractéristiques que les patients humains. Ces souris étaient infertiles et
présentaient des spermatozoïdes globozoocéphales (Figure : 3.2) ainsi que d’autre
défauts secondaires retrouvés chez l’homme comme l’absence d’acrosome, des défauts
morphologiques du noyau, de l’enveloppe nucléaire et de l’acroplaxome ainsi que le
mauvais positionnement de la manchette [237]. Il a pu être démontré que la protéine
Dpy19l2 étaient principalement exprimée dans au stade spermatide ronde et plus
spécifiquement dans la membrane nucléaire interne faisant face à la vésicule acrosomale
et que l’absence de cette protéine entrainait la déstabilisation de la jonction entre
l’acroplaxome et l’enveloppe nucléaire [237].
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Figure 3.1 – Observation au microscope confocal de sperma-
tozoïdes adapté d’après [87] : Sur ces deux photos, le noyau des
spermatozoïdes est mis en évidence à l’aide de TopRo3 (en bleu). L’acro-
some est coloré par la conjugaison de lectine de pois et de isothiocyanate
de fluorescéine (PSA-FITC, Sigma Aldrich, France) (en vert). A : Sper-
matozoïde normal, l’acrosome forme une cloche entourant la tête du
spermatozoïde. B : Spermatozoïde globozoocéphale, l’acrosome est ici
absent

Figure 3.2 – Comparaison entre les spermatozoïdes des
souris sauvages et globozoospermiques d’après [237] : À gauche,
le spermatozoïde d’une souris globozoospermique Dpy19l2 -/-. À droite,
celui d’une souris sauvage Dpy19l2+/+.



248 Chapitre 3. Investigation génétique et physiologique de la globozoospermie

3.2 Résultats 1 : Les mécanismes mutationnels en-
traînant la délétion au locus deDPY19L2 chez
l’humain

3.2.1 Article n°6 :

Fine Characterisation of a Recombination Hotspot at the DPY19L2 Locus
and Resolution of the Paradoxical Excess of Duplications over Deletions
in the General Population

Coutton C, Abada F, Karaouzène T, Sanlaville D, Satre V, Lunardi J, Jouk PS,
Arnoult C, Thierry-Mieg N, Ray PF
* Co-premiers auteurs

PLOS GeneticS, Mars 2013



3.2. Résultats 1 : Les mécanismes mutationnels entraînant la délétion au locus de
DPY19L2 chez l’humain 249

Contexte et objectifs

Chez les mammifères il existe trois paralogues de DPY19L2 de fonctions encore
inconnues et un pseudogène présentant une très forte homologie de séquence (> 95%)
[238]. Chez l’homme, ce gène est flanqué de deux séquences présentant une forte
homologie (>95%) d’une taille de 28kb. Ces séquences appelées LCRs (low copy
repeats) représentent une large portion du génome humain [239, 240] et vont, de par
leur homologie favoriser les duplications de gènes jouant ainsi un rôle important dans
l’évolution des génomes des vertébrés [241, 242]. Dans le cas de DPY19L2, ces LCRs
vont, au cours de la méiose, entrainer la survenue de recombinaisons homologues non-
allélique (NAHR) donnant lieu soit à une délétion du gène DPY19L2 et la formation
d’un ADN circulaire comprenant le gène soit à un allèle possédant deux copies du
gène tandis que l’autre n’en possède aucune [243].

Ce mécanisme de NAHR devrait, en théorie, engendrer la formation de plus d’allèles
délétés que d’allèles dupliqués puisque seuls les remaniements interchromatidiens les
induisent la formation d’un allèle dupliqué tandis que les délétions surviennent à la
fois lors des remaniements interchromatidiens et intrachromatidiens [244] (Figure :
3.3). Cependant, les données mises à disposition par la base de données Database of
Genomic Variants (DGV) [245] indiquent un excès de duplication puisque sur un total
de 6575 individus analysés, 83 duplications et de 26 délétions hétérozygotes ont été
observées pour le locus de DPY19L2.

Ainsi, dans cette étude, notre équipe a cherchée à caractériser précisément le mécanisme
génétique et les facteurs favorisant la survenue par NAHR de la délétion homozygote
récurrente emportant totalement le gène DPY19L2. De même, nous avons tenté de
résoudre le paradoxe observé entre le modèle théorique de NAHR et la fréquence des
allèles observée dans la population générale afin de confirmer les données fournies
dans les bases de données et ainsi écarter l’hypothèse d’un biais causé par la présence
du pseudogène DPY19L2P1 très homologue avec DPY19L2 [238].

Dans ce contexte j’ai pu participer à diverses manipulations de biologie moléculaire
tel que l’extraction d’ADN spermatique, quantification des délétions / duplications de
novo. J’ai également contribué aux diverses analyses statistiques.

http://dgv.tcag.ca/dgv/app/home
http://dgv.tcag.ca/dgv/app/home


250 Chapitre 3. Investigation génétique et physiologique de la globozoospermie

Figure 3.3 – Représentation schématique du mécanisme de
NAHR adapté d’après [244] : Lors d’un NAHR interchromatidien,
un allèle dupliqué et un allèle délété sont formés. Lors d’un NAHR
intrachromatidien, seul un allèle délété est produit, en même temps
qu’un petit ADN circulaire qui sera éliminé par la suite.
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Abstract

We demonstrated previously that 75% of infertile men with round, acrosomeless spermatozoa (globozoospermia) had a
homozygous 200-Kb deletion removing the totality of DPY19L2. We showed that this deletion occurred by Non-Allelic
Homologous Recombination (NAHR) between two homologous 28-Kb Low Copy Repeats (LCRs) located on each side of the
gene. The accepted NAHR model predicts that inter-chromatid and inter-chromosome NAHR create a deleted and a
duplicated recombined allele, while intra-chromatid events only generate deletions. Therefore more deletions are expected
to be produced de novo. Surprisingly, array CGH data show that, in the general population, DPY19L2 duplicated alleles are
approximately three times as frequent as deleted alleles. In order to shed light on this paradox, we developed a sperm-
based assay to measure the de novo rates of deletions and duplications at this locus. As predicted by the NAHR model, we
identified an excess of de novo deletions over duplications. We calculated that the excess of de novo deletion was
compensated by evolutionary loss, whereas duplications, not subjected to selection, increased gradually. Purifying selection
against sterile, homozygous deleted men may be sufficient for this compensation, but heterozygously deleted men might
also suffer a small fitness penalty. The recombined alleles were sequenced to pinpoint the localisation of the breakpoints.
We analysed a total of 15 homozygous deleted patients and 17 heterozygous individuals carrying either a deletion (n = 4) or
a duplication (n = 13). All but two alleles fell within a 1.2-Kb region central to the 28-Kb LCR, indicating that .90% of the
NAHR took place in that region. We showed that a PRDM9 13-mer recognition sequence is located right in the centre of that
region. Our results therefore strengthen the link between this consensus sequence and the occurrence of NAHR.
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Introduction

Several mechanisms have been proposed to cause genomic

rearrangements, notably: Non Allelic Homologous Recombina-

tion (NAHR), Non Homologous End Joining (NHEJ), Fork

Stalling and Template Switching (FoSTeS) and Break-Induced

Replication (BIR) [1,2]. NAHR takes place between duplicated

sequences with a high sequence identity (usually .95%) located in

different genomic regions of the same chromosome [3]. These

paralogous sequences or Low Copy Repeats (LCR) tend to

generate polymorphic regions with deleted and duplicated alleles

called Copy Number Variants (CNVs). The consensual NAHR

model predicts that recombinations between LCRs located on the

same chromatid result in the production of a deleted allele and a

small circular molecule that will be lost by the end of the cell cycle.

Recombinations between LCRs located on two distinct chroma-

tids (whether sister-chromatids or chromatids from homologous

chromosomes) result in the production of a deleted allele and a

complementary duplicated allele (Figure 1A). In consequence

NAHR is expected to produce an excess of deletions over

duplications. This has been verified for several NAHR hotspots

using sperm typing assays: on average twice as many deletions as

duplications were generated de novo [4]. One study however

describes similar deletion and duplication frequencies at the

7q11.23, 15q11-q13 and 22q11.2 loci, suggesting a predominant

inter-chromatid NAHR [5]. This study was carried out by

fluorescent in situ hybridization (FISH) which allows the detection

of all numerical anomalies occurring at these loci and not only the

NAHR-mediated events. This could explain at least part of the

discrepancy observed between the two studies, given that a recent

study of the RAI1 locus suggested that complex genetic events

generate an excess of duplications [6].

As NAHRs events occur at fixed LCRs they tend to be recurrent,

and the recombined alleles normally share a common size defined by

the distance separating the two LCRs. It is well-established that meiotic

recombination events, whether resulting in crossing over or producing
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unbalanced alleles through NAHR, are not uniformly distributed along

the human genome but occur preferentially at specific hot spots [7–9].

Myers et al. (2008) have characterized a degenerate 13 bp sequence

motif (CCNCCNTNNCCNC) that is present in approximately 40%

of the identified human crossover hotspots. A three nucleotide

periodicity was observed within and beyond the 13-mer core,

suggesting a direct interaction with a motif binding protein [10].

Subsequent work strengthened this hypothesis as it has been proposed

that PRDM9, a multi-unit zinc finger binding protein expressed mainly

during early meiosis in germ cells [11], specifies hotspot usage by

binding specifically to this 13 bp consensus motif [12–14]. PRDM9 was

then shown to be highly polymorphic, different alleles seemingly

providing preferred targeted recombination hotspots [14]. Berg et al.

(2010) measured the recombination rate at ten crossover hotspots, five

with a PRDM9 recognition motif, five without a clear motif. Men with

the rarer N allele showed a heavy reduction (.30-fold) at all hotspots,

even at those which did not contain an obvious PRDM9 motif [12].

Further work revealed that specific PRDM9 alleles activated different

hotspots [15]. The direct correlation between PRDM9 recognition

sequence and PRDM9 genotype however remains elusive, indicating

that the rules governing the interaction between PRDM9 and its

targeted sequences must be subtle and complex [12,15].

CNVs and other unbalanced micro recombination events are

involved in the aetiology of many human pathologies such as

Alpha Thalassemia, Potocki-Lupski Syndrome, Charcot-Marie

Tooth, Williams-Beuren syndrome, Prader Willi/Angelman syn-

drome, and infertility through the production of Y-chromosome

microdeletions [16]. Here we focus on the DPY19L2 locus

(12q14.2) which has recently been shown to be linked with

Globozoospermia [17], a rare syndrome of male infertility [18]

characterized by the presence of 100% round, acrosomeless

spermatozoa in the patient’s ejaculate (MIM #102530). Reports of

familial cases pointed to a genetic component to this pathology

[19–21], and this assumption was confirmed as a homozygous

mutation of SPATA16 was identified in three siblings [22] and a

homozygous missense mutation of PICK1 was identified in a

Chinese patient [23]. We demonstrated recently that DPY19L2

was in fact the main locus associated with globozoospermia as 15

out of 20 analysed patients presented a 200 Kb homozygous

deletion removing the totality of the gene [17]. DPY19L2 was

described to have arisen, along with three other genes (DPY19L1,

L3 and L4), through the expansion and evolution of the DPY19L

gene family from a single ortholog found in invertebrate animals

[24]. We then identified DPY19L2 point mutations and heterozy-

gous deletions and demonstrated that 84% of the 31 globozoos-

permia patients analysed had a molecular alteration of DPY19L2

[25]. Others find a slightly lower incidence of DPY19L2 deletions

in globozoospermia patients [26,27]. Comparison of the spermio-

genesis between wild type and Dpy19l2 knock out (KO) mice

allowed us to demonstrate that Dpy19l2 is expressed in the inner

nuclear membrane only in the section facing the acrosome, and

that it is necessary to anchor the acrosome to the nucleus. This

indicates that DPY19 proteins (DPY19L1-4 in mammals) might

constitute a new family of structural transmembrane proteins of

the nuclear envelope that likely participate in a function that was

so far known to be only carried out by SUN proteins: constituting

a bridge between the nucleoskeleton and cytoplasmic organelles

and/or the cytoskeleton [28]. In our previous work we had

demonstrated that DPY19L2 was homozygously deleted in a

majority of patients with globozoospermia and that this deletion

occurred by NAHR between two highly homologous 28 Kb LCRs

located on each side of the gene [17]. Strengthening the case for

the occurrence of NAHR at the DPY19L2 locus, heterozygous

deletions and duplications have been identified in several large

array CGH studies and this locus is classified as a CNV [29–33].

Surprisingly, considering that NAHR is known to generate an

excess of deletions, these databases contain a large excess of

duplications.

We developed a PCR assay to specifically amplify the recom-

bined LCRs corresponding to deleted and duplicated alleles

allowing the precise localisation of the breakpoints (BP). We

observed that all identified BPs clustered in the center of the LCR.

We analysed this region and identified a 13-mer PRDM9 pro-

recombination sequences in the middle of the hotspot. We also

developed a digital PCR assay that enabled us to estimate the rates

of de novo deletion and duplication at this locus. Contrary to the

allelic frequency observed in the general population we measured

an approximate 2 fold excess of deletions over duplications. We

show that the negative selection against the deleted alleles could

explain this apparent paradox.

Results

Estimation of the DPY19L2 deleted and duplicated alleles’
frequencies in the general population and assessment of
the PCR assay’s sensitivity

The DPY19L2 CNV was analysed using array CGH data

available from web servers [29–33] for a total of 6575 control

individuals, mainly from the Database of Genomic Variants

(http://projects.tcag.ca/variation/). A total of 83 gains and 26

heterozygous losses are reported for the DPY19L2 CNV in this

pool, indicating a threefold excess of duplications over deletions.

We wanted to confirm this result and exclude a potential

technical bias towards duplications that could be caused by the

presence on chromosome 7 of DPY19L2P1, a pseudogene highly

homologous to DPY19L2 [24]. To this end we re-analysed the

array CGH data produced for the diagnosis of syndromic mental

retardation in Grenoble and Lyon hospitals, and searched for

DPY19L2 deleted and duplicated alleles in this dataset. A total of

1699 array CGH profiles were re-analysed (see Figure S1 for

illustration). We identified a total of 15 duplications and 3

Author Summary

We demonstrated previously that most men with globo-
zoospermia, who produce only round acrosomeless
spermatozoa and are 100% infertile, had a homozygous
deletion removing the totality of DPY19L2. We also showed
that this deletion occurred by Non-Allelic Homologous
Recombination (NAHR). NAHR results in the production of
deletions and duplications of regions encompassed by two
homologous sequences, normally with a higher occur-
rence of deletions over duplications. Analysis of public
databases at the DPY19L2 locus paradoxically revealed
that, in the general population, duplications were approx-
imately three times as frequent as deletions. Analysis of
sperm DNA permits us to quantify de novo events that take
place during male meiosis. We therefore measured the
rates of de novo deletion and duplication in the sperm of
three healthy donors. As predicted by the NAHR theoret-
ical model and contrary to the allelic frequency observed
in the general population, we identified an approximate 2-
fold excess of deletions over duplications. We calculated
that the measured rate of de novo deletion was compen-
sated by evolutionary loss, whereas duplications, not
subjected to selection, increased gradually. Purifying
selection against infertile homozygous deleted men may
be sufficient for this compensation, or heterozygously
deleted men may also suffer a small fitness penalty.

Recombinations at the DPY19L2 Locus
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Figure 1. Strategy and validation of the detection of DPY19L2 recombined alleles by PCR. (A) Schematic representation of NAHR at the
DPY19L2 locus. 1) LCR1 and LCR2 correspond to the centromeric and telomeric LCRs respectively. The two LCRs are separated by approximately
200 Kb and each measures 28 Kb. 2) NAHR can occur following the mis-alignment of Low Copy Repeats 1 and 2 located either on 1) the same
chromatid and results in the production of a) a deleted allele with a recombined 1-2 LCR, and b) a small circular molecule with a recombined 2-1 LCR
and the DPY19L2 gene. This small molecule will not survive through the cell cycle. 3) NAHR can occur following the mis-alignment from two distinct
chromatids (whether sister-chromatids or chromatids from homologous chromosomes). This results in the production of a) a deleted allele with a 1-2
recombined LCR, and b) a complementary duplicated allele with a 2-1 recombined LCR. (B) Illustration of the specificity of the LCR-specific
amplification when amplifying DNA from DPY19L2 homozygously deleted globozoospermic patients (G) and control individuals (C). 1) Primers
specific to the deleted 1-2 LCR yield a 2088 nt fragment in globozoospermic patients only. 2,3) Specific amplification of LCR 1 and 2 is only obtained

Recombinations at the DPY19L2 Locus
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heterozygous deletions. The recombined alleles were secondarily

amplified with the long PCR primers to confirm the validity of the

array CGH results. Presence of the deletion could be confirmed by

our deletion-specific PCR in the three individuals putatively

carrying a heterozygous deletion. DNA from 3 individuals

expected to carry a duplicated allele could not be obtained. Ten

out of the 12 remaining individuals putatively carrying a DPY19L2

duplication were amplified by our duplication-specific PCR. For

the two individuals that could not be amplified, the duplication

was nevertheless confirmed by Multiplex Ligation-dependent

Probe Amplification (MLPA). Theses results show that our

reanalysis of the array CGH data did not yield any false positives.

Overall reanalysis of these 15 individuals showed that 2 out of 15

recombinant alleles could not be detected by our PCR assay,

indicating that the breakpoints of 2/15 recombined alleles fell

outside of our amplified region.

We also wanted to obtain an estimation of the frequency of the

deleted and duplicated alleles in the general population using our

recombination-specific PCR assay. For that we designed primers

that amplified a smaller sequence which could be co-amplified

with an additional pair of primers (RYR2 primers) used as a

positive amplification control (Figure 1B and Table S1). This

duplex PCR setup controls for poor DNA quality or technical

variations. We analysed 150 control individuals originating from

North Africa and 150 individuals of European origin with these

two duplex PCRs (for the detection of deleted and duplicated

LCRs, respectively). We identified only one heterozygous deletion

in an individual of North African origin and two duplications in

one European and in one North African individuals.

Overall a total of 8574 individuals have been analysed,

including 6575 individuals from array CGH public databases,

1699 individuals from Grenoble-Lyon array CGH data and 300

individuals analysed by recombination-specific PCR. From these

cohorts we identified 30 deletions (frequency of approximately 1/

290) and 100 duplications (approximate frequency 1/85) (Table

S2). These values indicate that the allele frequencies of the

recombined deleted and duplicated alleles are 1.761023 (95% CI:

1.261023; 2.561023) and 5.861023 (95% CI: 4.761023;

7.161023), respectively. Confidence intervals (CI) were calculated

assuming a binomial model, with binom.test in R.

We note that our PCR-based assay only allows the identification

of breakpoints occurring between the selected primers (1392 bp).

The location of the breakpoints of each CNV detected by array

CGH (an unbiased approach) located in the DPY19L2 locus was

scrutinised to establish if they were located within the LCR and

hence were caused by NAHR (Table S3). This analysis shows that

87% of the deletions and 76% of the duplication fell within the

LCR limits.

Overall, we believe that our PCR assay permits to identify the

majority of recombinations occurring at the DPY19L2 locus, since:

1) amplification was obtained for all 15/15 globozoospermia

patients analysed, and 2) amplification was obtained for 13/15

(87%) recombined array CGH patients.

Determination of DPY19L2 de novo recombination rates
by digital PCR

As the previous results consistently showed an excess of

duplications over deletions in the general population, we wanted

to measure the rates of de novo duplications and deletions to verify if

the observed skew was due to the selection of duplications over

deletions or if more duplications were produced de novo. The rate of

genetic events occurring de novo can be measured on sperm DNA

since each spermatozoon is the product of meiosis and corresponds

to a new haploid genome. We first tried to develop a semi-

quantitative PCR assay to directly measure the frequencies of

deletions and duplications using sperm from control donors (with

two copies of DPY19L2). The shortest fragment that could provide

a reliable specific amplification and amplify the whole breakpoint

area was 1392 nt long. Reliable quantitative PCR for fragments

longer than 500 nt is difficult with current techniques. We

therefore resorted to performing a digital PCR. First, the DNA

was serially diluted and distributed in 96-well plates so that

approximately 25% of the wells produced an amplicon. The

appropriate quantity of sperm DNA was determined by trial

experiments for each of the two PCR assays: 50 ng of sperm DNA

per well (corresponding to approximately 17,000 copies of

chromosome 12, assuming one haploid genome represents 3 pg

of DNA) were used for the PCR specific of the DPY19L2 deletion,

and 100 ng per well (,33,000 copies under the same assumption)

were used for the duplication-specific PCR.

For example, for donor A the deletion-specific PCR produced

26 positive wells. The deletion recombination frequency l and its

95% confidence interval were then calculated as described (see

Methods), resulting in a rate of de novo DPY19L2 deletion for donor

A estimated at 1.961025 (95% CI: 1.361025; 2.761025).

Similarly, the duplication-specific PCR for donor A produced 23

positive wells, but because there was twice as much starting DNA

this results in a rate of de novo DPY19L2 duplication estimated at

8.161026 (95% CI: 5.361026;1.261025) for this donor (Table 1

and Figure 2).

When pooling the results from the three sperm donors, more

robust estimates are obtained: the de novo DPY19L2 deletion rate is

estimated at 1.861025 (95% CI: 1.461025; 2.261025), while the

de novo duplication rate is estimated at 7.761026 (95% CI:

6.161026; 9.761026) (Table 1). There is a significant approxi-

mately two-fold enrichment of deletions over duplications at the

DPY19L2 NAHR hotspot.

We investigated whether differential amplification efficiency

between the deletion and duplication assays could explain the

observed difference between deletion and duplication de novo rates.

To this end, we performed a control experiment as described (see

Methods). No significant difference in amplification efficiency was

observed: the deletion-specific control PCR amplified 37 wells,

and the duplication-specific PCR amplified 40 wells.

Precise localisation of the recombined allele’s
breakpoints

Amplification of the LCRs in the deleted alleles had not been

achieved in our previous study and the breakpoint minimal region

had only been narrowed down to a 15 Kb region within the LCRs

(8). Here we designed and validated PCR primers that amplify a

2 Kb product in deleted individuals only (Figure 1B). We quickly

realised that mapping the breakpoints was complicated by the fact

that many of the nucleotides that differed between LCR1 and

LCR2 in the reference sequence were in fact not specific to one or

the other LCR. Since mapping the breakpoints requires markers

specific to each LCR, we decided to amplify and sequence the

2 Kb breakpoint region for each LCR in 20 control individuals.

from non-deleted controls. 4) Co-amplification of a control locus (bottom band) with a deleted 1-2 LCR-specific sequence. 5) Co-amplification of a
control locus (bottom band) with a duplicated 2-1 LCR-specific sequence. A duplicated allele is identified in one control individual (first lane after the
molecular weight markers (mw)).
doi:10.1371/journal.pgen.1003363.g001
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Figure 2. Rate of de novo deletion and duplication events occurring at the DPY19L2 NAHR hotspot determined by digital PCR on
sperm from 3 control donors. (A) Illustration of PCR results obtained by real time PCR. The left plots show amplification profiles obtained with
primers specific to the recombined deleted LCR, the right plots show profiles obtained with the duplication-specific primers. No amplification was
observed with either pairs of primers from 200 ng of somatic (blood) DNA, indicating that the NAHR did not occur during mitosis. Sperm DNA was
diluted in order to obtain a positive amplification in approximately 25% of the wells. (B) The number of positive wells allowed estimating the
frequency of de novo deletion and duplication events in three control sperms. Error bars represent 95% CIs.
doi:10.1371/journal.pgen.1003363.g002

Recombinations at the DPY19L2 Locus
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To achieve the specific amplification of LCR 1 and 2 we had to

rely on the reference human genome sequence to design the

primers. We had no way of confirming that the targeted LCRs

were specifically amplified in control individuals, but no amplifi-

cation was obtained when assaying twenty homozygous deleted

patients, vouching for the specificity of the primers. We then

amplified and sequenced LCR1 and 2 from a total of 20 control

individuals: 10 of North African origin and 10 of European origin.

Thirty-four nucleotides were indicated as specific to either LCR 1

or 2 in hg19 reference sequence but 14 of these were in fact

arbitrarily found in the two LCRs (Table S4): we consider that

these are non-LCR-specific single nucleotide polymorphisms

(SNPs). The remaining 20 nucleotides were indeed LCR-specific:

these 20 fixed markers were used to map the recombination

breakpoints, and we used the 14 SNPs to establish a haplotype

map of the patients’ deleted alleles (Table S4).

Allele-specific amplification of the deleted LCR was carried out

on 15 homozygously deleted globozoospermia patients. Each

amplification yielded a single 2088 bp product, while the PCR was

negative for all the healthy controls tested (n = 20). We sequenced

all the amplicons in order to better characterize the breakpoint

region. Fourteen out of the 15 patients analysed were homozygous

for all markers tested. Three different breakpoints (BPs) were

identified based on the presence of the 20 invariant markers. The

three recombination events (BP1–3) were included in a 1153 bp

maximal region (Table S4 and Figure 3). The breakpoints could

not be mapped more accurately for lack of nucleotides specific to

each LCR. One patient was heterozygous for markers 13 and 14,

indicating that this patient was heterozygous and carried two

different deleted alleles (BPs 2 and 3). If we consider that the other

14 patients carried two recombined deleted alleles each, we have a

total of 14 alleles with BP1 (between markers 17 and 18), 13 alleles

with BP2 (between markers 18 and 24) and 3 with BP3 (between

markers 25 and 28) (Figure 3B). The 14 identified SNPs were then

used to map the different haplotypes in patients presenting the

same breakpoint (Table S4). This shows the presence of a total of 7

distinct haplotypes, indicating that at least 7 recombination events

are at the origin of our patients’ pathology (15 patients). We also

observe that 5 patients with BP2 have the same haplotype and that

two groups of 3 patients with BP1 have the same haplotype,

suggesting the presence of several founding deletions in our

patients’ population. This is not surprising as all our patients came

from the same region (Tunis area) and a majority had related

parents (often first cousins).

One and three deletions were identified respectively in the 300

individuals analysed by PCR and in the 1699 Grenoble-Lyon

array CGH patients group. There were 3 occurrences of BP2 and

1 of BP3. Overall, including the globozoospermia patients, a total

of 34 somatic deleted alleles were examined, resulting in the

detection of three different recombination breakpoints. Fourteen

alleles (41.2%) had a deletion between markers 17 and 18 (BP1),

16 alleles (47.0%) between markers 18 and 24 (BP2), and 4 alleles

(11.8%) were recombined between markers 25 and 28 (BP3)

(Figure 4 top left).

Two and fifteen genomic duplicated alleles were detected

respectively in the 300 control individuals analysed by PCR and in

the Grenoble-Lyon array CGH patients. Only 12 duplicated

alleles could be sequenced (for lack of DNA from 3 control subjects

and because two of the subjects had breakpoints falling outside the

range of the duplication-specific PCR). Seven alleles (58.3%)

corresponded to the reciprocal alleles of deletion 2 (BP2) with a

recombination between markers 18 and 24, and 5 alleles (41.70%)

corresponded to the reciprocal alleles of deletion 3 (BP3) with a

recombination between markers 25 and 28 (Figure 3B).

The position of the meiotic recombination events (deletion and

duplication) obtained from three sperm donors were also

characterized by DNA sequencing. A total of 74 de novo deleted

alleles and 65 de novo duplicated alleles were sequenced. All

recombination events (from both duplications and deletions)

clustered into five breakpoints (Figure 4). Two of them are new

(BP4 and BP5) i.e. not previously identified in globozoospermic

patients or in the CGH control cohort. The number and

percentages of deleted and duplicated breakpoints respectively

are: BP1: 2 (2.7%) and 4 (6.1%); BP2: 56 (75.7%) and 38 (58.5%);

BP3: 10 (13.5%) and 13 (20%); BP4: 2 (2.7%) and 3 (4.6%) and

BP5: 4 (5.4%) and 7 (10.8%) (Figure 4). BP2 is by far the most

frequent BP, followed by BP3, explained by the fact that these two

breakpoints correspond to the largest regions. Interestingly in

sperm, the distributions of the deleted and duplicated breakpoints

are quite similar. This is logical as the duplicated alleles are

expected to be the reciprocal alleles of some of the deleted alleles.

In genomic DNA the correlation is not as good, and we note that

the frequency of the deleted BP1 is particularly high. Most of the

deleted alleles come from globozoospermia patients (and a few

detected in CGHarray patients) most of whom were recruited in

Tunis. As suggested by the shared haplotypes observed between

some deleted patients (Table S4) a founder’s effect is likely to

account for some of the most frequent deletions, in particular BP1.

PRDM9 genotyping of the sperm donors
Sequencing of the PRDM9 ZF array was performed in the 3

sperm donors. All three donors were homozygous for the A allele

which represents over 90% of the European alleles. It comprises

13 copies of the 84-bp ZF repeat that binds the 13-bp Myers

recombination motif [12,14]. This result is concordant with the

ethnicity of the donors.

Table 1. Frequency of deleted and duplicated alleles in sperm from three control donors.

Deletion Duplication

donor A donor B donor C Pooled donor A donor B donor C Pooled

Positive wells 26 25 23 74 23 20 22 65

Nb of recombinants 30 29 26 85 26 22 25 74

Total nb of alleles 1.6E+6 4.8E+6 3.2E+6 9.6E+6

l 1.9E25 1.8E25 1.6E25 1.8E25 8.1E26 6.9E26 7.8E26 7.7E26

95% CI inf 1.3E25 1.2E25 1.1E25 1.4E25 5.3E26 4.3E26 5.1E26 6.1E26

95% CI sup 2.7E25 2.6E25 2.4E25 2.2E25 1.2E25 1.0E25 1.2E25 9.7E26

doi:10.1371/journal.pgen.1003363.t001
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Figure 3. Details of the DPY19L2 LCR1 and 2 and of the NAHR hotspot. (A) Detailed scaled representation of the 28.2 Kb LCR 1 (orange) and
27 Kb LCR2 (yellow). Pale blue rectangles correspond to sequences specific to one of the LCRs facing a gap in the other LCR. The presence of a 13 bp
consensus PRDM9 recognition site (CCNCCNTNNCCNC) on LCR1 or LCR2 is indicated by a green circle when identified on the forward DNA strand and
by a red circle when identified on the reverse strand (GTGGNNAGGGTGG). The LCR arrows point toward the chromosome 12 telomere. (B) The
analysed recombination region is represented in grey. The positions of LCR-specific markers (diamonds and bold numbering) and variable
nucleotides (crossed circles) are represented. Details of the markers’ sequences and localisations are indicated in Table S2. The five identified
breakpoints (BP1–BP5) are shown as double arrows. One PRDM9 consensus sequence is localised in the centre of BP2, the central and most frequent
breakpoint. (C) The central nucleotide from the consensus sequence corresponds to one of the identified SNPs (snp 20). A perfect match for the
consensus sequence is present on LCR1, while the central thimine is replaced by a cytidine in LCR2. The 39 nt surrounding the 5 matches to the
PRDM9 consensus sequence identified in LCR1 and 2 (sites a–e) are compared with the consensus sequence described in Myers et al [8,11]. Highly
conserved nucleotides are red. For each locus the number of nucleotides identical to the consensus sequence is indicated on the right.
doi:10.1371/journal.pgen.1003363.g003

Figure 4. Distribution of deleted and duplicated breakpoints observed from somatic DNA (left two panels) and sperm DNA (right
two panels). Somatic deletions were identified from sequence analysis of 15 homozygous deleted patients and two heterozygous deleted control
individuals. Somatic duplications were identified from 12 positive control individuals. Data from sperm were pooled from three control donors.
doi:10.1371/journal.pgen.1003363.g004

Recombinations at the DPY19L2 Locus
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Detailed analysis of LCR1 and 2
A comparison of the two LCRs is presented in Figure 3A. The

illustration was produced from the results of a megablast search

(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM). All identi-

fied recombined alleles (n = 185) cluster between markers 10 and

28 within a 1153 bp region. This recombination hotspot is roughly

located in the middle of the 28 Kb LCR (Figure 3A). Five 13 bp

PRDM9 consensus recognition sites (CCNCCNTNNCCNC) are

present along the LCR (Figure 3A). One of these sites is located in

the centre of the 1153 bp hotspot (less than 35 nt away from the

hotspot median position) (Figure 3B). We note that the most

central BP (BP2) which encompasses the 13 bp site, represents 117

out of 185 recombined alleles or 63% of the detected recombined

alleles (Figure 4). Given that five PRDM9 consensus recognition

sites are found within the 28 Kb LCR1 sequence, the probability

that a site would occur by chance less than 35 bp away from the

centre of the hotspot is 12(125/28000)70 = 0.012.

The Thymin at the centre of the consensus recognition site

(CCNCCNTNNCCNC) was present only in the reference

sequence of LCR1. Sequence analysis of our control individuals

showed that this nucleotide was in fact a SNP (Marker 20 in

Figure 3 and Table S4) with a T allele frequently found in both

LCR1 and LCR2 (Table S4). In our globozoospermia patients we

observed that all patients with the BP1 (with marker 20 located

after the breakpoint thus on LCR2 sequence) have the T allele,

indicating the presence of a T allele on LCR2 of the original

unrecombined allele (Table S4). Conversely patients with BP3

(with marker 20 located before the breakpoint thus on LCR1

sequence) have the C allele indicating the presence of a C allele on

LCR1 of the original unrecombined allele. All patients with BP2

have the C allele. As marker 20 is located within the breakpoint

maximal sequence we can only conclude that at least a C allele

was present on either LCR1 or LCR2 of the original unrecom-

bined allele.

We sequenced LCR1 and LCR2 of our three sperm donors and

realised that all where homozygous for the C allele at both LCR1

and LCR2, suggesting that the presence of the thymine in the

CCNCCNTNNCCNC consensus sequence is not necessary to

initiate recombination in the DPY19L2 LCR central region. Myers

et al. [8,11] indicated that although the core 13-mer recognition

sequence was associated with recombination hotspots, the

recognition motif extended beyond the core sequence with

preferentially associated nucleotides identified within a 39 bp

sequence encompassing the PRDM9 core sequence. We therefore

aligned this extended motif with the sequence of the 5 PRDM9

motifs identified within the LCR (Figure 3C). We observe a good

correlation within all 5 sequences, especially for the nucleotides

that had been shown to be significantly associated with hotspots

(indicated in red in Figure 3C). We also observe that the sequence

central to our recombination hotspot (motif c) presents the highest

homology (53%) with Myers’ extended recognition sequence

(Figure 3C).

Discussion

It appears paradoxical that de novo deletions are produced twice

more frequently than de novo duplications during meiosis, while

duplicated alleles are three times more frequent than deleted

alleles in the general population. We investigated whether this

could be explained parsimoniously through the combined effects

of selection and mutation. Men carrying a homozygous deletion of

DPY19L2 are 100% infertile, but currently there is no evidence

that a heterozygous deletion of DPY19L2 causes a phenotype or

that homozygous women are affected. Additionally, the deleted

allele is rare. Under these assumptions, according to the General

Selection Model (GSM), natural selection results in a decrease in

the frequency of the deleted allele of approximately q2/2 per

generation, where q is the frequency of the deleted allele (see

Methods). Given that the deleted allele has a frequency of

1.761023 (95% CI: 1.261023; 2.561023) in the general

population according to our combined control data, the GSM

predicts that this frequency decreases by 1.561026 (95% CI:

761027;3.161026) per generation. Conversely, deleted alleles are

produced de novo by NAHR at an estimated rate of 1.861025 (95%

CI: 1.461025; 2.261025) according to our digital PCR data.

Assuming the allele frequency is at an equilibrium, these two rates

should balance out. In fact they are somewhat similar but the 95%

confidence intervals do not overlap. However the CIs only

represent the uncertainty induced by the sampling procedure, i.e.

the fact that the allele frequency and recombination rate are

estimated from a sample of the whole population: they do not take

into account experimental biases or imperfections that may exist at

various steps. In addition, the GSM is a theoretical model that

assumes an infinite population size and panmixia, whereas in

practice stochastic effects and population structure (including for

example any potential consanguinity or local founder effects) come

into play. These could result in a significantly increased impact of

purifying selection on the deleted allele, so that the frequency

decrease resulting from selection and the de novo production of

deleted alleles through NAHR may in fact cancel out.

Alternatively, it is possible that heterozygously deleted men

suffer a fitness penalty. This can be taken into account within the

GSM, and one can calculate the relative fitness of heterozygous

individuals such that the GSM-predicted decrease of the deleted

allele’s frequency compensates the measured NAHR-induced

production of new deleted alleles. In fact, assuming women are

not affected, a 98% relative fitness of heterozygous men is

sufficient (see Methods). Such a small effect could have easily

remained undetected, and this scenario cannot be ruled out. This

potential selection could be caused by meiotic segregation

distortion as was observed for the T/t mouse locus [34]. Finally

we only studied the recombination rate in male germ cells and we

cannot exclude the possibility that the frequency and ratio of

deletion and duplication might be different in female gametes.

All in all we believe the rates are reconcilable: whether the

discrepancy observed when assuming heterozygous individuals

have no phenotype is due to imperfections in the data and/or to

population structure which disrupts the theoretical GSM model, or

whether heterozygously deleted men suffer a small fitness penalty,

we propose that the frequency decrease due to purifying selection

and the de novo production of deleted alleles through NAHR cancel

out, and that the frequency of the deleted DPY19L2 allele is today

at a selection-recombination equilibrium in the population. On the

other hand, to the best of our knowledge there is no evidence that

the duplicated DPY19L2 allele is either deleterious or advanta-

geous. We therefore assume that the duplicated DPY19L2 allele is

not under selection, so its frequency can increase in the population

by recurrent NAHR. This resolves the paradox.

Liu and colleagues (2011) proposed that the frequency of

NAHR occurring between two paralogous LCRs was proportional

to the LCR length and sequence homology but inversely

proportional to the distance between the LCRs [6]. The authors

logically proposed that the probability of ectopic chromosome

synapsis increases with LCR length, and that ectopic synapsis is a

necessary precursor to ectopic crossing-over. Here we measured

that the average rate of de novo recombination (deletion plus

duplication) by NAHR at the DPY19L2 recombination hotspot

was 2.661025. This rate is higher than what was measured at
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other loci such as the Williams-Beurren syndrome (WBS) locus or

the LCR17p locus [4]. In our case the relatively small LCR size

(28 Kb) is compensated by the proximity of the repeats (200 Kb)

compared with much greater distances separating the paralogous

LCRs for WBS and LCR17p. DPY19L2 LCR1 and 2 also present

a very high sequence identity (98%) which could also reinforce

their synapsis and recombination. Our results are in agreement

with previous work suggesting that the distance separating the two

LCRs, as well as their sequence homology and length are

parameters likely influencing recombination frequency.

We observed that .90% of DPY19L2 NAHR events occurred

within a 1.2 Kb region located in the centre of the 28 Kb LCR,

suggesting the presence of a pro-recombination sequence within

this hotspot. Myers et al. (2008) have characterized a degenerate

13 bp sequence motif that is present in approximately 40% of the

identified human hotspots and which constitutes a PRDM9

recognition signal [12–14]. PRDM9 codes for a zinc finger array

which catalyses the trimethylation of the lysine 4 of histone H3

(H3K4me3) [11]. This PRDM9-mediated post-translational his-

tone modification likely initiates the recruitment of the recombi-

nation initiation complex, creating a favourable chromatin

environment and allowing access of SPO11 to the DNA. SPO11

then initiates the formation of double-strand breaks (DSBs) which

will be repaired by homologous recombination [35]. Here we

identified a hotspot of NAHR located in the centre of a 28 Kb

LCR. We showed that a PRDM9 13-mer recognition sequence is

present at the epicentre of all the identified breakpoints. We

however realised that the thymine, central to the 13-mer motif

(CCNCCNTNNCCNC), was a T/C SNP, each nucleotide being

found arbitrarily within LCR1 or LCR2. Following this observa-

tion one can wonder if recombination events at the DPY19L2

hotspot occur preferentially in the presence of fully matching

PRDM9 13-mer alleles. We measured the frequency of de novo

recombination in sperm from three donors. As it happens,

sequencing revealed that all three were homozygous for the C

allele on both LCR1 and LCR2. This indicates that, at this locus,

the presence of the 13-mer exact match is not necessary to initiate

recombination. This observation is concordant with what was

described previously at different loci and confirms that PRDM9

tropism for the 13-mer recognition site might not be very strong

and/or that other mechanisms also intervene in the choosing of

double strand break localization [12,15]. One explanation can

come from the extended sequence surrounding the 13-mer motif.

Myers and colleagues (2008) [10] described a 39 bp pro-

recombination sequence encompassing the 13-mer motif. We

observe a greater than 50% sequence identity for the complete 39-

mer sequence, indicating that a good match to the extended motif

might be at least as important as a perfect match of the core 13-

mer motif.

We identified a total of 5 distinct breakpoints (BP), all localized

within a 1.2 Kb region located in the centre of the 28 Kb LCR.

Others have described the localization of the deletions of

globozoospermia patients [22]. They described a total of 9

separate BPs in the DPY19L2 LCR. Looking at the precise

localizations of the described BPs, we noticed that the nucleotides

used to delimit BPs 1–6 in that study are in fact nucleotides that we

identified as SNPs (markers 19–23 and 26), which strongly

questions the validity of the BP localization in that study.

Reanalyzing the presented data and using LCR-specific markers

only, we conclude that Elinati et al. (2012) BPs 1, 2, 4, 5, 6 fall

within the boundaries of ‘‘our’’ BP2 and that ‘‘their’’ BP3

corresponds to ‘‘our’’ BP3. This illustrates the difficulty in precisely

identifying the localization of BPs and demonstrates that this can

only be achieved with a high level of confidence after confirmation

that the markers used to define the BP positions are indeed locus-

specific. From our reanalysis, Elinati et al. (2012) identified

deletions in 27 globozoospermia patients, 23 had our BP2, one

had BP3 and one had a BP that fell just outside of our studied

region. These results thus confirm the importance of the

recombination hotspot described here. Two additional BPs (BP8

and 9) were also identified in Elinati’s study which fell well outside

of our recombination hotspot. This might constitute a second, less

frequent recombination hotspot within the LCRs. We noticed that

these two BPs are located 1200 bp telomeric from the 13-mer

PRDM9 site d (as indicated in Figure 3A). Thus this second

putative hotspot is further away from a consensus 13-mer motif

than our hotspot (the greatest distance of the BPs we identified

from the 13-mer is 600 bp), but we can question again the

accuracy of the positioning of these two breakpoints. Here, while

analyzing the array CGH recombined patients we identified two

recombined alleles which did not fall within our studied BP area. It

is possible that these recombination events are also located within

this second putative hotspot.

With the DPY19L2 locus we believe that we have a good model

to study the effect of the PRDM9 recognition site on NAHR. We

plan to accurately position the yet uncharacterized BPs in relation

to other PRDM9 sites. We are also currently screening an

anonymized sperm bank to identify donors that are homozygous

for the central 13-mer PRDM9 recognition T allele and/or who

present rarer PRDM9 alleles to investigate how the recombination

rate is affected by both the PRDM9 genotype and the extended

PRDM9 recognition motif. We believe that although much work

remains to be done, our study illustrates and consolidates the

hotspot models described previously. In a moving environment we

can imagine that the central region of the LCR will have the most

opportunities to synapse with its paralogous sequence. The

presence of an extended PRDM9 recognition motif in the centre

of the LCR then very likely contributes to DSB and NAHR. The

combination of these parameters therefore probably explains why

approximately 90% of the breakpoints occurred within a few

hundred nucleotides from the most centrally located PRDM9

recognition site.

Materials and Methods

Ethics statement
All patients, family members and anonymous DNA and sperm

donors gave their written informed consent, and all national laws

and regulations were respected. Ethical approval was obtained

from Grenoble CHU review board.

Information on patients and control individuals
We previously reported that 15 out of 20 patients with

globozoospermia had a homozygous deletion of the DPY19L2

region [17]. These patients are included in this study. All patients

are unrelated apart from two who are brothers. All patients

originated from North Africa (Tunisia, n = 12; Morocco, n = 2 and

Algeria, n = 1).

Array CGH data from a total of 1699 control anonymous

individuals were re-analysed. These analyses had been carried out

as a diagnosis for syndromic mental retardation either at Grenoble

or Lyon’s hospital. As our aim was to identify DPY19L2 centred

CNVs in this cohort of patients and since there is no known link

between DPY19L2 and mental retardation, we believe that this

cohort can serve as a control in this study. All individuals agreed to

the anonymous use of their DNA in genetic studies and signed an

informed consent. The fertility and ethnic origin of these

individuals was not documented. All were French citizens. We
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estimate that in excess of 90% of these individuals are of European

origin and that the vast majority of the others are of North African

origin.

There was no gender selection but this cohort contained

approximately 2/3rd of males.

Array CGH results from these patients were scrutinized for the

DPY19L2 region.

Three hundred control individuals were analysed independently

with recombinant DPY19L2-specific PCR (deleted and duplicated)

to identify deleted and duplicated alleles. One hundred and fifty

individuals originated from North Africa (Algeria, Morocco, and

Tunisia) and 150 originated from Europe. All individuals gave

their informed consent to constitute an anonymous DNA bank.

Non-recombined LCR1 and 2 of twenty of these individuals were

amplified and sequenced to identify LCR-specific SNPs. There

was no gender selection and this cohort contained a similar

number of males and females.

Lastly the DPY19L2 CNV was also analysed from array CGH

data available from web servers [29–33] for a total of 6575 control

individuals, mainly from the Database of Genomic Variants

(http://projects.tcag.ca/variation/). Most of these individuals

originated from Europe (75%), Africa (18%) or Asia. Individual

CNV could however not be linked to a particular individuals and

its geographical origin. The location of the breakpoints of each

CNV located in the DPY19L2 locus was scrutinised to establish if

they were located within the LCR and hence were caused by

NAHR (Tables S2 and S3).

DNA extraction
Genomic DNA was extracted either from peripheral blood

leucocytes using a guanidium chloride extraction procedure [36]

or from saliva using Oragene DNA Self-Collection Kit (DNAgen-

otech, Ottawa, Canada).

Sperm DNA was extracted from 2 ml of semen which were

transferred to a 25 ml Falcon Tube (BD Biosciences). Ten ml of

PBS was added, mixed gently and centrifuged at 3,000 rpm for

5 minutes. Supernatant was discarded and the pellet was

resuspended again in 10 ml of PBS, mixed and centrifuged as

before. Pellets were then resuspended in 1 ml digestion buffer

(NTE buffer 0.5 mM NaCl, 10 mM Tris-HCl pH 7.5, 5 mM

EDTA, pH 8 (100:10:1), 0.4% SDS), 25 ml of 10 mg/ml

proteinase K solution (Sigma) were added and the mix was

incubated overnight at 42uC with occasional mixing. Three

hundred microliters of the contents of each Falcon tube were

transferred into SafeLock tubes (Eppendorf). An equal volume of

phenol/chloroform/isoamyl alcohol (25:24:1) was added and

mixed gently until emulsified. The tube was centrifuged at 3,000

rpm for 5 minutes. We repeated this process a second time, adding

an equal volume of chloroform/isoamyl alcohol. The upper

aqueous layer was transferred into a clean Eppendorf tube. The

aqueous layers from the two phenol/chloroform extractions were

combined and an ethanol precipitation was performed: 25 ml 3M

sodium acetate pH 5.4 and 1 ml 100% ethanol were added to the

aqueous phase, mixed gently and centrifuged as before. The pellets

were washed twice with 70% ethanol and finally resuspended in

300 ml TE buffer (10 mM Tris-Cl pH 8.0, 0.1 mM EDTA,

pH 8.0 (10:1)) by incubating overnight at 50uC with gentle

shaking.

Information about the sperm donors
DNA was extracted from three fertile anonymous donors of

European origin with normal sperm parameters and of similar age

(between 30 and 35 years old). In each case a spermogram was

realised according to WHO’s 2010 guidelines [37]. Sperm

concentration ranged between 60–1206106 spz/ml, with, in each

case less than 16106 leucocytes/ml. We therefore considered that

the presence of this small percentage of leucocytes had a negligible

effect on the quantification of the sperm (only) DNA and on the

ensuing calculations.

A molecular analysis was carried out to determine PRDM9 ZF

array genotype. PCR amplification and sequencing of the PRDM9

ZF array were performed using primers and protocols as described

previously ([12]. PCR and sequencing primer sequences are listed

in the Table S1.

Amplification and sequencing of the LCRs
All primers were designed to have at least their 39 nucleotide

specific to the LCR of interest (Table S1). PCR primers were

designed to amplify specifically LCR 1 or LCR 2, in order to

perform a sequence comparison of the two LCRs. For each

recombined LCR locus (resulting from deletion or duplication),

two sets of specific primers were designed (Figure 1B). The

external primers (long primers) were used for sequencing analysis.

They were also used as an outer primer for the digital PCR that

was devised to measure the rate of de novo recombination in sperm.

The short internal primers (SI) were used in duplex with RYR2

primers that were used as a positive amplification control. These

two sets of primers were used to detect the presence of recombined

alleles in the 300 control individuals. They were also used as inner

primers for the digital PCR.

PCR amplification was carried out on an Applied Biosystems

genAmp 2700 thermocycler. Due to the high sequence homology

between the two LCRs, the use of a precise annealing temperature

was critical. The same thermocycler had to be used throughout the

study as small variations in block temperature could introduce

discrepancies in the amplification. Both the long and short PCR

cycles were preceded by a 7 minutes denaturation at 95uC and

followed by a 10 minutes elongation at 72uC. The specific

annealing temperature of each primer set is indicated in Table

S1. Thirty-five cycles were carried out for the long PCRs, with

30 seconds of denaturation at 95uC, 30 seconds of annealing and

2 minutes of elongation at 72uC. Forty-five cycles were carried out

for the short PCRs with 30 seconds of denaturation at 95uC,

20 seconds of annealing and 2 minutes of elongation at 72uC.

We performed the long and short PCRs in 16Takara Ex Taq

buffer (Takara), 250 mM dNTPs (Takara dNTP mixture), 300 nM

each primer, 1 unit Takara Ex Taq Takara) with 200 ng of

somatic DNA in a total volume of 25 ml.

All sequences (native LCR 1 and 2 and deleted and duplicated

LCRs) were carried out with BigDye Terminator v3.1 (Applied

Biosystems Courtaboeuf, France) on an ABI 3130XL (Applied

Biosystems, Courtaboeuf, France).

Oligonucleotide array CGH was performed with the Agilent

105K or 180K Human Genome CGH Microarray (Agilent

Technologies, Santa Clara, CA, USA) (Hospices Civils de Lyon

array CGH Platform and CHU Grenoble array CGH Platform).

Extracted DNAs were labelled according to the instructions of the

supplier and incubated overnight. The samples were purified and

hybridised as described previously [17].

Graphical display and analysis of the data were performed with

the Agilent DNA Analytics software version 4.0.81 (statistical

algorithm: ADM-2, sensitivity threshold: 2.5, window: 0.5). A

value of zero represents equal fluorescence intensities between

sample and reference DNA. Copy-number losses shift the value to

the left (#21), and copy-number gains shift it to the right ($0.58).

The design of the MLPA probes, MLPA reaction and data

analysis were performed according to the recommendation of the
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MRC-Holland synthetic protocol (www.mlpa.com) and as de-

scribed in Coutton et al. (2012) [25].

Sperm assay design and digital PCR for sperm NAHR
breakpoints mapping

We designed two nested LCR-specific PCRs as described in the

PCR section. In addition, we designed a TaqMan dual labeled

probe (Table S1) to allow the second step of the nested PCRs to be

run on Biorad iCycler IQ real time PCR detection. We tested each

recombinant-specific combination of primers for specificity and

sensitivity on negative and positive (DPY19L2 deleted and

duplicated) control blood DNA (Figure 1B). Each of the two

rearrangements was assayed on DNA extracted from three

unrelated sperm donors. Each donor was confirmed to carry two

copies of DPY19L2 by MLPA analysis (data not shown). We note

that our assay will not distinguish triplications of the DPY19L2

locus, which are likely to occur at extremely low frequencies.

We performed the first LCR-specific PCR (long PCR) in 16
Takara Ex Taq buffer (Takara), 250 mM dNTPs (Takara dNTP

mixture), 300 nM of each primer, 1 unit Takara Ex Taq (Takara),

using sufficient copies of template DNA to give approximately 24

positive wells per 96-well plate (exact quantities determined

empirically by successive dilutions) and 2.5 mM MgCl2, in a total

volume of 50 ml. Following thermal cycling we incubated 10 ml of

the long PCR products with 5 ml of Exosap-IT PCR Clean-up Kit

(GE Healthcare) for 15 min at 37uC to digest the long PCR

primers followed by enzyme inactivation at 80uC for a further

15 min. Two ml of 106diluted long PCR products was used as a

template in the second PCR (short PCR). In the short PCR we

used the same concentrations of buffer, dNTPs, primers and

enzyme as in the Long PCR, but the total volume was 25 ml and

we added a dual-labeled probe (final concentration 250 nM;

Eurofins MWG Operon) (Table S1). To map the locations of

breakpoints we re-amplified wells that we had previously identified

as positive in the long PCR plate using the short primers and

sequenced these amplicons.

The quantity of input sperm DNA was experimentally

determined by serial dilutions to obtain approximately 24 positive

breakpoint-specific amplifications per 96-well plate. The number

of positive amplifications was then counted to estimate the number

of recombinants in the input sperm. Each well contains a sample

drawn from the input DNA without replacement, hence the

number of recombinants in a given well is appropriately modeled

using a hypergeometric distribution. We note that this hypergeo-

metric distribution has often been approximated in the literature

by Poisson (6, 22) or binomial (23) distributions, but although such

approximations are acceptable we find no need for them in this

study, as the direct calculation is simple. Indeed, using the

hypergeometric distribution the probability that a well contains no

recombinants is:

(N{R)!

W !(N{R{W )!
N!

W !(N{W )!

~
(N{R)!(N{W )!

N!(N{W{R)!
~ P

R{1

i~0

N{W{i

N{i
,

where N is the total number of copies of chromosome 12 in the

input DNA (i.e. 1.66106 for the deletion assay and 3.26106 for the

duplication assay, see Results section on digital PCR), W = N/96 is

the number of copies per well, and R is the total number of

recombinants. The value of R such that this probability is closest

to the observed ratio of negative wells (i.e. one minus the fraction

of wells that produced a positive amplification) is easily found by

tabulation. This leads to an estimation of the de novo recombination

rate l= R/N, and a 95% confidence interval is calculated by

modeling the initial dilution to obtain the input DNA using the

binomial distribution (with binom.test in the R stats package,

http://www.r-project.org).

In order to evaluate the amplification efficiency of our

duplication/deletion assays, we used as positive controls genomic

DNA from one heterozygous duplicated individual and from one

heterozygous deleted individuals. We believe that this type of

control is more accurate than the use of cloned recombinant

deleted and duplicated alleles as this reduces dilution factors. More

importantly it reproduces faithfully the possible inhibitions due to

the presence of the over majoritarian non-target genomic DNA or

the potential amplification of homologous sequences that are

present in the actual quantifying experiments.

The DNA concentration was measured by Nanodrop (Thermo-

Scientific) and DNA quality was evaluated using an agarose gel

electrophoresis (0.8%). No smear or fragments were observed.

Considering that a human diploid genome represents 6 pg of

DNA, we performed serial dilutions of the duplication and

deletion controls to obtain a concentration of 1.5 pg/ml. One

microliter of each solution was aliquoted in a 96-well plate, so that

approximately 25% of the wells are expected to contain a

recombinant allele (as we used heterozygous controls who carry

only one copy of the deleted or duplicated alleles). The number of

positive wells was then counted when amplifying deleted and

duplicated DNA.

Calculations with the General Selection Model
Given a locus with two alleles (e.g. wild-type DPY19L2 allele

and deleted allele), and noting q the frequency of the minor

(deleted) allele, the GSM predicts the change in allele frequency

Dq at each generation given the relative fitness of each genotype.

In our case the homozygous wild-type is used as a reference (fitness

1), and the homozygous deleted men are known to be 100%

infertile while the deletion is considered to have no effect in

women, hence the fitness of the homozygous deleted genotype is

0.5. Let W be the relative fitness of the heterozygous genotype,

and p = 1-q the frequency of the wild-type allele. Note that

q<1.761023, hence p<99861023. The GSM therefore simplifies

to: Dq<2q[W(q2p)+p2q/2].

In the first scenario, heterozygous individuals are assumed to

have no phenotype, hence W = 1 and the equation simplifies to:

Dq&
{q2

2
.

In the second scenario, we no longer assume W = 1 and instead

wish to calculate the value of W such that the GSM-predicted Dq

exactly compensates the de novo rate of production of deleted alleles

through NAHR, i.e. Dq = 21.861025. Turning the previous

equation around, we obtain: W&
pz

Dq

q
{

q

2
p{q . Substituting the

values of p, q and Dq, this yields W = 0.99. Assuming that
heterozygous women have no phenotype, we finally obtain a
relative fitness of 98% for heterozygous males.

Supporting Information

Figure S1 Identification of a duplication of the DPY19L2 locus

by array CGH. Array-CGH analyses showed a 130 kb gain

extending from base 63,947,732 to 64,078,229 in chromosome

12q14.2. Coordinates of variations or probes (y-axis) are based on

the UCSC GRCh37/hg19 assembly.Graphical overview and

analysis of the data were obtained with the Genomic Workbench
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software, standard edition 6.5 (Agilent) with the following

parameters: aberration algorithm ADM-2, threshold 6.0, fuzzy

zero, centralisation and moving average window 0.5 Mb.The

value of zero (x-axis) represents equal fluorescence intensity ratio

between sample and reference DNA. Copy-number gains shift the

ratio to the right (positive values). Three adjacent probes located at

the DPY19L2 locus are duplicated in the analyzed patient and the

mean log2 ratio was +0.53 according to the Alexa 5 deviation with

a mirror image.

(GIF)

Table S1 Sequence of the PCR primers, position (Hg19), size of

the amplified products (between brackets), hybridization temper-

ature (Hyb.). The position of the primers is illustrated in Figure 1B.

(DOC)

Table S2 Sequence of the recombination hotspot region of

control subjects (10 Europeans and 10 North Africans) for the

identification of LCR-specific markers and determination of the

precise localisation of the breakpoints of 15 globozoospermia

patients.

(DOC)

Table S3 Number and percentage (%) of recombined alleles

with breakpoints located within (inside) or outside of the LCR.

(DOC)

Table S4 Sequence of the recombination hotspot region of

control subjects (10 Europeans and 10 North Africans) for the

identification of LCR-specific markers and determination of the

precise localisation of the breakpoints of 15 globozoospermia

patients. The first column indicates the reference number of the

identified variants as shown in Figure 2. Markers that are LCR-

specific (i.e. homozygous and invariant within each LCR across all

controls, but differing between LCR1 and LCR2) according to the

results obtained from the 20 sequenced control individuals

(columns 5–8) are indicated in larger bold lettering. Nucleotides

that are not LCR-specific are considered as SNPs. The markers’

sequence in each LCR according to the Hg19 reference sequence

is indicated column 4. In patients, the presence of the Hg19

reference nucleotide is indicated by a cross. When a single

nucleotide is detected, the patient is considered homozygous at

that position. Because the rows are color-coded, with alternating

grey and white rows corresponding to the Hg19 reference

nucleotide for LCR1 or LCR2 respectively, and because bold

crosses correspond to validated LCR-specific markers, the

recombination breakpoints can be easily visualized. For each

patient a vertical stretch of bold crosses in grey rows (displayed in

orange rectangles) shows non-recombined genetic material coming

from LCR1. This is followed by a stretch of bold crosses in white

rows (displayed in yellow rectangles), which shows non-recom-

bined DNA from LCR2. For each patient the breakpoint’s

localisation is inferred when his genotype shifts from LCR1- to

LRC2-specific markers. Unboxed regions therefore correspond to

breakpoint maximal regions. Patients 1–7 breakpoints are located

between markers 17 and 18 (BP1). Patients 8–13 BPs are located

between markers 18 and 24 (BP2). Patient 14 is the only

heterozygous patient, with BP2 and a breakpoint between markers

25 and 28 (BP3). Patient 15 is homozygous for BP3. SNPs differing

between patients with the same breakpoints are highlighted with a

blue background. This indicates the presence of 3, 2 and 2 distinct

haplotypes for BP1, BP2 and BP3 respectively. Overall this

indicates the presence of 7 distinct haplotypes, so that the

occurrence of at least 7 separate recombination events within

our series of 15 patients can be inferred.
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Principaux résultats

Contrairement à ce que prédit la théorie de formation des NAHRs, les résultats extraits
des bases de données publiques indiquent un excès d’allèles dupliqués de DPY19L2
dans la population générale. Nous avons donc cherché à déterminer les fréquences
des duplications et délétions de novo de ce même locus. Ceci ayant pour but de
déterminer si cet excès est dû à une sélection de l’allèle dupliqué ou au fait que celui-ci
était effectivement produit plus fréquemment que l’allèle délété. Pour ce faire nous
avons quantifié le taux d’apparition de ces événements génétiques à partir d’ADN
spermatique. Les spermatozoïdes étant le produit direct de la méiose, ils sont donc les
reflets d’haplotypes produits de novo. Pour cela, nous avons analysé par PCR digitale
l’ADN spermatique de trois donneurs ainsi que l’ADN spermatique constitué d’un
mix provenant de ces trois donneurs. Leur ADN a tout d’abord été dilué en série
afin qu’environ 25% des 96 puits de la PCR contiennent un événement (délétion ou
duplication). Ainsi, en acceptant qu’un génome haploïde humain représente 3pg, 50ng
d’ADN spermatique furent déposés dans chaque puit pour la PCR spécifique à la
délétion, et 100ng dans chaque puit spécifique à a duplication. Chaque puit contient
donc une partie de cette charge d’ADN initiale. La distribution de cette charge d’ADN
au sein des 96 puits peut donc s’apparier à un tirage sans remise, la probabilité qu’un
puit soit positif pour un événement chromosomique (duplication ou délétion) peut
donc être modélisé par une loi hypergéométrique (Équation : (3.1)). Nous permettant
ainsi d’estimer la fréquence duplication / délétion λ pour chaque donneur (Équation :
(3.2)).

(N−R)!
W !(N−R−W )!

N !
W !(N−W )!

= (N −R)!(N −W )!
N !(N −W −R)! =

R−1∏
i=0

N −W − i
N − i

(3.1)

λ = R

N
(3.2)

Où :
. N : représente le nombre de copie de chromosome 12 dans la charge d’ADN initiale
(1.6x106 pour la PCR spécifique à la délétion, 3.2x106 pour la PCR spécifique à la
duplication)
. W = N

96 correspond au nombre de copiede chromosome 12 par puit
. R représente le nombre total de recombinaison observées

L’intervalle de confiance (IC) à 95% est ensuite calculé grâce à une loi binomiale de
sorte à modéliser la dilution initiale pour obtenir l’ADN d’entrée. Le puit contenant le
pool des trois ADN spermatique est donc celui ayant les résultats les plus robustes,
l’IC étant le plus resserré et permet donc d’établir le taux de délétion de novo à 1.8 x
10−5 (IC 95% : 1.4x 10−6 ; 2.2x 10−6) tandis que le taux de duplication de novo est
estimé à 7.7 x 10−6 (IC 95% : 6.1 x 10−6 ; 9.7 x 10−6) montrant un enrichissement
environ deux fois supérieur des délétions de novo par rapport aux duplications sur le
site de DPY19L2.
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Ainsi nous avons observé qu’au locus DPY19L2 les délétions de novo apparaissent, au
cours de la méiose, deux fois plus fréquemment que les duplications alors que l’allèle
dupliqué est trois fois plus fréquent que l’allèle délété dans la population générale. Cet
effet pourrait en partie être dû aux effets de sélection naturelle. En effet, Bien qu’à
notre connaissance, les femmes portant l’allèle délété à l’état homozygote ne soient
caractérisées par aucun phénotype, les hommes, eux sont 100% infertiles tandis que
l’allèle dupliqué ne subirait aucune sélection.

Cette étude a également été pour notre équipe l’occasion d’effectuer une étude plus
approfondie des LCRs flanquant le locus de DPY19L2. Pour cela, nous avons génotypé
20 SNPs spécifiques des LCRs télomériques et centromériques. À partir de ces données,
5 points de cassures distincts (BP1-5) ont pu être identifiés sur les 185 allèles recombinés
étudiés (108 délétés et 77 dupliqués). L’ensemble de ces points de cassures sont localisés
dans une région d’environ 1150 pb localisée au centre des 28kb du LCR. L’analyse
bioinformatique de cette région a permis de mettre en évidence, au centre de la région
minimale de recombinaison un site de reconnaissance consensus de la protéine PRDM9
(CCNCCNTNNCCNC). Cette protéine à doigts de zinc est connue pour son rôle
central dans les mécanismes de recombinaisons homologue au cours de la méiose chez
l’humain et la souris en ciblant de manière spécifique la localisation des cassures
doubles brins, préambule nécessaire à toute recombinaison [246, 247]. On peut donc
penser que la présence de cette séquence consensus de PRDM9 est la raison pour
laquelle touts les points de cassures observés sont localisés dans cette région minimale
de 1150 nucléotide.
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3.3 Résultat 2 : La transcriptomique
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Contexte et objectifs

Dans des études précédentes, notre équipe à réussit à démontrer que, chez la souris, la
protéine Dpy19l2 était localisée dans la membrane interne des noyaux des spermatides
pendant la spermatogenèse et qu’elle était nécessaire pour fixer l’acrosome au noyau
[237]. Dans cette même étude, nous avons pu montrer cette protéine colocalisait avec
la protéine Sun5 et que Dpy19l2 pourrait être un partenaire de Sun5 [237]. Chez la
souris, la protéine Sun1 est elle aussi nécessaire à la gamétogenèse et est connue pour
permettre l’interaction entre le noyau et les télomères [248]. Dans cette étude nous
avons donc cherché à savoir si l’absence de la protéine Dpy19l2 pouvait entrainer des
dérèglements transcriptionnels qui pourraient, entre autres, expliquer l’absence de la
protéine Plcz1 dans les spermatozoïdes globozoocéphales murins.

De plus, au cours de production des souris Dpy19l2 KO au sein de notre laboratoire
nous avons pu observer un excès de naissance de souris mâle lorsque l’on croisait
deux souris Dpy19l+/−. Ainsi, en comparant les sexes des souris obtenues lors de 6
premières naissances (Birth 1-6 ) on observe un total de 28 souris mâles pour 16 souris
femelles. La p-valeur obtenue en effectuant un test de χ2 comparant ces deux effectifs
était égale à 0.0486272 laissant supposer l’existence d’un enrichissement réel, bien que
faible, en souris mâles.

C’est donc afin d’expliquer l’absence de la protéine Plcz1 dans les spermatozoïdes
des souris Dpy19l2−/− ainsi que l’enrichissement en souris mâle dans les naissances
issues d’accouplement de souris Dpy19l2+/− que nous avons effectué une analyse
comparative du transcriptome testiculaire de deux souris Dpy19l2+/+ (S1+ et S2+) et
deux souris Dpy19l2−/− (S1- et S2-) ayant pour but de mettre en évidence d’éventuels
dérèglements transcriptionnels chez la souris KO.

Dans cette étude j’ai pu effectuer l’intégralité des manipulations de biologie moléculaire
telles que la mise en place du protocole de génotypage des souris, l’extraction de
l’ARN testiculaire de souris et l’analyse sur puce, ainsi que l’intégralité de l’analyse
bioinformatique des résultats.
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Figure 3.4 – Quantification des sexes des souris observés lors
de chaque naissance issue d’un croisement de deux souris
hétérozygotes Dpy19l2+/- : Après 6 naissances, 28 souriceaux mâles
sont nés pour seulement 16 femelles, ainsi le test du χ2 comparant ces
valeurs donne une p-valeur de 0.0486272.
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Abstract

Background: Globozoospermia is a male infertility phenotype characterized by the presence in the ejaculate of
near 100% acrosomeless round-headed spermatozoa with normal chromosomal content. Following
intracytoplasmic sperm injection (ICSI) these spermatozoa give a poor fertilization rate and embryonic development.
We showed previously that most patients have a 200 kb homozygous deletion, which includes DPY19L2 whole
coding sequence. Furthermore we showed that the DPY19L2 protein is located in the inner nuclear membrane of
spermatids during spermiogenesis and that it is necessary to anchor the acrosome to the nucleus thus performing
a function similar to that realized by Sun proteins within the LINC-complex (Linker of Nucleoskeleton and
Cytoskeleton). SUN1 was described to be necessary for gametogenesis and was shown to interact with the
telomeres. It is therefore possible that Dpy19l2 could also interact, directly or indirectly, with the DNA and modulate
gene expression during spermatogenesis.
In this study, we compared the transcriptome of testes from Dpy19l2 knock out and wild type mice in order to
identify a potential deregulation of transcripts that could explain the poor fertilization potential of Dpy19l2 mutated
spermatozoa.

Methods: RNA was extracted from testes from DPY19L2 knock out and wild type mice. The transcriptome was
carried out using GeneChip® Mouse Exon 1.0 ST Arrays. The biological processes and molecular functions of the
differentially regulated genes were analyzed with the PANTHER software.

Results: A total of 76 genes were deregulated, 70 were up-regulated and 6 (including Dpy19l2) were
down-regulated. These genes were found to be involved in DNA/RNA binding, structural organization,
transport and catalytic activity.

Conclusions: We describe that an important number of genes are differentially expressed in Dpy19l2 mice.
This work could help improving our understanding of Dpy19l2 functions and lead to a better comprehension
of the molecular mechanism involved in spermatogenesis.
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Résumé

Contexte: La globozoospermie est caractérisée par la présence dans l’éjaculat de près de 100% de spermatozoïdes
ronds et dépourvus d’acrosome qui présentent un contenu chromosomique normal. L’injection intracytoplasmique (ICSI)
de ces spermatozoïdes donne cependant un taux de fécondation et de développement embryonnaire particulièrement
bas. Nous avons montré précédemment que la plupart des patients globozoospermes présentent une délétion
homozygote de 200 Kb qui inclue la totalité de la séquence codante du gène DPY19L2. De plus nous avons montré que
la protéine DPY19L2 était localisée dans la membrane interne des noyaux des spermatides pendant la spermatogénèse
et qu’elle est nécessaire pour fixer l’acrosome au noyau, réalisant ainsi une fonction similaire à celle des protéines Sun au
sein du complexe LINC (Linker of Nucleoskeleton and Cytoskeleton). Il a par ailleurs été montré que SUN1 était
nécessaire à la spermatogénèse et que cette protéine interagit avec les télomères chromosomiques. Il est donc possible
que Dpy19l2 interagisse également, directement ou indirectement avec l’ADN et module l’expression génique lors de la
spermatogénèse. Dans cette étude nous avons donc comparé le transcriptome de testicules de souris invalidées (KO)
pour le gène Dpy19l2 à celui de souris sauvage afin d’identifier une éventuelle dérégulation génique qui pourrait
expliquer le faible potentiel reproductif des spermatozoïdes globozoocéphales.

Méthode: L’ARN a été extrait de testicules de souris KO pour Dpy19l2 et de souris sauvages. Le transcriptome a été
réalisé en utilisant des puces d’expression ® Mouse Exon 1.0 ST Arrays. Les processus biologiques et les fonctions des
gènes dérégulés ont été analysés en utilisant le logiciel PANTHER.

Résultats: Un total de 76 gènes a été identifié comme étant dérégulés, 70 gènes étaient surexprimés et 6 (incluant
Dpy19l2) étaient sous-exprimés. Il s’agit de gènes principalement impliqués dans des interactions avec des acides
nucléiques (ADN/ARN), ou ayant un rôle structural, dans le transport, ou présentant une activité catalytique.

Conclusions: Cette étude nous a permis d’identifier et de décrire un nombre important de gènes exprimés de manière
différentielle chez les souris KO pour Dpy19l2. Ce travail peut permettre d’améliorer notre compréhension des fonctions
de Dpy19l2 et peut contribuer à obtenir une meilleure compréhension des mécanismes moléculaires nécessaire à la
spermatogénèse.

Keywords: Male infertility, Globozoospermia, Spermatogenesis, Dpy19l2, Transcriptome

Background
A recent study supported by the World Health Organi-
zation indicates than in 2010, an estimated 48.5 million
couples worldwide were unable to have a child after five
years [1]. Male factors are believed to be responsible for
30-50% of all infertility cases, but micro deletions of the
Y chromosome are the only genetic defects altering hu-
man spermatogenesis, which are diagnosed routinely.
To be able to fertilize the oocyte, the spermatozoon

needs to cross the zona pellucida (ZP), which is a glycopro-
tein layer surrounding the oocyte. The acrosomal reaction
(AR), during which the acrosome (a giant vesicle of secre-
tion) releases its content, plays an important role in the
fertilization process. Enzymes released from the acrosome
locally digest and soften the ZP so that the spermatozoon
can penetrate deeper and fertilize the oocyte. The acro-
some, a highly specialized organelle found only in sperm, is
tightly bound to the nucleus via the acroplaxome (a net-
work of proteins including keratin 5 and β-actin) [2].
Globozoospermia is a severe teratozoospermia character-

ized by the presence of 100% of round-headed spermato-
zoa devoid of acrosome. Men with globozoospermia have a
primary infertility due to this absence of acrosome, which
prevents their sperm from fertilizing the oocytes in vivo
[3]. Spermatozoa from globozoospermic patients have near

normal levels of aneuploidy but give a poor fertilization
rate and embryonic development even when performing
Intra Cytoplasmic Sperm Injection (ICSI) [3]. Studies by
immunocytochemistry showed that most round headed
sperm lacked the phospholipase zeta protein (PLCzeta), a
protein normally located around a the sperm’s head [4-7]
and required to induce oocyte intracellular calcium oscilla-
tion and oocyte activation [8,9]. It has therefore been pos-
tulated that it is the absence of PLCzeta which might be
responsible for the poor fertilization potential of round-
headed spermatozoa [10]. In the course of this work we
wanted to assess if the absence of PLCzeta in round-
headed spermatozoa results from a transcriptional repres-
sion of the gene and if other transcriptional deregulations
could also contribute to the poor fertilization potential of
these gametes.
The syndrome of globozoospermia was first described in

the seventies [7,11] and cases have been described regularly
since [12-20]. Familial cases rapidly pointed to a genetic
cause for this syndrome. In the recent years, SPATA16 has
been described to be involved in globozoospermia [21].
We demonstrated recently that DPY19L2 was in fact the
main locus associated with globozoospermia as 15 out of
20 analysed patients presented a 200 Kb homozygous dele-
tion removing the entire gene [22]. We then identified
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DPY19L2 point mutations and heterozygous deletions and
demonstrated that 84% of the 31 globozoospermic patients
analysed had a molecular alteration of DPY19L2 [23]. We
finally confirmed that the recurrent deletion observed in a
majority of men with globozoospermia was caused by non-
allelic homologous recombination (NAHR), between two
highly homologous sequences, or low-copy repeats (LCR),
located on each side of DPY19L2 [24].
We previously characterized Dpy19l2 Knockout mice

(Dpy19l2−/−) and showed that these mice present the same
phenotype than men carrying mutations in DPY19L2,
ie round-head spermatozoa without acrosome. It also
permitted us to determine that i.) DPY19L2 is located
in the inner nuclear membrane of wild type mouse
spermatids, ii.) DPY19L2 is required for acrosome attach-
ment to the nucleus and iii.) the detachment of the acro-
some in Dpy19l2−/− mice prevents correct anchoring of
the manchette. Moreover we described that SUN5 and
DPY19L2 partially colocalized in transfected HEK cells
[25]. SUN-domain proteins are known to interact with
chromosome-binding proteins and various KASH-domain
partners to form SUN-domain-dependent ‘bridges’ across
the inner and outer nuclear membranes. These bridges
physically connect the nucleus to every major component
of the cytoskeleton [26]. SUN1, one of the members of the
family, was described to be necessary for gametogenesis
and was shown to interact with the telomeres [27]. We can
hypothesize that Dpy19l2 could interact directly or indir-
ectly with the DNA and thus have an effect on the regula-
tion of transcription. It is thus possible that the absence of
Dpy19l2 could cause some modification in the germ cell
transcription pattern.
The goal of this study was to determinate if Dpy19l2

knock out mice present significant testis transcriptional
modifications compared to wild type and in particu-
lar modifications that may explain the poor success
rate encountered by globozoospemic patients following
ICSI- IVF.

Methods
Ethical statement
Animal housing and sacrificing was in accordance with
French guidelines on the use of animals in scientific inves-
tigations with the approval of the local Ethical Committee.

Animals
Dpy19l2 knock out mice were obtained from Mutant
Mouse Regional Resource Center, University of California,
Davis, CA. The mouse colony used in this study was initi-
ated from two couples. The first one consisted of an het-
erozygous female and a wild type male. The second was
composed of two heterozygous mice for the Dpy19l2 dele-
tion. Reproduction of these two couples achieved wild type,
heterozygous and homozygous Dpy19l2 deleted mice. Mice

were sacrificed at 2 months old, which means that they
were pubescent and that their reproductive organs were
fully established. A total of four animals were sacrificed.
RNA was extracted from two homozygous WT and two
homozygous KO animals.

Genotyping PCRs
Genotyping was done on DNA isolated from tail biopsies.
Tail biopsies (ca. 2 mm in length) were digested in 200 μl
lysis Direct PCR LYsis Reagent (Tail) (Viagen Biotech inc,
CA, USA) and 0,2 mg of proteinase K for 12–15 hours
at 55°C and 1 hour at 85°C. The DNA was directly used
for PCRs.
PCR was done for 35 cycles, with an annealing temp-

erature of 57°C, and an elongation time of 60 seconds at
72°C. The primers used are described in Figure 1. PCRs
products were separated on agarose gel electrophoresis.
Genotypes were determined according to the migration
pattern (Figure 1).

Tissue collection
Mice were sacrificed and testes were collected. Tissues
were snap frozen in liquid nitrogen prior storage at −80°C.
Two mice in each group were used for the micro-array
analysis.

B

A

1 - 2
1 - 3

Dpy19l2

Htz
(+/-)

KO
(-/-)

WT
(+/+)

T0

Figure 1 Strategy for Dpy19l2 KO mice genotyping. A) Scheme
of the Dpy19l2 alleles and primers (red arrows) used for their
detection. Primer sequence is as follow: 1:GAAGGCTACACCTCTTGCA,
2:GCTGCAGCAACGACCACTTC; 3:CCTAGGAATGCTCGTCAAGA.
B) Examples of PCRs with (from left to right) Dpy19l2+/− mouse,
Dpy19l2−/− mouse, Dpy19l2+/+ mouse and water (control).
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RNA extraction
Total RNA was extracted from tissues using mirVana
isolation kit™ (Ambion, Applied Biosystems, Foster City,
CA) as per the manufacturer’s instructions. RNA purity
and quantity was assessed using the NanoDrop c1000
(ThermoFisher Scientific, Waltham, USA). Quality was de-
termined by both evaluation of the integrity of rRNA bands
using RNA Nano 6000 kit (Bio-Analyser, Agilent Tech-
nologies, Palo Alto, CA) and absorbtion readings ant 260
and 280 nm. For detail see Additional file 1: Table S1.

Array hybridization
For each group, two biological replicates were used. The
replicates came from four separate RNA extractions: two
from homozygous WTand two from homozygous KO ani-
mals. cDNA synthesis, amplification, enzymatic fragmenta-
tion and biotinylation were performed using the Ambion
WT Expression Kit (Ambion, Austin, TX, USA). Samples
were hybridized to Affymetrix GeneChip® Mouse Exon 1.0
ST Arrays as per the manufacturer’s instructions. The
Affimetrix Mouse Exon 1.0 ST array, contains probe sets
for 35,557 genes. Briefly, 5 μg of fragmented biotinylated
ssDNA was hybridised for 16 hrs at 45°C, 60 rpm to the
array chip on a GeneChip® Hybridization Oven 640. After
16 hrs, GeneChips® were washed on a GeneChip® Fluidics
station 450 using the washing script Prime 450 with buffers
and stains supplied with the GeneChip Hybridisation
Wash and Stain Kit from Affymetrix.

Data acquisition and analysis
Data was acquired on a GeneChip® Scanner 3000 7G and
.CEL file generation performed using AGCC. Expression
Console with Robust Multi-chip Average (RMA) was used
initially to extract probe intensity data. RMA background
correction was applied including pre-background adjust-
ment for GC content and quantile normalization across all
chips in the experiment. Probe data was log2 transformed.

Gene level expression analysis
Two separate experiments (experiment 1 and 2) were car-
ried out, each time with one testis from homozygous wild
type and homozygous KO mice. Hence for each gene a
total of two values were obtained in WT (Dpy +/+ (1) and
(2)) and KO mice (Dpy −/− (1) and (2)).
For each gene transcripts we calculated 4 ratios corre-

sponding to the 4 possible combinations

R1 ¼ Dpy−=− 1ð Þ
Dpyþ =þ 1ð Þ R3 ¼ Dpy−=− 2ð Þ

Dpyþ =þ 1ð Þ

R2 ¼ Dpy−=− 1ð Þ
Dpyþ =þ 2ð Þ R4 ¼ Dpy−=− 2ð Þ

Dpyþ =þ 2ð Þ
For each gene, if at least three of these ratios ap-

peared > = 1.7 fold up or down, the transcript was

considered to be significantly differentially expressed.
These values and the log2 ratio for all deregulated genes
are shown in Additional file 2: Table S2. The histogram
of the log2 ratio of each deregulated gene is shown in
Figure 2.

Gene ontology analysis
The lists of genes expressed differently in Dpy19l2−/− mice
were imported into PANTHER (http://www.pantherdb.
org/) to identify the biological process, molecular functions
and gene networks significantly deregulated in Dpy19l2−/−

testis compared to WTcontrols.

Results
Gene expression profile
Array hybridization was performed with the Affimetrix
Mouse Exon 1.0 ST array, which contains probe sets for
35,557 genes. Of these, we identified that 76 genes had a
level of testicular expression that was different between
WT and Dpy19l2−/− mice (transcripts with an expression
ratio > = 1.7 fold up- or down regulated). Among them,
6 genes were underexpressed and 70 genes were over-
expressed (Figure 2 and Additional file 2: Table S2). As
expected Dpy19l2 was found part of the down-regulated
genes, thus validating the experimental approach we
used. Interestingly, we did not observe any difference in
the expression level of PLCzeta in the testes from KO
and WT mice.

Panther gene ontology analysis
The 76 genes that were differentially regulated were up-
loaded into the PANTHER software (Gene List Analysis).
Among them 64 were recognized by the PANTHER soft-
ware. The molecular functions and biological process pre-
dictions that are generated from PANTHER are based on
the direction of expression of a number of downstream
genes which have been previously shown to be associated
with these functions. The list of each function associated
to all deregulated genes is provided in Additional file 3:
Table S3. Several molecular functions were found to be
enriched in the testis of Dpy19l2−/− mice (Figure 3). Genes
encoding proteins witch are able to bind nucleic acids or
proteins were most frequently deregulated (23 genes), es-
pecially those encoding for protein binding to the nucleic
acids (12 genes), confirming that Dpy19l2 could interact
with DNA. Other functions such as catalytic activity, tran-
scription regulator activity, structural functions were also
deregulated in the KO mice testes. Because of its lo-
cation in the inner nucleus membrane, DPY19L2 could
be a bridge between the nucleus and the cytoplasm. We
observed that 5 genes encoding for transporters are
deregulated in KO mice: among them, four are transmem-
brane transporters and one is a lipid transporter. Moreover
globozoospermia is characterized by structural deficiency
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of spermatozoon head and we see that 6 deregulated genes
encode for proteins with structural molecular function.
Numerous biological processes are also deregulated in

the testis of Dpy19l2−/− mice (Figure 4). Metabolic pro-
cesses and cellular processes are most often deregulated.
We see that 6 genes predicted to be involved in repro-
duction biological process separated deregulated. Among
those, no genes were described to be involved in the acro-
some formation but two genes encode for dyneins and one
for a protein predicted to be involved in sperm motility.

Discussion
Spermiogenesis is the final stage of spermatogenesis. Dur-
ing this step, the nucleus condenses, acquires its specific
shape, and the flagellum and the acrosome are formed.
The acrosome is essential for the spermatozoa to cross of
the ZP and is thus necessary for in vivo fertilization.
Globozoospermia is a teratozoospermia characterised by
the formation of round-head spermatozoa without acro-
some. This pathology has been described to be associated
with the absence of the protein PLCzeta which is also
known to be essential for fertilization and oocyte activation
[4-7]. We previously demonstrated that this pathology is
mostly due to a homozygous deletion of the testis-specific
gene DPY19L2 [22,23] and that DPY19L2 is expressed in
spermatids and it is located only in a restricted zone of the
nuclear membrane facing the acrosome.
This study revealed that 76 genes were deregulated in

the testis of Dpy19l2 KO mice. This result could be con-
cordant with a very specific regulatory role of Dpy19l2 at
the transcription level. On the other hand we note that the
micro-array contains 35,557 probe-set for almost as many
genes. It is therefore a small minority (0.2%) of genes that
is deregulated in DPy19l2 KO mice. It is interesting to note
that almost all of these genes appeared as up-regulated and
that only 5 of them were down- regulated. If Dpy19l2 has a
direct influence on gene regulation we can therefore say
that it mainly act as a repressor of gene expression. We
note that apart from Dpy19l2, which is obviously absent
from the KO and is found (due to background fluorescence
levels) to have a 4 fold decrease in expression compared to
controls, the most down-regulated gene, ATP6, has a 2.6
fold decreased expression and the most up-regulated gene,
Cepp, has a 2.2 fold increased expression. The observed
level of transcription modifications is therefore moderate.
Dpy19l2 co-localises with SUN5 [28] and we hypothe-

sized that SUN5 is a likely partner of Dpy19l2 [25]. In
mouse, Sun1, another Sun protein, was also described to
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Figure 2 Histogram of the log2 ratio of all deregulated
transcripts. Genes that are upregulated in Dpy19l2 KO mice have
positive values while genes that are downregulated have negative
values. Values can be seen in Additional file 2: Table S2.
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be necessary for gametogenesis and was shown to inter-
act in the nucleus with the telomeres [27]. We observed
that most of the deregulated genes (70/76) were up reg-
ulated in KO animal. We can hypothesize that Dpy19l2
could also interact, directly or indirectly, potentially via
Sun5, with germ cell DNA and thus could have an effect
on the regulation of transcription in spermatogenic cells.
Heterochromatin is constituted by highly compact trans-
criptionaly repressed DNA. It regroups down-regulated
genes and is particularly abundant at the periphery
of the nucleus where it interacts with factors located
in the nuclear lamina. We can thus speculate that Dpy19l2
could intervene during spermiogenesis to include selected
genes in heterochromatin repressive domains. In the ab-
sence of Dpy19l2, these genes would not be repressed and
appear as up regulated. This regulations could be a limited
to selected loci as electron microscopic observations of
round spermatids nuclei from Dpy19l2 KO animals do not
show any obvious difference in the abundance of hetero-
chromatin [25].
The PANTHER software allows a classification of genes

according to their predicted molecular functions (Figure 3).
We see that the most represented gene function that is
deregulated in Dpy19L2 mice is “binding” (23 genes). This
group is divided in three sub categories: nucleic acid, pro-
tein and calcium ion (Additional file 2: Table S2). [Ca2+]I is
known to play an important role in male fertility. [Ca2+]I
signaling is the primary regulator of sperm flagellum beat-
ing and calcium intracellular rise is known to be essential
for the acrosome reaction [29]. Indeed, solubilisation of the
zona pelucida stimulates generation of IP3 in mouse sperm
[30] which is known to mobilize the acrosomal Ca2+
stored to permit acrosomal reaction [31,32]. The bio-
chemical nature of the Ca2 + −binding sites are globally
unknown but recently a calcium-binding protein has been
isolated from the acrosomal membrane of bovine sperm-
atozoa [33]. We observe that in Dpy19l2 KO mice two cal-
cium binding proteins are up-regulated : Caps2 and Sgk3
(Figure 2 and 3). Ten of the deregulated genes are de-
scribed to encode proteins with DNA binding abilities. Al-
though we did not find direct evidence that these encoded
proteins have transcriptional regulation activities, they
might be involved in the regulation of gene expression and
play a role in the up- and -down regulation of some of the
other genes we found to be deregulated in this transcrip-
tome analysis.
We did not observe a down-regulation of PLCzeta that

could account for its absence from round-headed sperms.
This suggests that in Dpy19l2−/− mice PLCzeta is nor-
mally expressed but that the absence of Dpy19l2 and the
abnormalities it induces on sperm morphology likely pre-
vents the correct positioning of PLCzeta, which is likely
to be eliminated in the residual body. This hypothesis is
consolidated by the fact that several studies show that

treatment with a calcium ionophore improves ICSI suc-
cess rates? results for men with globozoospermia [5]. We
note however that fertilization and pregnancies can be
achieved by ICSI on DPY19L2 deleted men [34]. This
can probably be explained by the fact that remains of
misplaced PLCzeta often position near the manchette
can be observed on a small proportion of round-headed
sperm [6].
This study also reveals that several genes encoding

for transporters were deregulated in Dpy19l2 KO mice.
Among them four are transmembrane transporters and
one is a lipid transporter. We note the deregulation of the
gene Abca1, which is expressed in mouse spermatozoa
within the seminiferous tubules and the epididymis, and is
a key regulator of cholesterol efflux. Depletion of the chol-
esterol from the cytoplasmic plasma membrane and modi-
fication of its lipid composition is one of the key events in
the process of spermatozoa capacitation, which ultimately
leads to the acrosome reaction and egg fertilization. Trans-
porters and in particular those mediating cholesterol efflux,
are thus particularly important. The deregulation of Abca1
could therefore alter the physiological composition of ma-
ture sperm and contribute to the poor fertilization poten-
tial of Dpy19l2 mutant sperm.
The analyze of biological process regulated in Dpy19l2−/−

mice reveals 6 genes predicted to be involved in reproduct-
ive functions and particularly in gamete generation and
fertilization. Surprisingly half of these genes code for dy-
neins, which are important constituents of the microtu-
bules. The others are involved in the processes of sperm
motility and cytoskeleton structure. These results can be
linked to our previous observation that the absence of
Dpy19l2 leads to the destabilization of both the nuclear
dense lamina and the junction between the acroplaxome
and the nuclear envelope. This destabilization causes a fail-
ure of the linkage of the acrosome and the manchette to
the acroplaxome, a cytoskeletal plate anchored to the nu-
clear envelope. The manchette is a transient microtubular
structure necessary during spermatid elongation. Moreover,
the manchette is necessary for protein trafficking and its
defects could disturb the overall distribution of proteins in
spermatids [35].

Conclusions
We showed that Dpy19l2−/− induced globozoospermia
altered gene expression in mice testis but the overall
modifications at the transcript level remained modest.
We showed that PLCzeta was not down-regulated in KO
mice indicating that the absence of the protein observed
in the sperm of globozoospermic patient is not due
to a transcriptional deregulation. This likely indicates
that PLCzeta cannot reach its physiological localization
on round-headed spermatozoa and that it is probably lost
with the cytoplasmic elimination (residual body) during
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spermiogenesis. We also observed that several genes en-
coding proteins involved in transports, and in particular
Abca1, involved in the cholesterol efflux, were deregulated.
This could also contribute to the poor fertilization poten-
tial of the round-headed spermatozoa. Secondary anomal-
ies stemming from the morphological abnormalities of the
sperm could also lead to a wide range of protein deregula-
tion as exemplified by the absence of PLCzeta. A prote-
omic analysis of these deregulations could permit to have
a functional view of the extent of the molecular anomal-
ies present in Dpy19l2 KO mice. Further work will per-
mit a better comprehension of molecular mechanism
involved in spermatogenesis and in the physiopathology of
globozoospermia.

Additional files

Additional file 1: Table S1. RNA quantification.

Additional file 2: Table S2. Ratios of transcripts values measured in
Dpy19l2 WT and KO mice.

Additional file 3: Table S3. PANTHER output of all deregulated genes
in Dpy19l2 KO mice.
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Principaux résultats :

Pour effectuer ces analyses, nous avons donc extrait l’ARN testiculaire des 4 souris
que nous avons ensuite hybridé sur des puces à ADN Affymetrix GeneChip® Mouse
Exon 1.0 contenant des sondes pour 35.557 gènes murins. Cette étape nous a permis
d’obtenir pour chacune des 4 souris les valeurs d’expression testiculaire de l’ensemble
de leurs gènes. Pour chacun de ces gènes, nous avons donc cherché à savoir s’ils étaient
différentiellement exprimés chez les souris S1- et S2- lorsqu’on comparait leur expression
avec celle des souris S1+ et S2+. Pour cela, nous avons calculé quatre ratios (R1, R2,
R3 et R4) (Équation : (3.3)). Les gènes pour lesquels au moins 3 de leurs ratios
étaient ≥ 1,7 furent considérés comme sur-exprimés tandis que ceux pour lesquels 3
de leurs ratios étaient ≤ 0,58 ( 1

1,7) furent considérés comme sous-exprimés.

∀gene ∈ {genes in array} :

R1gene = expgene(S1−)
expgene(S1+) R2gene = expgene(S2−)

expgene(S1+)

R3gene = expgene(S1−)
expgene(S2+) R4gene = expgene(S2−)

expgene(S2+)

(3.3)

De cette manière cette étude a pu mettre en évidence la sous-expression de 6 gènes
(incluant Dpy19l2 ) et la sur-expression de 70 gènes chez les souris Dpy19l2−/−. Plcz1
ne figurait pas parmi ces gènes indiquant que l’absence de cette protéine chez les
spermatozoïdes globozoocéphales n’étaient pas due à un dysfonctionnement transcrip-
tionnel.

Afin de prédire les fonctions moléculaires dans lesquels étaient impliqués ces gènes, nous
nous sommes servis du logiciel PANTHER [198]. Ainsi, nous avons pu constater que 23
gènes codant pour des protéines de liaison étaient dérégulés (Figure : 3.5 - A), dont
sont des protéines de liaison aux acides nucléiques (Figure : 3.5 - B) suggérant que
Dpy19l2 pourrait effectivement interagir avec l’ADN. D’autres fonctions moléculaires
telles que l’activité catalytique, la régulation de la transcription et des protéines
ayant des fonctions structurelles étaient également dérégulées chez les souris KO. Ces
fonctions sont particulièrement intéressantes lorsque l’on sait que les spermatozoïdes
globozoocéphales sont caractérisés par plusieurs défauts structurels.

Cette étude a pour nous été l’occasion de mieux caractériser la protéine Dpy19l2
chez la souris. Nous avons ainsi pu montrer que les souris Dpy19l2−/− présentaient
des dérèglements transcriptionnels affectant plusieurs fonctions moléculaires pouvant
potentiellement expliquer, du moins en partie, les nombreux défauts morphologiques
caractérisant les spermatozoïdes globozoocéphales. De même, nous avons pu observer
le dérèglement de nombreux gènes impliqués dans la liaison d’acide nucléique et de
protéine pouvant ainsi expliquer les défauts d’ancrage de l’acrosome au noyau chez les
spermatozoïdes globozoocéphales.
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Cette étude ne nous a cependant pas permis d’expliquer l’absence de la protéine Plcz1
dans le spermatozoïde globozoocéphale murin l’expression du gène Plcz1 n’ayant
montré aucune dérégulation chez la souris Dpy19l2 -/-. De même, aucun des gènes
retrouvés comme dérégulés ne nous a permis d’expliquer le biais de sexe que nous
avions observés. Cela n’a pas été une surprise pour nous puisqu’après avoir entamé
notre étude, une dernière portée issue d’un croisement de souris Dpy19l2+/- a vue le
jour. Celle-ci état composée de 4 souriceaux mâles et de 4 souriceaux femelles. Ainsi,
avec un total de 32 souris mâles pour 20 souris femelles, la p-valeur de notre test du
χ2 à 0.0635765 laissant cette fois-ci supposer la non-existence d’un biais de sexe dans
les naissances issues d’un croisement de souris Dpy19l2 -/-.

Ces résultats sont à mettre en relation avec d’autres études effectuées ultérieurement
au sein de notre laboratoire au cours desquelles il a été démontré que DPY19L2 est
une protéine de la membrane interne du noyau faisant face à la vésicule acrosomale
et qu’elle servait à ancrer l’acrosome sur le noyau. En effet des études sur la souris
Dpy19l2 knock out a permis de démontrer qu’en l’absence de DPY19L2 dans les
spermatides rondes l’acrosome se positionne d’abord correctement sur le noyau mais
qu’il s’en éloigne ensuite et qu’il est éliminé avec le reste du cytoplasme dans le corps
résiduel [237] laissant ainsi supposer que DPY19L2 aurait un rôle structural plutôt
que de régulation transcriptionnelle. Néanmoins nous avons également pu mettre en
évidence que dans les spermatozoïdes de souris Dpy19l2 -/- les histones n’étaient pas
remplacées par les protamines. De fait, les spermatozoïdes globozoocéphales présentent
une faible compaction de l’ADN et une proportion importante d’ADN fragmenté [249].
Cet article dont je suis co-auteur est présenté en annexe. Ces observations donnent
des pistes pour expliquer les résultats des transcriptomes comparatifs effectués. On a
constaté que la production des protéines et/ou leur transit est fortement perturbés
dans les spermatides rondes des sujets mutés (les histones ne sont pas remplacées
par les protamines). Ainsi en plus de sa fonction structurelle, Dpy19L2 pourrait
également avoir un effet direct sur la transcription. Il est cependant plus probable que
cet effet soit indirect et secondaire au mauvais adressage de protéines nécessaires à
la transcription. Enfin la faible compaction de l’ADN peut elle-même entraîner des
anomalies de transcription pouvant ainsi expliquer pourquoi la majorité des gènes que
nous avons identifiés comme différentiellement exprimés sont sur-exprimés.
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Figure 3.5 – Principales fonctions moléculaires affectées chez
les souris Dpy19l2 KO : A : Liste des fonctions moléculaires affec-
tées : Bndn = Binding, Ctly = Catalytic, Trnsc = Transcription, Strm
= Structural molecule, Rcpt = Receptor. B : Détails des fonctions
moléculaires affectées par les gènes dérégulés.
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L’infertilité est une problématique qui concerne entre 10 et 15% des couples [34]
faisant de cette pathologie un enjeu de santé publique. Bien que les causes de ce
phénotype puissent être multifactorielles et acquises au cours de la vie de l’l’individu,
notamment suite à des infections du système urogénitale ou encore à des perturbations
du système endocrinien, la composante génétique est extrêmement importante. À
ce jour, malgré les efforts de nombreuses équipes, incluant la nôtre, seulement une
poignée de gènes a pu être reliée à ce phénotype. De plus, pour nombre d’entre eux, les
bases moléculaires reliant une mutation au phénotype d’infertilité restent inconnues.
Ces quinze dernières années, les techniques d’investigation employées dans les analyses
phénotypes-génotype, ont été bouleversées par l’émergence du séquençage haut-débit.
En effet, ces technologies permettent aujourd’hui de séquencer l’ensemble du génome /
exome d’un individu pour un coût et dans un temps raisonnable. Malheureusement, la
masse de données générées par ces méthodes, bien qu’à l’origine du succès de celles-ci,
deviennent aujourd’hui un frein dans l’analyse et la compréhension des processus
biologiques étudiés.

Dans ce contexte, j’ai pu, au cours de ma thèse, mettre au point un pipeline permettant
l’analyse des données issues de séquençage NGS. Ce pipeline a ainsi permis, au cours
de ma thèse, l’analyse des données de nombreux patients présentant tous un phénotype
d’infertilité. Celle-ci ayant pour vocation première de mettre en évidence les variants
responsables des phénotypes de ces patients. Contrairement à la plupart des pipelines
d’analyse de données WES existant, celui-ci prend en charge l’ensemble des étapes de
l’analyse allant de l’alignement des short-reads sur le génome de référence jusqu’à la
priorisation des variants en passant par l’appel des variants et leur annotation. Les
résultats de chacune de ces étapes pouvant être contrôlées et personnalisées grâce à
des paramètres ajustables. L’alignement des reads est effectué par le logiciel MAGIC
tandis que les variants et leur génotype sont appelés par un algorithme développé
dans notre laboratoire spécifiquement afin d’utilisé les comptages fournis par MAGIC
afin d’éviter certaines erreurs d’appels dues aux erreurs systématiques de séquençage.
Pour l’annotation nous avons utilisé plusieurs ressources extérieures tel que le logiciel
Variant Effect Predictor qui va nous informer de l’effet d’un variant sur l’ensemble
des transcrits qu’il chevauche. De même, les bases de données ExAC ESP6500 ou
encore 1KG nous donne une indication de la fréquence des variants dans la population
générale. Une fois ces étapes effectuées, nous avons mis en place plusieurs filtres
successifs afin d’éliminer de nos listes les variants ayant le moins de chances d’être
responsables du phénotype des différents patients. Ceux-ci s’appuient à la fois sur les
critères qualité des résultats de séquençage, le génotype des variants, leur fréquence
ou encore leur impact sur la protéine.

L’efficacité de ce pipeline a pu être démontré grâce à son utilisation sur des cas
familiaux mais aussi sur des cohortes d’individus non apparentés. Ainsi, nous avons
pu dans un premier temps confirmer l’importance de l’implication du gène DNAH1
dans le syndrome MMAF en le retrouvant muté chez 9 de nos patients (4 au sein
d’études familiales et 5 parmi notre cohorte d’individus non apparentés). Ensuite,
dans un second temps, ce pipeline nous a permis de mettre en évidence un total de
5 nouveaux gènes dans des phénotypes d’infertilité masculine et féminine. Ainsi les
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gènes CFPA43, CFAP44, retrouvés respectivement mutés à chez 10 (9 homozygotes
et 1 hétérozygote composite) et 6 (tous homozygotes) de nos patients ont pu être
liés à leur syndrome MMAF. Aussi, une même mutation impactant le gène PATL2 a
pu être reliée au phénotype de déficience méiotique ovocytaire de cinq femmes. Pour
finir, des mutations sur les gènes SPINK2 et PLCZ1 ont, elles aussi, pu être liées
aux phénotypes d’azoospermie et d’échec de fécondation dont étaient atteint deux
fratries.

Dans autre partie de mon travail de thèse j’ai pu prendre part à la caractérisation
génétiques et moléculaires du gène DPY19L2 impliqué dans le phénotype de globo-
zoospermie. Ce phénotype, entrainant la production de 100% de spermatozoïdes à
têtes rondes et dépourvus d’acrosomes est principalement causé, chez l’humain, par
une délétion homozygote récurrente entrainant la perte de la totalité de la séquence
du gène DPY19L2. Ainsi, dans deux études différentes, nous avons pu, dans un pre-
mier temps, mieux caractériser les mécanismes moléculaires responsables de cette
délétion. Ainsi, nous avons pu mettre en évidence cinq points de cassures au niveau
des LCRs flanquant la séquence de DPY19L2 chez l’humain. Ceux-ci étant tous
concentrés dans une région d’environ 1150 pb contenant en son centre un site de
reconnaissance consensus de la protéine PRDM9 connue pour son implication dans
la recombinaison chromosomique chez l’humain et la souris [246, 247]. Cette même
étude a également permis de démontrer que les effets de la sélection naturelle étaient
responsables du paradoxe observé dans la population générale : une fréquence plus
élevée d’allèles dupliqués comparativement aux allèle délétés au locus DPY19L2 tandis
que de novo, l’allèle délété est produit, en théorie et en pratique, plus fréquemment
que l’allèle dupliqué. L’étude de ce phénotype nous a par la suite poussée à étudier
le modèle murin KO Dpy19l2 -/- présentant le même phénotype que l’humain. Afin
d’expliquer l’absence de la protéine PLCZ1 chez l’humain globozoosperme, nous avons
effectué une analyse comparative des transcriptomes testiculaires de souris sauvages
Dpy19l2+/+ et KO Dpy19l2 -/-. Bien qu’aucun dérèglement transcriptionnel n’ait pu
être observé pour le gène Plcz1 cette étude nous a permis de mettre en évidence un
total de 75 gènes présentant des dérégulations transcriptionnelles pouvant expliquer
en partie les anomalies physiologiques et morphologiques des spermatozoïdes des
sourisDpy19l2 -/-.

Au cours des différents travaux réalisés au cours de ma thèse, nous avons pu constater
la puissance des technologies de séquençage haut-débit. En effet, en seulement 5
ans, celles-ci ont permis l’identification de 5 nouveaux gènes impliqués dans des
phénotypes d’infertilité au sein de notre laboratoire. Ces résultats sont cependant
à relativiser puisque qu’aucun candidat n’a pu être identifié pour 68% des patients
analysés. Plusieurs raisons peuvent expliquer cela. Tout d’abord, au cours des analyses
décrites dans ces manuscrits nous nous concentrons uniquement sur les SNPs et les
indels. Cependant de nombreux logiciels tel que ExomeDepth [250], CoNIFER [251] ou
encore ExomeCNV [252] permettent de détecter des CNVs à partir de données WES
et / ou WGS. Les stratégies de prédictions de ces logiciels pouvant être extrêmement
différents (Figure : 3.6), le profil des CNVs détectés ou non le sera aussi [253, 254].
Ainsi, dans des analyses non décrites dans ce manuscrit, j’ai pu chercher à identifier
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des CNVs à partir de nos données d’exome à l’aide du logiciel ExomeDepth [250].
Cette approche a été extrêmement concluante puisqu’elle a permis d’identifier une
délétion homozygote sur le gène WDR66 chez 7 de nos patients pour lesquels aucun
candidat n’avait été alors identifié. Ces délétions ont ensuite pu être confirmées par
PCR et la caractérisation de ce gène est actuellement en cours au sein de notre équipe.
Au vu de cette réussite, il est désormais prévu d’intégrer ce genre d’analyse de manière
automatique et systématique au sein de notre pipeline.

Figure 3.6 – Présentation de cinq approches permettant la
détection de CNVs à partir de données NGS d’après [253] :
A : Cette stratégie, permet de prédire des CNVs à partir des alignements
discordants des deux ends d’un même read, c’est à dire en répertoriant les
reads pour lesquels la distance séparant les deux ends après l’alignement
est significativement supérieure à la taille moyenne de l’insert. B : La
méthode split-read se base sur les reads s’alignant de manière partielle
sur plusieurs régions génomiques. C : L’approche read depth compare la
couverture observée sur plusieurs régions génomiques pour prédire des
CNVs. D : Cette méthode effectue un assemblage de novo (sans utiliser
de génome de référence) ; les résultats de l’assemblage appelés contigs
sont comparés au génome de référence a posteriori pour détecter les
CNVs. E : Cette méthode combine les approches A et C.
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Pour les patients n’ayant eu aucun candidat identifié, il est possible que le choix de la
stratégie du séquençage exomique plutôt que du génome entier ait masqué la cause
génétique du phénotype de certains de nos patients. En effet, dans ces analyses, nous
nous sommes concentrés sur l’analyse des variants situés dans les parties codantes
uniquement. Ainsi les variants situés par exemple dans les microARN n’ont pu être
observés. Or, les microARN jouent un rôle important dans la régulation génique princi-
palement en influant sur la stabilité d’ARNm cibles et sont présent en grande quantité
au sein des cellules germinales et leur importance dans la spermatogenèse a déjà été
démontrée chez la souris [255] ainsi que plus récemment chez d’autres mammifères
dont l’humain [256] laissant penser que des défauts altérants ces microARN pourraient
entrainer des dysfonctionnements de la spermatogenèse. Aussi, il faut noter que les
analyses WES et WGS ne permettent pas d’observer les défauts épigénétiques, or,
ceux-ci représentent une part croissante des causes impliquées dans les cas d’infertil-
ité masculine [257–259]. Aussi, au vu du grand nombre de gènes impliqués dans la
spermatogénèse il est très possible que les causes génétiques responsables d’un même
phénotype puissent être très hétérogènes. Par exemple, dans le cas de l’analyse de la
cohorte de patients MMAF, 3630 variants subsistaient après avoir appliqué l’ensemble
des filtres. Ces variants impactaient 2780 gènes différents parmi lesquels 1684 étaient
retrouvés mutés chez uniquement un seul des 78 patients de la cohorte. Au vu de ce
nombre important de gènes, il est très compliqué d’effectuer des analyses poussées sur
l’ensemble d’entre eux. Dès lors, il est possible que la cause génétique responsable du
phénotype d’un patient soit “noyée” parmi les nombreux variants restant mettant ainsi
en évidence la nécessité de créer de nouveaux filtres afin de pouvoir réduire encore
cette liste.

C’est dans ce but que notre équipe travaille actuellement au développement du score
MutaScript. Ce score a pour but de classer l’ensemble des transcrit codant en fonction
de leur charge mutationnelle avec l’idée sous-jacente que les transcrits les plus mutés
dans la population générale ne sont probablement pas impliqués dans des pathologies
sévères à transmission Mendélienne, et a contrario ceux retrouvés comme n’étant
pas / peu mutés le sont probablement. Pour ce faire, le score MutaScript repose
sur trois informations principales. La première étant le jeu de transcrits fournit par
Ensembl [216]. Afin de connaitre la charge mutationnelle de ces transcrits, nous nous
sommes basées sur les variants mis à disposition par ExAC [128] qui réunit les données
d’exome de 60.706 individus non apparentés que nous avons ensuite annoté grâce
au logiciel Variant Effect Predictor [188] afin de prédire l’impact de chaque variant
sur l’ensemble des transcrits qu’ils chevauchent de sorte à ce que les variants ayant
un impact prédit comme étant délétère aient une plus grosse contribution au score
MutaScript que ceux ayant un impact faible. Ces dernières années, des scores tel
que le residual variance intolerance score (RVIS) [200] ou encore the the Probability
of loss-of-function Incoherency (pLI) [128] ont vu le jour. MutaScript se présente
comme une alternative à ces derniers scores et, bien que sa fonction soit similaire, il
diffère de ceux-ci sur de nombreux points. Tout d’abord, MutaScript donne un score à
l’ensemble des transcrits codant pour une protéine là où pLI donne un score seulement
au transcrit consensus de chaque gène et RVIS qui agrège les séquences codantes
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de l’ensemble des transcrits d’un même gène créant ainsi un transcrit “chimérique”.
Ce procédé facilite l’interprétation du score mais engendre une perte d’information
puisque l’on se retrouve avec un seul score par gène et non par transcrits. De plus,
dans la conception de leur score, RVIS et pLI ne considèrent que les variants dit
loss-of-function (LoF), c’est à dire les variants impactant l’épissage, engendrant un
codon stop ou un décalage du cadre de lecture. Cependant, ces variants ne représentent
qu’une faible proportion des variants fournis par la base de données ExAC. C’est
pourquoi, MutaScript prend en compte l’ensemble des variants, quelque que soit leur
impact sur les différents transcrits qu’ils chevauchent, et leur attribue un poids en
fonction de cet impact de sorte à ce que les variants considérés comme étant les plus
délétères contribuent plus au score d’un transcrits que les autres. Aussi, l’étude des
scores RVIS et pLI nous a permis de mettre en évidence une corrélation forte entre le
score qu’ils attribuent à un gène et la taille de la séquence codante (CDS) de ce même
gène. Cette corrélation étant due à un biais causé par leur manière de calculer leur
score et non à une réalité biologique, MutaScript est construit de sorte à éviter cette
corrélation qui peut mener à des erreurs d’interprétations. Le développement de ce
score est en cours de finalisation.

Après avoir fait ses preuves dans la recherche, le séquençage NGS joue un rôle de plus
en plus important dans le domaine du diagnostic clinique et on peut logiquement penser
que ces technologies remplaceront bientôt la plupart des techniques diagnostiques
actuelles. Il est néanmoins légitime de se demander dès aujourd’hui quelle sera son
efficacité. En effet, en se basant sur les données de nos 78 patients non apparentés
souffrant du syndrome MMAF on peut s’attendre, à obtenir entre 747 et 2499 variants
par patients avec un coefficient de variation de 29% (avec Cv = σ

µ
où σ est l’écart-type

et µ la moyenne). Ces chiffres sont obtenus en filtrant de notre ensemble de variants
ceux ayant une fréquence ≥ 0.01 dans les bases de données publiques ainsi qu’en
retirant les variants introniques, synonymes et ceux impactant les séquences UTRs.
On constate alors que parmi l’ensemble de ces variants 26815 d’entre eux (26%) sont
“individuels”, c’est à dire porté uniquement par un seul des patients (Figure : 3.7
- A). De même on peut observer que chacun de nos patients est porteur d’environ
153 variants tronquants parmi lesquels 78 le sont à l’état homozygote (Figure : 3.7
- B). La priorisation de certains gènes par des outils tel que MutaScript permettra
alors d’orienter les analyses vers les gènes les plus prometteurs. De même la recherche
de variants parmi des panels de gènes permettra également de cibler les recherches
sur les gènes déjà connus comme étant lié au phénotype en question. Ainsi, au vu de
nos résultats dans le cadre de patients atteins du syndrome MMAF, la recherche de
variants dans les gènes DNAH1, CFAP43, CFAP44 et WDR66 permettrait d’obtenir
un diagnostic positif dans environ 36% des cas. On peut dès lors s’attendre que les
recherches futures permettront d’agrandir cette liste de gènes cibles améliorant ainsi
l’efficacité du diagnostic.
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Figure 3.7 – Analyse des variants restant sur chacun des 78
patients après filtrage : A : Répartition du nombre de patients
portant un même variant. Les variants portés par 10 patients ou plus
sont regroupés sous l’étiquette 10+. On voit ici clairement qu’une grande
majorité des variants sont spécifiques à un seul patient. B : Sur cette
figure chaque point représente un patient. Les variants homozygote sont
représentés en rouge, les variants hétérozygotes en bleu. L’impact LOW
correspond aux variants ayant un impact peu délétère sur le gène tel
que les variants introniques situés dans les zones d’épissage lointaines.
Les variants MODERATE tel que les faux-sens ont un impact modéré
sur le gène. Les HIGH représentent les variant tronquants (décalage du
cadre de lecture, codon stop. . . ).
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Pendant de nombreuses années, la Science et la Technique étaient considérées comme
des disciplines distinctes. Elles étaient pratiquées, dans la grande majorité des cas,
de manière indépendante l’une de l’autre et surtout par des personnes différentes
n’entretenant que peu d’interactions. Bien que la distinction entre Science et Technique
soit réelle, la première pouvant être définie comme la quête de la connaissance et de la
compréhension du monde tandis que la seconde met en œuvre un ensemble de moyen
afin de modifier celui-ci d’une manière déterminée à l’avance, l’interdépendance liant
ces deux notions n’a jamais été aussi forte qu’à notre époque tant et si bien qu’elles sont
souvent confondues. En effet, il est courant d’entendre parler de progrès scientifique
pour présenter une innovation technologique et vice versa. Ainsi, si la Science n’est
pas la Technique, elle est dans de nombreux cas dépendante de celle-ci. En effet,
comme nous avons pu le voir, l’étude et la connaissance du génome ont dû attendre les
progrès techniques permettant notamment le séquençage de l’ADN. La Technique, elle,
n’a pas nécessairement besoin de savoirs scientifiques pour être conçue : des savoirs
empiriquement acquis suffisent à l’application d’une technique. Par exemple, bien qu’ils
n’aient eu aucune conscience des mécanismes scientifiques sous-jacents, les premiers
hommes ont su maitriser plusieurs techniques de production et d’entretien du feu. De
la même manière les agriculteurs n’ont pas eu besoin d’attendre et de comprendre les
travaux sur la génétique et l’hérédité pour observer que la mise en reproduction des
bêtes les plus productives permettait de maximiser les chances que la descendance
soit elle aussi très productive. Cependant la Technique utilise de plus en plus des
connaissances scientifiques et a ainsi finit par beaucoup dépendre d’elle en utilisant et
appliquant des savoirs scientifiques. Ainsi est née la Technologie. Les travaux décrits
dans ce manuscrit illustrent parfaitement cette relation d’interdépendance entre la
Science et le Technique / Technologie. En effet, la connaissance du génome a été
permise par l’émergence des différentes technologies de séquençage qui s’appuient elles
aussi sur de nombreuses connaissances scientifiques. On peut dès lors s’attendre à ce
que Science et Techniques / Technologie continuent d’évoluer de manière concomitante
en s’entre alimentant. Dès lors, on peut prédire que les prochains progrès technologiques
seront à l’origine de découvertes scientifiques qui serviront elles même à la fois de socle
mais aussi de guide aux évolutions technologiques futures.
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Mutations in DNAH1, which Encodes an Inner Arm Heavy
Chain Dynein, Lead to Male Infertility from Multiple
Morphological Abnormalities of the Sperm Flagella

Mariem Ben Khelifa,1,2,3,15 Charles Coutton,1,2,4,15 Raoudha Zouari,5 Thomas Karaouzène,1,2

John Rendu,1,6,7 Marie Bidart,1,7 Sandra Yassine,1,2 Virginie Pierre,1,2 Julie Delaroche,1,7

Sylviane Hennebicq,1,2,8 Didier Grunwald,1,7 Denise Escalier,9 Karine Pernet-Gallay,1,7

Pierre-Simon Jouk,10,11 Nicolas Thierry-Mieg,10 Aminata Touré,12,13,14 Christophe Arnoult,1,2,16 and
Pierre F. Ray1,2,6,16,*

Ten to fifteen percent of couples are confronted with infertility and a male factor is involved in approximately half the cases. A genetic

etiology is likely inmost cases yet only few genes have been formally correlatedwithmale infertility. Homozygositymappingwas carried

out on a cohort of 20 North African individuals, including 18 index cases, presenting with primary infertility resulting from impaired

spermmotility caused by a mosaic of multiple morphological abnormalities of the flagella (MMAF) including absent, short, coiled, bent,

and irregular flagella. Five unrelated subjects out of 18 (28%) carried a homozygous variant in DNAH1, which encodes an inner dynein

heavy chain and is expressed in testis. RT-PCR, immunostaining, and electronic microscopy were carried out on samples from one of the

subjects with amutation located on a donor splice site. Neither the transcript nor the protein was observed in this individual, confirming

the pathogenicity of this variant. A general axonemal disorganization including mislocalization of the microtubule doublets and loss of

the inner dynein arms was observed. Although DNAH1 is also expressed in other ciliated cells, infertility was the only symptom of pri-

mary ciliary dyskinesia observed in affected subjects, suggesting that DNAH1 function in cilium is not as critical as in sperm flagellum.

Male infertility affects more than 20 million men world-

wide and represents a real health concern.1 It is a typical

multifactorial disorder with a strong genetic basis and

additional etiological factors such as urogenital infections,

immunological or endocrine diseases, attack from reactive

oxygen species (ROS), or perturbations from endocrine

disruptors. To date, despite substantial efforts made to

identify genes specifically involved in male infertility by

many teams including ours,2,3 only a handful of genes

have been formally correlated with human sperm defects.

Male infertility caused by impaired sperm motility (asthe-

nozoospermia) is also often observed in men with primary

ciliary dyskinesia (PCD), a group of mainly autosomal-

recessive disorders caused by dysfunctions of motile cilia

leading primarily to respiratory infections and often to

situs invertus. Recent research on PCD has been extremely

prolific and allowed the identification and characterization

of numerous proteins necessary for adequate axonemal

molecular structure and assembly (Table S1 available

online). The axoneme is a highly evolutionarily conserved

structure found in motile cilia and in sperm flagella,

mainly composed of an intricate network of microtubules

and dyneins. Sperm parameters have not been systemati-

cally explored and are often only scarcely described

in manuscripts investigating PCD-affected individuals.

Although sperm flagella and motile cilia have a similar

axonemal structure based on the presence of nine periph-

eral microtubule doublets plus two central ones, they pre-

sent several differences that might explain why PCDs are

not always associated with asthenozoospermia.4 We note

that no mutations in axonemal genes have been described

as being involved exclusively in infertility without also

inducing PCD.

In the present study, we analyzed 20 subjects presenting

with asthenozoospermia resulting from a combination of

five morphological defects of the sperm flagella (absent,

short, bent, and coiled flagella and flagella of irregular

width) without any of the other PCD-associated symp-

toms. Similar phenotypes have been previously described

and named ‘‘dysplasia of the fibrous sheath,’’ ‘‘short tails,’’

or ‘‘stump tails.’’5–15 We propose to call this syndrome

‘‘multiple morphological anomalies of the flagella
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(MMAF),’’ a name that provides a more accurate descrip-

tion of this phenotype. We carried out a SNP whole-

genome scan on 20 individuals presenting with severe

MMAF. The study was approved by our local ethics com-

mittee; all individuals gave their signed informed consent

and national laws and regulations were respected. All indi-

viduals originated from North Africa (11 Tunisians, 7

Algerians, and 2 Libyans) and were treated in Tunis (Clin-

ique des Jasmins, Tunis, Tunisia) for primary infertility.

Twelve of the subjects were born from related parents,

usually first cousins. None of the subjects were related to

one another apart from three individuals (P1–P3) who

were brothers. All subjects had normal somatic karyotypes.

All sperm analyses were performed at least twice, in

accordance with the World Health Organization recom-

mendations.16 Subjects were recruited on the basis of the

identification of >5% of at least four of the aforemen-

tioned flagellar morphological abnormalities (absent,

short, coiled, bent, and irregular flagella) (Table 1). All

subjects presented with severe asthenozoospermia: 11

out of 20 subjects had no (0%) motility, 8 had sperm

motility <10%, and one (P6) had 35% motility. Saliva

was obtained from all participants via Oragene DNA Self-

Collection Kit (DNAgenotech) but only one subject (P3)

agreed to donate sperm and blood samples for research

use. During their medical consultation for infertility, all

subjects answered a health questionnaire focused on

PCD manifestations, and none indicated suffering from

any of the other symptoms encountered in PCD.

Homozygosity mapping was carried out with 250K Sty1

SNP mapping arrays (Affymetrix) on DNA extracted from

the 20 studied subjects’ saliva samples. Common regions

of homozygosity were identified with the homoSNP soft-

ware. After exclusion of the centromeric regions, we iden-

tified two regions located on chromosomes 3 and 20 with a

region of homozygosity > 1 Mb common to 10/20

analyzed individuals (Figure S1). In addition, 4 and 9 sub-

jects presented with a stretch of homozygosity > 15 Mb

overlapping chromosomes 20 and 3 regions, respectively.

All three brothers (P1–P3) were homozygous at the chro-

mosome 3 region, although only two of them were homo-

zygous at the chromosome 20 region. We excluded all

other regions of homozygosity because they did not fulfil

the following criteria: (1) more than eight individuals

including at least two of the brothers sharing a region of

homozygosity > 1 Mb and (2) presence of a potential

candidate gene in the region according to its expression

profile and/or presumed function. Finer analysis of the

chromosome 3 region showed that 15 individuals were

homozygous for two smaller subregions located at chr3:

46,745,396–47,606,570 and chr3: 52,111,974–53,028,375

(UCSC Genome Browser human reference genome build

hg17, Figure S1). Sixteen genes are annotated in the first

subregion (Table S2), among which only one gene (KIF9

[MIM 607910]) appeared as a good candidate; indeed,

studies in the protist Trypanosoma brucei showed that

kif9A (the mouse ortholog of human KIF9) is located in

the axoneme and that its depletion alters motility.17 The

second subregion in chromosome 3 includes 28 genes

(Table S2). The dynein heavy chain 1 gene (DNAH1

[MIM 603332]) appeared as the best candidate gene

because it codes for an axonemal dynein heavy chain

and is expressed in various tissues including testis.18

Furthermore, asthenozoospermia was described in mice

lacking Dnahc1, the DNAH1 mouse ortholog (previously

named Mdhc7).19 Finally, among the ten genes located

in the selected region of chromosome 20 (chr20:

33,572,687–34,070,415), only SPAG4 (MIM 603038) ap-

peared as a good candidate: it was described in rat to be

associated with the axoneme in elongating spermatids

and epididymal sperm.20We therefore decided to sequence

KIF9 (RefSeq accession number NM_001134878.1),

DNAH1 (RefSeq NM_015512.4), and SPAG4 (RefSeq

NM_003116.1).

We sequenced the 12 exons and the intron boundaries

of SPAG4 in the 13 individuals homozygous at this locus,

and the 19 exons and intron boundaries of KIF9 in the

15 relevant individuals. We did not identify any likely

pathogenic variants in these two genes. We then

sequenced the 78 exons and intron boundaries of

DNAH1 in P3 (primer sequences available in Table S3).

We identified one homozygous splicing mutation

(c.11788�1G>A) in intron 73. The same homozygous mu-

tation was identified in the two other brothers (Figure S2).

We then sequenced DNAH1 for the 17 remaining subjects.

The same homozygous mutation (c.11788�1G>A) was

identified in one additional individual (P17). We identified

three other homozygous variants: another splicing muta-

tion (c.5094þ1G>A) in individual P9, a homozygous no-

stop mutation disrupting the stop codon in exon 78

(c.12796T>C [p.4266Glnext*21]) in individual P8, and a

homozygous missense variant in exon 23 in individual

P6 (c.3877G>A [p.Asp1293Asn]). The localization of the

DNAH1 mutations is presented in Figure 1. If we consider

only index cases, we identified 5 homozygous variants in

18 unrelated individuals (28%). None of these variants

were detected in our control cohort of 100 individuals of

North African origin. We note that the parents of the

subjects could not be analyzed to confirm the transmission

of the variants. We therefore cannot formally exclude the

possibility that some of the identified variants may be

hemizygous with a deletion on the other allele. However,

depending on its size, its position, and its effect on the

reading frame, a deleted allele would be at least as delete-

rious as the identified variants.

To evaluate the association of the variants with the

pathology, we compared their frequency in our cohort

with that in the Exome Variant Server (EVS) database. At

the four genomic positions of interest, the EVS data are

of sufficient coverage to provide genotype calls for at least

6,200 individuals, corresponding to 12,400 alleles. There

were no variant nucleotides identified at positions

c.5094þ1, c.11788�1, or c.12796, and only one A allele

was identified out of 12,460 alleles at position c.3877.
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Table 1. Semen Parameters of the 20 Subjects and the 7 Subjects Carrying DNAH1 Homozygous Variants

Semen Parameters
Average of
20 Subjectsa P1 P2 P3 P6 P8 P9 P17

DNAH1 mutations c.11788�1G>A
(p.Gly3930Alafs*120)

c.11788�1G>A
(p.Gly3930Alafs*120)

c.11788�1G>A
(p.Gly3930Alafs*120)

c.3877G>A
(p.Asp1293Asn)

c.12796 T>C
(p.4266Glnext*21)

c.5094þ1G>A
(p.Leu1700Serfs72)

c.11788�1G>A
(p.Gly3930Alafs*120)

Consanguinity yes yes yes no yes yes no

Origin of the
subject

Tunisia Tunisia Tunisia Algeria Algeria Algeria Tunisia

Sperm volume (ml) 3.2 (1–5.5) 5 2.5 2 5 4.5 3.5 2.5

Sperm concentration
106/ml

22 (0–59) 45 0 2.8 57 11 53 31

Motility (AþB) 1 hr 2.5 (0–35) 0 NA 2 35 0 0.5 0

Vitality 44 (6–73) 22 NA NA 73 61 48 NA

Normal spermatozoa 0.35 (0–6) 0 NA 0 6 0 0 0

Absent flagella 30 (8–46) 34 þ 34 þ þ 16 30

Short flagella 44 (16–70) 38 þ 44 þ þ 70 20

Coiled flagella 13 (2–32) 14 NA 14 þ þ 12 32

Angulation 12 (2–19) 4 NA 2 þ þ 8 6

Flagella of irregular
caliber

55 (16–92) 48 NA 50 þ þ 54 16

Multiple anomalies
index

2.9 (1.9–3.9) 3.1 NA 2.4 NA NA 3 2.6

Values are expressed in percents, unless specified otherwise. Abbreviations are as follows: NA, not available; plus sign, anomalies reported (>5%) but not accurately quantified.
aValues are expressed as the mean with the lower and higher values in parentheses.
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We performed Fisher exact tests (with fisher.test in R) to

evaluate whether each observed SNV was statistically over-

represented in our cohort of 18 unrelated individuals,

compared to EVS. All four individual SNVs are significantly

enriched (p values: 5.9 3 10�11 for c.11788�1G>A, 8.1 3

10�6 for c.5094þ1G>A and c.12796T>C, and 2.4 3 10�5

for c.3877G>A). We then investigated whether DNAH1

as a whole was significantly enriched in damaging SNVs

in our cohort. Overall, EVS contains five nonsense and

two splice-site SNVs, all observed heterozygously in a total

of ten individuals. By using the coverage data available on

the EVS website, we find that 20,737 positions covering

the DNAH1 exons and intron boundaries had sufficient

sequence coverage to be genotyped in 6,189 individuals

on average. By contrast, counting only the two splice-site

mutations as damaging, we observe 6 damaging alleles

among 36 in our cohort: this represents a highly signifi-

cant enrichment (Fisher exact test, p value: 3 3 10�12).

Furthermore, we note that there were no homozygous

damaging variants observed in the 6,189 EVS individuals

compared to 3 in our cohort of 18 (Fisher exact test,

p value: 33 10�8). Altogether we believe that these genetic

results convincingly demonstrate that mutations in

DNAH1 are associated with MMAF.

The c.5094þ1G>A variant found in individual P9 affects

DNAH1 intron 31 consensus donor splice site. The

abnormal splicing is predicted to cause the prolongation

of exon 31 until the introduction of a nonsense codon

(p.Leu1700Serfs72). The position of the next donor site

was predicted by ‘‘Splice Site Prediction by Neural

Network.’’ Unfortunately we could not obtain any leuko-

cytes from this subject to validate this prediction and

observe whether this variant also led to nonsense-medi-

ated mRNA decay (NMD). Because of the location of the

variant on a consensus splice site and the unambiguous

predictions of splice prediction software, we did not syn-

thesize a minigene to verify the effect of this variant

in vitro. A missense change, p.Asp1293Asn, was identified

in P6. Interestingly, the Asp1293 amino acid is well

conserved across species (Figure S3). This missense change

is also predicted to be possibly damaging by SIFT and Poly-

Phen-2, two prediction softwares for nonsynonymous

SNPs. It affects the N-ter of the protein (Figure 1B), known

to be important for the structure of dynein arms.21 Variant

p.4266Glnext*21 found in individual P8 abolishes the stop

codon in exon 78, leading to the addition of 21 codons

at the 30 end of the coding sequence. The role of the

C-terminal domain is uncertain, but based on the

D. discoideum structures, it may participate in long-range

allosteric communication between microtubule-binding

and ATPase regions.22,23 The addition of 21 extra amino

acids to this region is likely to disrupt these interactions.

The c.11788�1G>A variant identified in four subjects

(P1–P3 and P17) affects the final G nucleotide of DNAH1

intron 73, one of the consensus splice acceptor nucleo-

tides. The resulting abnormal splicing is predicted to recog-

nize a new CG acceptor site located just one nucleotide

further, thus shifting the reading frame and inducing a

premature stop codon (p.Gly3930Alafs*120). As could be

expected, P1–P3 share a common haplotype (Table S4).

P17 also shares a common haplotype of 30 SNPs with

P1–P3, suggesting a founder effect for this mutation. To

assess the functional impact of the DNAH1 splice acceptor

site mutation c.11788�1G>A, we studied mRNA products

isolated from control and P3 lymphocytes (primer se-

quences available in Table S5). RT-PCR of P3’s samples

yielded no product despite repeated attempts, whereas

the three amplification attempts from control lympho-

cytes yielded the expected product (Figure 2A). RT-PCR tar-

geting GAPDH (MIM 138400) and RPLP0 (MIM 180510)

confirmed the integrity of P3’s RNA (Figure 2B). This sug-

gests a specific degradation of the mutant DNAH1 tran-

scripts by NMD. To further validate the pathogenicity of

this variant, we analyzed DNAH1 localization in sperm

from P3 by immunofluorescence and the ultrastucture of

the flagella by electron microscopy. In control individuals,

DNAH1 antisera decorated the full length of the sperm fla-

gellum (Figure 2C), suggesting a putative role in the teth-

ering of the inner dynein arms along the entire axoneme.

In contrast, in sperm from individual P3 carrying the

c.11788�1G>A mutation, DNAH1 immunostaining was

absent, confirming that the splicing defect results in the

degradation of the transcripts by NMD (Figure 2D). We

next tested the integrity of the outer and inner dynein

arms by using antibodies directed against DNALI1 and

DNAI2, two well-established diagnostic markers of the in-

ner and outer dynein arms, respectively. Staining with

DNALI1 was strongly reduced in the sperm of individual

Figure 1. Location of DNAH1 Mutations
in the Intron-Exon Structure and in the
Protein Representation of DNAH1
(A) DNAH1 genomic structure.
(B) DNAH1 domainmap showing the loca-
tion of the four identified mutations. The
red boxes indicate the six known AAA-
ATPase domains (AAA 1 to 6) as detected
by homology (Uniprot server). The micro-
tubule-binding domain (MBT) lies be-
tween AAA4 and AAA5. The N-terminal
part of the protein binds to the intermedi-
ate, light-intermediate dynein chains. The
position of the stalk and the microtubule-
binding domain (MTB) are indicated.
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P3, suggesting that inner arms were mostly absent in this

individual (Figure 2F). On the other hand, the antibodies

directed against DNAI2 stained the sperm flagella in both

control and individual P3, suggesting that the outer

dynein arms were not affected by the absence of DNAH1

(Figures 2E and 2F). In order to confirm that the inner

arms were disorganized, we studied the ultrastructure of

individual P3’s sperm by transmission electronmicroscopy

(TEM) (Figure 3). We could observe 40 doublets of microtu-

bules in cross sections presenting a sufficient quality to

observe the dynein arms. Fifteen outer dynein arms

(ODA) and only 4 inner dynein arms (IDA) were observed,

confirming the complete disorganization of the IDA.More-

over, approximately one third of the microtubule doublets

were malformed or absent in the observed sections.

Furthermore, the central singlet of microtubules was

missing (9þ0) in 47% of these sections. The fibrous sheath

was also strongly disorganized in 90% of the sections

(Figure 3).

After complete DNA sequencing of DNAH1, we identi-

fied two variants altering a consensus splice site, highly

likely to have a damaging effect, in 3 out of 18 unrelated

individuals. The predicted effect of the other two identified

variants is not as clear but the addition of 21 residues

Figure 2. Analysis of P3 Carrying the c.11788�1G>A Variant Evidencing DNAH1mRNA Decay by RT-PCR and the Absence of DNAH1
in Sperm by Immunolocalization
(A) RT-PCR analyses of subject P3 (c.11788�1G>A homozygote) and control individuals from the general population (C1–C3). Electro-
phoresis showing the RT-PCR amplification of DNAH1 exons 30–32, 64–66, 73–75. C1, C2, and C3 yield a normal fragment of 228, 293,
and 241 bp, whereas subject P3 shows no amplification. There is no amplification from the RT-negative blank control (column B).
(B) Electrophoresis showing the amplification of the same cDNAs with GAPDH and RPL0 primers. Bands of equivalent intensity are
obtained from all samples including P3. Reverse transcription was carried out with 500 ng of extracted RNA and oligo dT priming.
Two microliters of the obtained cDNA mix was used for the subsequent PCR. PCR amplification was carried out with three couples of
primers located in exons 30–32, 64–66, and 73–75 of DNAH1 at an elongation temperature of 57�C (40 cycles), in parallel to amplifica-
tion of the same samples with the control housekeeping GAPDH and RPL0, respectively, at an elongation temperature of 60�C (35
cycles). RT-PCR primers are listed in Table S4.
(C and D) Immunofluorescence staining of human spermatozoa with DNAH1 antibodies (green) and DNAI2 (red). DNAH1 is observed
throughout the flagellum in control sperm, whereas it is absent from P3’s sperm. In both control and P3 sperm, ODA is present as wit-
nessed by the immunostaining of DNAI2.
(E and F) Immunofluorescence staining of human spermatozoa with DNALI1 antibodies (green) and DNAI2 (red). DNALI1, a marker of
IDA, is localized throughout flagella in control sperm, whereas it is strongly reduced in sperm from P3. No difference is noticed in the
coimmunostaining of DNAI2. Sperm were counterstained with Hoechst 33342 (blue) as nuclei marker. White scale bars represent 5 mm.
Sperm cells were washed in phosphate-buffered saline (PBS), fixed in 4% PFA for 2 min at room temperature (RT), and washed twice in
PBS. Fixed spermatozoa were allowed to air-dry on poly-L-lysine coated slides followed by permeabilization with 0.5% Triton X-100.
Samples were then blocked with (PBS)/1% bovine serum albumin (BSA)/2% normal goat serum (NGS) for 30 min at RT. Slides were incu-
bated with the primary antibodies 2 hr followed by an incubation with the secondary antibodies for 45min at RTandmounting in Dako
mounting medium (Dako). Appropriate controls were performed, omitting the primary antibodies. Polyclonal mouse DNALI1 and
monoclonal mouse DNAI2 were purchased from Abcam (UK) and Abnova Corporation (Taiwan), respectively. Polyclonal DNAH1 anti-
bodies were purchased from Prestige Antibodies (Sigma-Aldrich). Monoclonal mouse anti-acetylated-a-tubulin were purchased from
Sigma-Aldrich. Highly cross-adsorbed secondary antibodies (Alexa Fluor 488 and Alexa Fluor 546) were obtained fromMolecular Probes
(Invitrogen).
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caused by the stop-loss variant is probably pathogenic.

Interestingly, P1, P2, P3, P8, P9, and P17—who have

inherited the variants predicted to have most severe

effects—present 0% morphologically normal spermatozoa

with a motility <2%, in contrast to P6, carrying the

p.Asp1293Asn variant, who presents a milder phenotype

with 35% motility and 6% morphologically normal sper-

matozoa (Table 1). These data therefore suggest that the

c.3877G>A variant might be a hypomorphic allele, which

is consistent with a single amino acid substitution in a

large protein. Unfortunately we could not obtain any addi-

tional biological material from the other mutated subjects

and in particular from P6 and could not assess the effects of

the other variants on protein expression/localization and

on the ultrastructure of the flagella. In addition, no muta-

tions were identified in DNAH1 in 13 subjects, suggesting

that MMAF is genetically heterogeneous. We are currently

sequencing the exomes of these 13 subjects in order to

identify other genes involved in MMAF. We note that

with the exception of P6, who carried a missense mutation

and presented a milder form of the pathology, we included

here only individuals with the most severe phenotypes.

We can therefore expect that individuals with intermediate

asthenozoospermia and low levels of morphological

anomalies could also harbor homozygous or compound

heterozygous DNAH1 mutations of moderate severity.

The data we present here are consistent with the pheno-

type described for Dnahc1 knockout (KO) mice (the ortho-

log of DNAH1), which display asthenozoospermia and

male infertility.19 In this model, however, no structural

defects of the axoneme were observed either by optical or

by transmission electronic microscopy.19 This contrasts

with the strong axonemal disorganization we observed in

sperm from P3 carrying the homozygous c.11788�1G>A

mutation, where the inner dynein arms and the central

pair of microtubules were mostly absent. In the Dnahc1

KO, however, the authors describe that the targeted

deletion did not lead to a complete disruption of the

gene and resulted in a truncated protein with a preserved

N terminus.19 Because the N-terminal part of the DyHCs

plays a crucial role in the assembly and stabilization of

the inner dynein arms, as shown in Chlamydomonas

mutants,24 it is likely that the formation of the base of

the inner dynein arm is preserved and that the described

Figure 3. ElectronMicroscopy Analysis of Spermatozoa from P3, Carrying the c.11788�1G>A Variant, Reveals Numerous Ultrastruc-
tural Defects
(A) EM cross-section of a flagellum from a control individual sperm sample.
(B) Cross-section from the individual P3 sample showing numerous defects: lack of IDA (red arrow) and axonemal disorganization with
mislocalized peripheral doublets (green arrows) associated with a displacement of the central pair (blue asterisk).
(C) Cross-section from individual P3 sperm flagellum showing a complete absence of the central pair.
(D) Cross-section from individual P3 sperm flagellum showing supernumerary dense fibers with absence of mitochondrion on the right
side of the mid-piece.
(E and F) Drawings describing the normal sperm axoneme ultrastructure with their different components (E) and different defects
observed in DNAH1 mutated subjects (F).
Sperm cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) during 2 hr at room temperature. Details of trans-
mission electron microscopy technique were detailed previously.3
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KO animals could ensure correct axonemal biogenesis and

organization. Alternatively, it is possible that the DNAH1

role in axonemal structure is not as central in mouse as it

is in human.

Apart from infertility, none of the 20 individuals

declared suffering from any of the principal PCD symp-

toms such as an impairment of the respiratory functions.

This suggests that DNAH1 function in cilia is probably

compensated by other HC dyneins. Previous phylogenetic

studies indicate that DNAH3 (MIM 603334), DNAH7 (MIM

610061), and DNAH12 (MIM 603340) are close paralogs to

DNAH1, DNAH12 being the closest.18 We therefore

measured the relative expression of these four IDA heavy

chains to assess whether the expression of these proteins

could compensate the absence of DNAH1 in other ciliated

tissues. By using qPCR (primer sequences available in Table

S6), we showed that DNAH1 is expressed at a much higher

level (8-fold) in the testis compared to the trachea

(Figure 4). Conversely, the other IDA heavy chains are ex-

pressed at higher levels (DNAH3, DNAH7) or at a similar

level (DNAH12) in control tracheal cells as in testis

(Figure 4). Data available from public expression databases

show a similar expression pattern to what was observed

here. Moreover, these data show that whereas DNAH3

and DNAH7 expression is restricted to ciliated cells,

DNAH1 andDNAH12 expression is rather atypical, because

it is almost ubiquitous (EST profile viewer and GeneHub-

GEPIS). We therefore note that not only are DNAH1 and

DNAH12 closest to one another from a phylogenetic point

of view, but they also share a broad expression pattern. We

therefore believe that DNAH12 is the most likely candidate

for a potential functional compensation of DNAH1 in cili-

ated cells. In addition and/or alternatively to this compen-

sation, we cannot exclude the possibility that some of the

affected individuals might retain expression of DNAH1 in

the ciliated cells of the trachea, although this is not ex-

pected for the most severe variants identified. Alterna-

tively, we cannot exclude a reduction of ciliary beats,

which could lead to a small decrease of cilia function in

respiratory epithelium or in other ciliated tissues without

pathological consequences, or at least none that have

been noticed by the affected men themselves. We could

not obtain nasal brushings or curette biopsies from

affected individuals and therefore cannot formally exclude

this possibility. Future work on DNAH1 mutated subjects

should include a thorough analysis of PCD symptoms

including nasal nitric oxide measurements, video micro-

scopy, and transcription electron microscopy. This would

provide valuable information regarding the role of

DNAH1 in ciliated cells as well as indicate whether

mutated men might be at risk of developing PCD symp-

toms, perhaps as late onset.

Inner dynein arms are organized in seven molecular

complexes, viewed in electronic microscopy as globular

heads arranged in 3-2-2 groups and corresponding to three

different types of inner arms (IDA1 to IDA3, see Figure 5).

In Dnahc1 KO mice, electron microscopy studies indicated

that one head of the IDA3 was missing, leading to a 3-2-1

globular head arrangement, suggesting that DNAH1 is a

component of IDA3. Radial spokes are present on microtu-

bule doublets and interact with the inner arms. They allow

a connection between external doublets of the microtu-

bules and the two central microtubules. They are multipro-

tein complexes of more than 20 proteins. In mammals,

there are three different radial spokes (RS1, RS2, and RS3)

binding tightly to the inner arm bases of different IDAs.

Among the different proteins involved in axonemal forma-

tion and organization, only mutations in CCDC39 (MIM

613798) and CCDC40 (MIM 613799) lead to a disorganiza-

tion of the axonemal structure, a phenotype similar to

what we observe in subjects with DNAH1 mutations.

CDCC39 and CDCC40 control the assembly of the dynein

regulatory complex (DRC), a major regulatory node inter-

acting with numerous axonemal structures.27–29 In the

absence of DRC, RS2 anchoring is weakened, leading to

the displacement or the absence of the central pair and

the mislocalization of the peripheral doublets. Interest-

ingly, in T. thermophila, the RS3 stalk is directly connected

to the dynein d/a tail through an arc-like structure

(Figure 5).26 It can therefore be speculated that the absence

of DNAH1 removes the anchoring site of the radial spoke

3. As a consequence, the attachment of the two central

Figure 4. Relative mRNA Expression of DNAH1, DNAH3, DNAH7,
and DNAH12 in Testis and in Tracheal Cells
Expression of DNAH1 mRNA (in green) in testis is significantly
higher (8-fold) than in tracheal cells (in blue). Tracheal cell expres-
sion is set to 1. Expression ofDNAH3 andDNAH7mRNA are signif-
icantly lower in testis than in tracheal cells, whereas DNAH12
expression is not significantly different. Data are presented as
mean 5 standard deviation of three independent quantitative
real-time PCR experiments. Statistical tests (paired t test) with a
two-tailed p value % 0.05 were considered as significant (*). Hu-
man testis and trachea cDNA were obtained from Amsbio (Abing-
don). mRNA expressionwere assessed by qPCRwith a Biorad CFX9
(Biorad). PCR primers used to amplify DNAH1 and three other
inner dynein arm heavy chain genes (DNAH3, DNAH7, and
DNAH12) and the reference gene ACTB are listed in Table S5.
The PCR cycle was as follows: 10 min 95�C, 1 cycle; 10 s 95�C,
30 s 58�C þ fluorescence acquisition, 55 cycles. Analysis was per-
formed with Biorad software CFX Manager v.3.0, with advanced
relative quantification mode. Values for each gene were normal-
ized to expression level of beta-actin gene (ACTB) via the 2-
DDCT method.25 The 2-DDCT value was set at 0 in tracheal cells,
resulting in an arbitrary expression of 1.
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singlet microtubules should be weakened. This scheme is

in agreement with our data that show 47% of 9þ0 axo-

nemes (Figure 3).

As illustrated in Table S1, not all PCDs are associated

with an infertility phenotype. For instance, subjects with

mutations in CCDC114 (MIM 615038)30,31 and DNAH11

(MIM 603339)4 are fully fertile and could procreate sponta-

neously whereas subjects with DNAAF2 (MIM 612517),

DNAH5 (MIM 603335), DNAI1 (MIM 604366), or HYDIN

(MIM 610812)4,32–34 present complete sperm immobility.

Also, mutations in genes involved in the preassembly of

the dynein arms DNAAF1 (MIM 611390), DNAAF2 (MIM

612517), DNAAF3 (MIM 614566),32,35–37 and LRRC6

(MIM 614930),38 described to induce IDA loss, did not pre-

sent axonemal microtubule disorganization. Consistently,

IDAs are not or are only partially affected in deficient

Chlamydomonas mutants for ODA7 (DNAAF1), ktu/pf13

(DNAAF2), and pf22 (DNAAF3): in ODA7 mutants, inner

arms are not affected, in ktu/pf13mutants only IDA dynein

c is missing, and in pf22 mutants IDA dynein b and c are

absent.27,29,36,37,39 Most importantly, IDA dynein f and

p28 remain located in the flagella. It can thus be speculated

that there are several pathways for the preassembly and/or

the targeting of the different mammalian IDAs, thus

explaining the absence of axonemal microtubule disorga-

nization in subjects presenting with mutations in

DNAAF1, DNAAF2, DNAAF3, and LRRC6. Here we

observed that DNALI1 immunostaining was strongly

reduced along the whole flagellum (Figure 2E), suggesting

that DNALI1 may be located mainly in IDA3.40 In agree-

ment with this result, p28, the Chlamydomonas ortholog

ofDNAIL1, is associated with the inner dynein arm located

in IDA3. Interestingly, DNALI1 has an expression pattern

similar to DNAH1: it presents a predominant testis expres-

sion and also a remarkable expression in nonciliated

cells.41 Altogether, these facts suggest a close molecular

partnership between DNAH1 and DNALI1.

Mutations affecting axonemal components and/or

axoneme assembly often result in PCD, which frequently

includes a male infertility phenotype. In this study we

describe that mutations in DNAH1, which codes for an

axonemal component, leads to male infertility only with

no other apparent PCD-associated syndromes. Our data

indicate that DNAH1 is required in spermatozoa for the

formation of the inner dynein arms and that its absence

is deleterious for the organization and biogenesis of the

axoneme. Overall our data confirm that despite close struc-

tural similarities, sperm flagella and cilia present important

divergences in axonemal organization and biogenesis.

Supplemental Data

Supplemental Data include three figures and six tables and can be

found with this article online at http://www.cell.com/AJHG/.
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Figure 5. Proposed Schematic Model for the Location and the
Function of the Inner Arm Heavy Chain DNAH1 in the Axoneme
of Human Sperm Flagellum
(A) Simplified representation showing a cross-sectional view of
one microtubule doublet of an axoneme surrounding the central
pair complex; the viewing is from the flagellar base. Light gray,
central pair complex; light blue, outer doublets; dark blue, outer
arm dyneins (OAD); dark pink, inner arm dynein heavy chain
DNAH1; dark gray, radial spoke 3.
(B) Longitudinal view illustrating the approximate localization on
the outer doublet A-tubule of the various dyneins and regulatory
structures within a single 96 nm axonemal repeat. RS3 stalk is
directly connected to the DNAH1 tail through an arc-like struc-
ture. DNAH1 may therefore stabilize the RS3.26 Light pink, inner
arm dyneins (IAD); yellow, IC/LC, intermediate chain/light chain;
orange, nexin-dynein regulatory complex (N-DRC); green, modi-
fier of inner arms (MIA) complex; blue, calmodulin- and spoke-
associated complex (CSC); purple, distal protrusion (DP).
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familiaux

Table B.1 – Liste des variants ayant passé l’ensemble des filtres pour
les deux fères P1 et P2 de la famille MMAF1

Variant impact
SYMBOL HGVSc, HGVSp Consequence
PLA2G4B c.1710-6delA ; . splice region

Table B.2 – Liste des variants ayant passé l’ensemble des filtres pour
les deux fères P3 et P4 de la famille MMAF2

Variant impact
SYMBOL HGVSc, HGVSp Consequence
SEMA5B c.658C>A ; p.Glu220Lys missense
CCDC37 c.1234_1236delTGG ; p.Glu412del inframe deletion
DAPK1 c.2431T>A ; p.Val811Met missense
MTSS1L . ; p.Arg609Trp missense
HYDIN c.14857>T ; p.Arg4953Trp missense
TMEM231 . ; p.Ala71Val missense
ZNF469 . ; p.Arg1864Lys missense
TGIF2 c.496C>A ; p.Leu166Met missense
MMP9 c.820G>A ; p.Glu274Lys missense

Table B.3 – Liste des variants ayant passé l’ensemble des filtres pour
les deux fères P5 et P6 de la famille MMAF3

Variant impact
SYMBOL HGVSc, HGVSp Consequence
MYH11 c.4625G>A ; p.Arg1542Gln missense
DNAH1 . ; . splice acceptor

Table B.4 – Liste des variants ayant passé l’ensemble des filtres pour
les deux fères P8 et P9 de la famille MMAF4

Variant impact
SYMBOL HGVSc, HGVSp Consequence
WEE2 . ; p.Pro92Leu missense
GBP2 c.412T>A ; p.Ala138Thr missense
ZFYVE28 c.1729C>A ; p.Val577Met missense
FCGR3A c.133T>C ; p.Ala45Pro missense
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familiaux

Table B.5 – Liste des variants ayant passé l’ensemble des filtres pour
le patient P10 de la famille MMAF5

Variant impact
SYMBOL HGVSc, HGVSp Consequence
ALOX15 c.268T>C ; p.Asp90His missense
NFATC4 . ; p.Glu577Gly missense
MYH7 c.77G>T ; p.Ala26Val missense
LDHAL6A c.334A>T ; p.Arg112Ter stop gained
GBF1 c.1588G>T ; p.Arg530Cys missense
TRBV6-6 c.5A>T ; p.Ser2Ile missense
MROH2A . ; p.Ile180Thr missense
FSIP2 . ; p.Ala86Val missense
ZSWIM2 c.676G>A ; p.Leu226Met missense
CPZ c.1236A>T ; p.Lys412Asn missense
CCDC73 c.851A>C ; p.Phe284Ser missense
NXPE2 c.1595>T ; p.Thr532Met missense
NKX2-1 c.843G>T ; p.Gln281His missense
CASP8 c.74A>G ; p.Pro25Arg missense
OR6S1 . ; p.Leu116Met missense
PDZD7 . ; p.Ser324Asn missense
COL27A1 c.5063G>A ; p.Arg1688Gln missense
SPEF2 c.3240delG ; p.Phe1080LeufsTer2 frameshift
ACAP1 c.1597A>T ; p.Arg533Trp missense
C6 c.2312C>A ; p.Gly771Asp missense
SLIT1 . ; . splice region
ARHGAP19-SLIT1 c.*1721-7A>T ; . splice region
DNAH2 . ; p.Arg2538Gln missense
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Table C.1 – Table des variants retrouvés sur le gène PATL2

Variant impact
Patient Geno HGVSc, HGVSp Consequence
Ghs103 Homo c.478G>T ; p.Arg160Ter stop gained
Ghs104 Homo c.478G>T ; p.Arg160Ter stop gained
Ghs114 Homo c.478G>T ; p.Arg160Ter stop gained
Ghs5 Homo c.478G>T ; p.Arg160Ter stop gained
Ghs98 Homo c.478G>T ; p.Arg160Ter stop gained
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Table D.2 – Variants homozygotes retrouvés sur le gène CFAP44

Variant impact Variant frequency
Patient HGVSc, HGVSp Consequence ExAC ; ESP ; 1KG
Ghs155 c.1387G>T ; p.Glu463Ter stop gained . ; . ; .
Ghs177 c.1387G>T ; p.Glu463Ter stop gained . ; . ; .
Ghs34 c.1890+1G>A ; p.Pro631Ile*22 splice donor . ; . ; .
Ghs168 c.2818_2819insG ; p.Glu940GlyfsTer19 frameshift 8.24e-06 ; . ; .
Ghs22 c.3175C>T ; p.Arg1059Ter stop gained . ; . ; .
Ghs181 c.4767delC ; p.Ile1589MetfsTer6 frameshift . ; . ; .
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abstract: We recently identified the DPY19L2 gene as the main genetic cause of human globozoospermia. Non-genetically characterized
cases of globozoospermia were associated with DNA alterations, suggesting that DPY19L2-dependent globozoospermia may be associated with
poor DNA quality. However the origins of such defects have not yet been characterized and the consequences on the quality of embryos gen-
erated with globozoospermic sperm remain to be determined. Using the mouse model lacking Dpy19l2, wecomparedseveral key steps of nuclear
compaction. We show that the kinetics of appearance and disappearance of the histone H4 acetylation waves and of transition proteins are de-
fective. More importantly, the nuclear invasion by protamines does not occur. As a consequence, we showed that globozoospermic sperm pre-
sented with poor sperm chromatin compaction and sperm DNA integrity breakdown. We next assessed the developmental consequences of
using such faulty sperm by performing ICSI. We showed in the companion article that oocyte activation (OA) with globozoospermic sperm is very
poor and due to the absence of phospholipase Cz; therefore artificial OA (AOA) was used to bypass defective OA. Herein, we evaluated the
developmental potential of embryos generated by ICSI + AOA in mice. We demonstrate that although OA was fully rescued, preimplantation
development was impaired when using globozoospermic sperm. In human, a small number of embryos could be generated with sperm from
DPY19L2-deleted patients in the absence of AOA and these embryos also showed a poor developmental potential. In conclusion, we show
that chromatin compaction during spermiogenesis in Dpy19l2 KO mouse is defective and leads to sperm DNA damage. Most of the DNA
breaks were already present when the sperm reached the epididymis, indicating that they occurred inside the testis. This result thus suggests
that testicular sperm extraction in Dpy19l2-dependent globozoospermia is not recommended. These defects may largely explain the poor em-
bryonic development of most mouse and human embryos obtained with globozoospermic sperm.
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Introduction
The sperm epigenome presents several peculiarities, due to the great
compaction of the nucleus during spermiogenesis. Indeed, the sperm
genome undergoes a complete chromatin remodeling during post-
meiotic differentiation. The most significant of these events are (i) an
almost genome-wide removal of histones and their replacement by
protamines (Prms), (ii) nucleosome retention at specific genomic
loci, likely linked with early paternal gene activation after fertilization
(Arpanahi et al., 2009; Hammoud et al., 2009) and (iii) the presence
within the sperm of specific small regulating RNAs, known to modulate
gene expression and embryo development after fertilization
(Dadoune, 2009). It is now recognized that the whole paternal epigen-
ome plays an important role in the developing embryo (Miller et al.,
2010; Jenkins and Carrell, 2012). However, although the current litera-
ture provides strong evidence for a relationship between male infertil-
ity and dysregulation of sperm epigenetic marks (Cho et al., 2001;
Oliva, 2006), our knowledge of the role of paternal epigenetic marks
during the different steps of embryonic development and their evolu-
tion during embryogenesis remains poor. More importantly, the long-
term consequences of male epigenetic dysregulation are unknown and
may lead to pathological phenotypes in offspring. These questions are
highly important for human reproduction because ICSI, necessary
to treat teratozoospermic patients, uses sperm which very often
present multiple and severe DNA defects. In consequence, efforts
should be made to characterize the pathological epigenetic landscape
of sperm chromatin (DNA breaks, compaction and epigenetic defects)
in the context of male infertility and to understand the etiology of these
abnormal profiles.

In the last few years we have focused our attention on a specific type of
teratozoospermia, namely globozoospermia (MIM #613958), which is
characterized by the presence in the ejaculate of a large majority of
round spermatozoa devoid of an acrosome. We demonstrated that
genetic defects of DPY19L2 were identified in .70% of men presenting
with globozoospermia indicating that DPY19L2 represents the main
cause of this teratozoospermia (Harbuz et al., 2011; Coutton et al.,
2012, 2013). Two other genes are also involved in type I globozoosper-
mia, SPATA16 and PICK1, but with a lower incidence (Dam et al., 2007; Liu
et al., 2010). If the absence of an acrosome is the main feature of globo-
zoospermic sperm, previous cases reports have shown that the chroma-
tin of globozoospermic sperm presents defective condensation and
DNA alterations (Baccetti et al., 1996; Vicari et al., 2002; Vozdova
et al., 2013). These results suggest that Dpy19l2-dependent globozoos-
permia is also associated with poor sperm DNA quality. However, this
hypothesis is based on only a few case descriptions, which were per-
formed without neither the identification of the genetic etiology nor
the precise characterization of the DNA alterations. The DNA quality
of DPY19L2-dependent globozoospermic sperm remains thus to
be assessed. Moreover, the origins of such defects have not been
characterized and, finally, the consequences on the quality of embryos
generated with DPY19L2-dependent globozoospermic sperm remain
to be determined.

Because of the absence of an acrosome in globozoospermic sperm,
production of embryos requires the use of ICSI. Indeed, before the de-
velopment of assistedreproductive techniques (ART), and moreparticu-
larly ICSI, the treatment of globozoospermia was not possible and
affected men remained sterile. Although several teams reported

successful pregnancy and offspring from men with globozoospermia
using ICSI (Lundin et al., 1994); the overall rate of success of ICSI with glo-
bozoospermic sperm remained very low (Liu et al., 1995; Battaglia et al.,
1997). In the accompanying report, wedemonstrated that the absence of
oocyte activation (OA), associated with Dpy19l2-dependent globo-
zoospermic sperm is in fact due to the absence of phospholipase C
zeta (PLCz) (Escoffier et al., companion article). The lack of OA in globo-
zoospermic cases can be circumvented with artificial oocyte activation
(AOA) using Ca2+ ionophore (Liu et al., 1995; Battaglia et al., 1997;
Tejera et al., 2008; Kyono et al., 2009; Taylor et al., 2010). A recent
study on DPY19L2-dependent globozoospermic patients showed that
AOA rescues fertilization and allows a significantly improved fertilization
and delivery rate (Kuentz et al., 2013). However, the delivery rate
remains relatively low in cases of ICSI performed with globozoospermic
sperm + AOA, reaching 31% (mean female age 29.7 years) (Kuentz
et al., 2013) compared with a 45.9% (age ,35 years) in a large study
of control cohort patients (Palermo et al., 2009), suggesting that embry-
onic development is somehow defective following conception using glo-
bozoospermic sperm. Recently, a Dpy19l2 knock-out (KO) mouse has
become available and its reproductive phenotype is remarkably similar
to the human disease: males are completely infertile, with 100% globo-
zoospermic sperm (Pierre et al., 2012). This model therefore represents
an opportunity (i) to characterize the DNA quality of Dpy19l2 KO
sperm, (ii) to unravel the reasons behind the abnormalities of DNA
organization in globozoospermic sperm and (iii) to evaluate the develop-
mental potential of preimplantation embryos conceived with Dpy19l2-
deficient sperm.

In this paper, using the KO mouse model, we show that several DNA
compaction stages are defective. We note in particular that the prota-
mines fail to invade the nucleus during the last stage of compaction
leading to a defective nuclear compaction and the occurrence of DNA
breaks. This defective compaction largely explains the poor sperm chro-
matin compaction and sperm DNA integrity breakdown of Dpy19l2-
deficient mature sperm. We also show that the development of
mouse embryos generated by ICSI and AOA from Dpy19l2 KO
sperm and of human embryos generated by ICSI from sperm of
DPY19L2-deleted patients were severely impaired. Collectively, our
data provide important new insights into the molecular pathogenesis
of DPY19L2-dependent globozoospermia, which should lead to
improved therapeutic strategies and sheds light on the mechanisms
that regulate the organization of the sperm head.

Materials and Methods

Biological samples
Human. Sperm were obtained from patients consulting at the fertility depart-
ment of Grenoble and Marseille Hospitals (France) or Clinique des Jasmins
(Tunis, Tunisia), following approval by the ethical committee and informed
consent from the patients. All patients gave an informed consent for the con-
servation of the remnant sperm in the Germetheque biobank and their use
in studies on human fertility in accordance with the Helsinki Declaration
of 1975 on human experimentation. The Germetheque Scientific Commit-
tee approved the present study design. Globozoospermic patients under-
went a genetic analysis as previously described (Harbuz et al., 2011) and
homozygously DPY19L2-deleted patients were selected. Human sperm
were collected by masturbation and washed twice in Dulbecco’s phosphate-
buffered saline (PBS). All animal procedures were performed according

170 Yassine et al.



to French and to IACUC UMASS guidelines on the use of living animals in sci-
entific investigations with the approval of the respective local ethical review
committees (Grenoble-Institut des Neurosciences – ethical committee,
agreement number 004). Dpy19l2 KO mice were obtained from Mutant
Mouse Regional Resource Center (MMRRC), University of California,
Davis, CA, USA. First, epididymis was isolated and sperm were collected
from the different parts of the epididymis (caput, corpus, or cauda) by
direct puncture in M2 medium. Sperm were allowed to swim for 10 min
and collected by centrifufation at 500 g.

Gradation of human embryos
Grade I embryos had even, regular, spherical blastomeres with ,10% frag-
mentation; grade II embryos had uneven or irregular blastomeres with ,10%
fragmentation; grade III embryos had blastomeres in grade II condition with
10–50% fragmentation and grade IV embryos had .50% fragmentation or
developmental arrest.

Spermatogenic cell preparation
C57BL6 male or Dpy19l2 KO mice (8 weeks old) were killed by cervical dis-
location. The testes were surgically removed and placed in PBS (at room tem-
perature). The tunica albunigea was removed from the testes with sterile
forceps and discarded. Then, the testes were incubated in 1 mg/ml of col-
lagenase solution in EKRB cell buffer containing in mM 2 CaCl2, 12.1
Glucose, 10 HEPES, 5 KCl, 1 MgCl2, 6 Na-Lactate, 150 NaCl, 1 NaH2PO4,
12 NaHCO3 pH 7, and agitated horizontally at a maximum of 120 rpm for
30 min at 258C. The dispersed seminiferous tubules were then washed
with PBS and cut thinly. Cells were dissociated by gently pipetting, filtered
through a 100 mm filter and then pelleted by centrifugation at 500 g for
10 min. Cells were suspended in 1 ml PBS, fixed with 4% paraformaldehyde
(PFA) solution, washed with PBS and finally layered onto polylysine-coated
slides.

Collection of gametes for ICSI
Sperm from caudae epididymides of different mouse strains (Dpy19l2 KO
and WT B6D2F1) were allowed to swim for 10 min at 378C in 1 ml of
NIM medium containing (in mM) KCl 125, NaCl 2.6, Na2HPO4 7.8,
KH2PO4 1.4 and EDTA 3 (pH 7.0). Sperm were then washed twice by cen-
trifugation at 500 g with NIM medium, then resuspended in 100 ml NIM +
12% PVP (PVP360 sigma) medium. The sperm head was separated from
the tail by the application of several piezo pulses (PiezoXpertw, Eppendorf)
or by sonication (2 × 15 s).

Oocyte preparation
B6D2F1 female mice, 7–11 weeks old, were superovulated by IP injection of
7.5 IU pregnant mare’s serum gonadotrophin (PMSG; Intervet) followed by
7.5 IU HCG (Intervet) 48 h later. Oocytes were collected from oviducts
about 14 h after hCG injection. Cumulus cells were removed with 0.1%
bovine testicular hyaluronidase (300 USP U/mg; ICN Biochemicals, Costa
Mesa, CA, USA) in M2 medium for 5–10 min. Oocytes were rinsed thor-
oughly and kept in M2 at 158C for at least 15 min until required for ICSI.

Media
M2 medium (Sigma) and CZB.HEPES (CZB.H, in mM) (HEPES 20, NaCl 81.6,
KCl 4.8, MgSO4 1.2, CaCl2 1.7, KH2PO4 1.2, EDTA.Na2 0.1, Na-lactate 31,
NaHCO3 5, Na-pyruvate 0.3, polyvinyl alcohol 0.1 mg/ml, phenol red
10 mg/ml (0.5% (w/v) in DPBS), pH 7.4) was used for gamete handling
and ICSI in air. KSOM (100×, Life technologies) supplemented with 1% es-
sential amino acids (100×, Life technologies) were used for embryo culture
(KSOM/EAA).

ICSI procedures
ICSI was performed according to the method described by Yoshida and Perry
(2007). For microinjection, sperm were stored in 50 ml of NIM, 12% PVP
medium supplemented with 0.3 mg/ml of complementary RNA (cRNA)
PLCz depending on the experimental design and moved directly to the injec-
tion chamber. Sperm were introduced into the ooplasm using micromanipu-
lators (Micromanipulator InjectManw, Eppendorf) mounted on an inverted
Nikon TMD microscope. The sperm suspension was replaced every
30 min during the ICSI experiment. Oocytes that survived the ICSI procedure
were incubated in KSOM/EAA medium at 378C under an atmosphere of 5%
CO2. Pronucleus formation was checked at 6 h after ICSI, and outcomes
were scored up to the blastocyst stage.

Parthenogenetic oocyte activation
experiments
Oocytes were activated by injection of cRNA PLCz (0.3 mg/ml, concentra-
tion in the pipette) into the ooplasm or by incubating them in Ca2+-free CZB
supplemented with 10 mM SrCl for 2 h at 37.58C in a humidified incubator
with 5% CO2. After Sr2+ treatment or cRNA microinjection, oocytes
were cultured in KSOM/EAA. The media for Sr2+ activation was supplemen-
ted with 5 mg/mL cytochalasin B (CB) to prevent second polar body extru-
sion and diploidize the parthenotes. The cRNA PLCz injection volume was
5–10 pl, which is �1–3% of the total egg volume. Pronucleus formation
was checked at 6 h after ICSI, and outcomes were scored up to the blastocyst
stage.

Messenger RNA preparation
Complementary DNA (cDNA) encoding for full-length mouse PLCz1
(GenBank Accession number AF435950; a gift from K. Fukami, Tokyo Uni-
versity of Pharmacy and Life Science, Tokyo, Japan) was amplified by PCR
and cloned into the pCS2+ vector. In brief, the cDNA was linearized at
the NotI site, and transcribed in vitro using the mMessage/mMachine
capping kit (Ambion, Austin, TX, USA). Capped and poly(A)-tailed cRNAs
were purified from the reaction mixture using the MEGAclear Kit
(Ambion). The cRNAs were eluted with diethylpyrocarbonate-treated
H2O and, if necessary, further diluted with it before microinjection.

Immunofluorescence and histology
Testes were fixed for 24 h in 4% PFA. Tissue was dehydrated in a graded
ethanol series, embedded in paraffin (Leica TP1020 and EG1150) and sec-
tioned (4 mm thickness) onto slides (Leica RM2245). For histology studies,
sections were stained via an automated slides stainer (Leica Autostainer
XL V2.2). For immunohistochemistry, heat antigen retrieval was performed
by boiling slides immersed in 0.01 M sodium citrate buffer, 0.05% Tween 20,
pH 6.0 for �25 min. For sperm immunofluorescence studies, sperm were
fixed with in PBS/4% PFA for 1 min at room temperature. After washing in
1 ml PBS, the sperm suspension was spotted onto 0.1% poly L-lysine pre-
coated slides (Thermo Scientific). After attachment, sperm or spermatogenic
cells were permeabilized with 0.1% (v/v) Triton X-100–DPBS (Triton
X-100; Sigma-Aldrich) for 5 min at room temperature. Slides were then
blocked in the corresponding 5% normal serum–DPBS (normal goat or
donkey serum; GIBCO, Invitrogen) and incubated overnight at 48C with
primary antibodies. For Prm1 and Prm2 detection, heat antigen retrieval
was associated with DNA decondensation in 10 mM Dithiothreitol, 0.1 M
Tris–HCl (pH 8.0) for 1 h at room temperature. After decondensation,
the slides were washed twice in deionized water before starting immuno-
fluorescence experiments. Washes were performed with 0.1% (v/v)
Tween 20–DPBS, followed by 1 h incubation at room temperature with
Alexa Fluor 555-labeled goat anti-rabbit or Dylight 488-labeled goat anti-
rabbit (1:400) secondary antibodies. Samples were counterstained with
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5 mg/ml Hoechst 33342 and mounted with DAKO mounting media (Life
technology). Control sections were incubated with PBS containing 0.1%
Triton and the corresponding normal serum without the primary antibody.

Fluorescence images were captured with confocal microscopy (Zeiss LSM
710) outfitted with a 63× oil immersion objective for mice sperm and 100×
oil immersion objective for human sperm and analyzed with ZEN lite soft-
ware (Zeiss). Whole images were reconstructed and projected from
Z-stack images using ZEN software.

Primary antibodies
Mouse Sperm Protein sp56 Monoclonal Antibodies were from QED Bio-
science; Acetyl histone H4 antibodies (06-598) were from Millipore; Protam-
ine 1 (sc-23107), Protamine 2 (sc-23104) and Tnp2 Antibodies (sc-21106)
were from Santa Cruz. Tnp1 antibody (ab73135) was from Abcam. Anti-
bodies were used at the following concentration anti-Tnp1, 1/1000;
anti-Tnp2, 1/100; anti-Acetylated Histone, H4 1/100, anti-Prm1 and
Prm2, 1/100.

Chromomycin A3 staining
Semen samples were washed twice with 5 ml of PBS 1× and fixed in a metha-
nol/acetic acid (3:1,v/v) solution at48C for at least 30 min. Cells were spread
on Superfrost& slides and air dried at room temperature overnight. Cells
were labeled using a 0.25 mg/ml chromomycin A3 ( CMA3) solution in McIl-
vaine buffer (pH 7) for 20 min, and washed two times for 2 min with McIl-
vaine buffer. Sperm nuclei were counterstained in a 0.5 mg/ml Hoechst
solution for 3 min, washed in PBS for 3 min and mounted with DAKO mount-
ing media. Slides were analyzed using a fluorescent microscope (Nikon
Eclipse 80i).

Aniline blue
Semen samples were washed twice with 5 ml of PBS 1×, 10 ml were spread
on a slide, allowed to air dry and then fixed with a 3% glutaraldehyde solution
in PBS 1× for 30 min at room temperature. Slides were then incubated 5 min
in water, 10 min in 5% aniline blue diluted in 4% acetic acid solution, two times
for 2 min in water, 2 min in 70, 90 and 100% ethanol solutions and finally
2 min in Toluene. Slides were then analyzed using a microscope with a trans-
mitted light microscope 100× objective with oil.

Oxidative DNA damage
Quantification of 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-OHdG) was
performed by isotope dilution high-performance liquid chromatography-
electrospray tandem mass spectrometry assay, as previously described
(Ravanat et al., 1998). DNA was extracted as previously described with an
optimized protocol that minimizes DNA oxidation during the work-up
(Badouard et al., 2008).

DNA breaks
Semen samples were washed twice with 5 ml of PBS and fixed in a methanol/
acetic acid (3:1,v/v) solution at 48C for at least 30 min. Cells were spread on
Superfrost& slides and air dried at room temperature overnight. Cells were
permeabilized using 0.1% (v/v) Triton X-100, 0.1% (w/v) sodium citrate in
PBS 1× for 2 min and labeled by terminal deoxynucleotidyl transferase
mediated deoxy-UTP nick end labeling (TUNEL) according to the Roche
protocol of the In Situ Cell Detection Kit (Roche Diagnostic, Manheim,
Germany). Sperm nuclei were counterstained in a 0.5 mg/ml Hoechst
solution for 3 min, washed in PBS for 3 min and mounted with DAKO
mounting media. Slides were analyzed using a fluorescent microscope
(Nikon Eclipse 80i).

Statistical analyses
Statistical analyses were performed with SigmaPlot using the Student’s T-test.
Data presented represent mean+ SE. Statistical tests with a two-tailed
P-values ≤0.05 were considered as statistically significant.

Results

Dpy19l2 KO spermatid chromatin compaction
is defective and shows defective transport
of protamines into the nucleus
We first studied in detail the main stages of spermatid DNA compaction
in WT and globozoospermic sperm. The replacement of histone by pro-
tamine is a complex process, involving first histone post-translational
modifications and the incorporation of testis-specific variants (Montellier
et al., 2013), leading to nucleosome instability. One of the best
characterized histone modifications, which occurs at the beginning of
the spermatid elongation stage, is a wave of hyperacetylation affecting
core histones (Hazzouri et al., 2000), including H4, which has been
later demonstrated to interact with Brdt, the testis-specific member of
the double bromodomain containing proteins of the BET family, which
controls the histone-to-transition proteins and protamine exchange
(Gaucher et al., 2012). Histone acetylation was measured in testis sec-
tions of WT and Dpy19l2 KO mice by observing the staining pattern
obtained by the binding of an antibody raised against acetylated
histone H4 (H4ac). No difference was measured between the H4 acetyl-
ation waves of WT and KO elongating spermatids from tubule sections at
stage IX, where H4ac is homogeneously distributed throughout the
whole nucleus (Fig. 1A–D). During the elongation of spermatids, acety-
lated core histones are transiently replaced by a set of two basic proteins
named nuclear transition proteins 1 and 2 (Tnp1 and Tnp2). In elongat-
ing/condensing spermatids from WT tubule sections at stages X-XI,
histone replacement is partial (Hazzouri et al., 2000) and a subset of
nucleosomes retained H4acs located at the base of the sperm head,
close to the flagellum (Fig. 1E, white arrows). In contrast, in Dpy19l2
KO spermatids, most of the spermatids presented no obvious polariza-
tion, with H4ac staining surrounding the nucleus (Fig. 1F, white arrows),
suggesting that their replacement and removal was performed but
according to a different axis. This difference is likely due to the defective
manchette (Pierreet al., 2012) leading to a disturbance of protein traffick-
ing in Dpy19l2 KO spermatids. The next stage involved the nuclear tran-
sition proteins Tnp1 and Tnp2, which play crucial roles in sperm DNA
compaction, and also in flagellum biogenesis (Zhao et al., 2004). The
arrival of Tnp1 and Tnp2 into the nucleus of elongated spermatids
during compaction was observed in both WT and Dpy19l2 KO tubule
sections at stages IX and X and no difference was found between the
two genotypes (Fig. 2), suggesting that histone replacement by transition
proteins occurred normally. In a preparation of dissociated WT sperma-
togenic cells, we observed a progressive incorporation of Tnp proteins
into the nucleus from the base to the apex during the spermatid compac-
tion (Fig. 3A–C). The disappearance and replacement of Tnps then
seemed to start first at the center of the nucleus and next take place at
the nucleus border (Fig. 3D). This observed pattern of Tnps replacement
is consistent with Tnps replacement in rat spermatids (Kolthur-
Seetharam et al., 2009). Again, the absence of elongation in Dpy19l2
KO spermatids disturbed the specific pattern of Tnps assembly/
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removal, as observed in WT spermatids (Fig. 3F–H). However, no dra-
matic alteration of Tnps assembly/removal was observed in Dpy19l2 KO
spermatids, which strongly suggests that Tnp-dependent compaction is
partially affected at this stage. In a last poorly understood step, Tnps
are then replaced by protamines, which eventually allow the compaction
of sperm DNA by �10-fold. Protamine localization was observed in epi-
didymal sperm. Remarkably, Dpy19l2 KO sperm cells presented a dra-
matic loss of protamines: both protamines formed a ring at the nucleus
periphery (Fig. 4A and B). In contrast, protamines were present in the
whole nucleus of WT sperm, with a stronger staining in the apex
(Fig. 4C and D). In addition, epididymal Dpy19l2 KO sperm presented
other defects. First, contrary to WT sperm, H4ac histone was still
present but with an unexpected location in the midpiece (Fig. 4E and

F). Second, both Tnps were still present in this stage, as a ring surrounding
the nucleus, whereas Tnps are normally absent in mature WT sperm
(Fig. 4G–J). We want to point out that we observed a small specific stain-
ing at the flagellum insertion in the head for Tnp1 (Fig. 4I, white arrow
heads). Such a specific staining was not observed for Tnp2 (Fig. 4J).

Mature Dpy19l2-dependent globozoospermic
mouse and human sperm present positive
acidic aniline blue and CMA3 tests
In fertility clinics, DNA compaction of ejaculated sperm is evaluated by
two complementary tests: the acidic aniline blue (and the CMA3 tests,
which are positive when histones are retained inside the nucleus and

Figure 1 Histone H4 is acetylated in both WT and Dpy19l2 KO testis sections, but present different pattern of vanishing. (A–F) Testis sections were
fixed and stained with Hoechst to mark DNA (blue) and with antibodies targeting acetylated histone H4 (H4ac, green signal). (A and B) Wild type (WT)
testis sections showing H4 acetylation on late round spermatids. (C and D) Testis section from Dpy19l2 knock-out (KO) males showing H4 acetylation on
late round spermatids. (E) WT testis sections showing the localization of H4ac on elongating spermatids (white arrows). (F) Testis section from Dpy19l2 KO
males showing the localization of H4ac on condensed spermatids, which likely corresponded to WT elongated spermatids.
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when protamines are absent, respectively. In both human and mouse
sperm cells from Dpy19l2-dependent globozoospermic males, the re-
tention of histone seemed very important, as suggested by the high
rate of sperm (80%) stained by aniline blue (Fig. 5A and B). The protami-
nation of sperm was also strongly defective, with around 60% CMA3

positive sperm (Fig. 5C and D). The positive results of both compaction

tests on globozoospermic mature sperm is in good agreement with the
numerous compaction defects characterized above during spermio-
genesis. Importantly, these results demonstrate that most of the
Dpy19l2-dependent globozoospermic sperm used in ICSI present
strong compaction defects in both mouse and human sperm, character-
ized by a high level of histone retention and low levels of protamination.

Figure 2 Tnp1 and Tnp2 nuclear localizations are similar in WT and Dpy19l2 KO testis sections. (A and B) Testis sections are stained with antibody
against transition protein (Tnp)1 and Hoechst. Overlay of Hoechst, Tnp1 staining and phase contrast. Left WT and right Dpy19l2 KO sperm. (C–E) En-
largement of the red square drawn in (A) (full size 60mM × 60 mM). From left to right Hoechst, Tnp1 staining and Overlay. (F–H) Enlargement of the red
square drawn in (B) (full size 60 mM × 60 mM). From left to right Hoechst, Tnp1 staining and Overlay. (I–K) Images of Tnp2 nuclear distribution in a testis
section observed at the same scale as (C)–(H) (full size 60 mM × 60 mM).
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Figure 3 Dynamics of Nuclear Transition Protein Tnp1 during spermatogenesis are different between WT and Dpy19l2 KO spermatids. (A–D) Con-
focal images of WT elongating spermatids showing the dynamics of arrival and removal of Tnp1 transition proteins. Tnp1 proteins invade the spermatid
nucleus from the posterior pole (A and B) and then occupy the whole nucleus (C). Tnp1 is removed according to the centrifugal axis (D). From top to
bottom: Hoechst, Tnp1 (green) and overlay. (E) Graph showing that spermatid condensation is associated with nuclear invasion of TP1. (F–H) Confocal
images of Dpy19l2 KO elongating spermatids showing the dynamics of arrival and removal of transition proteins. No Tnp1 wave arriving from the posterior
pole was observed. Condensed spermatids were homogenously stained with Tnp1 antibodies (F and G), in contrast to WT spermatids. At the end of con-
densation, a perinuclear ring of Tnp1 staining was observed. DNA is marked with Hoechst (blue), acrosome with sp56 Ab (red) and Tnp1 is stained in green.
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Absence of protamines increases DNA
fragmentation but not oxidative damage
during epididymal transit
Sperm DNA compaction based on histone replacement by protamine is
further enhanced and stabilized during epididymal maturation by disul-
fide cross-linking of thiol-rich protamines, allowing paternal genome to
be protected from exogenous oxidative stress during sperm storage in
the cauda epididymis between two ejaculations and during migration
of sperm in the female tract. This disulfide cross-linking involves reactive
oxygen species (ROS), produced by the epididymal epithelium.
However, ROS also have a detrimental action on sperm lipids and

DNA, and the dramatic lack of protamines in Dpy19l2 KO sperm
could increase sperm sensitivity to the stress met during epididymal
transit. To test this hypothesis, we measured both DNA fragmentation
and oxidative damage in sperm retrieved from the caput to the cauda epi-
didymis. DNA fragmentation was assessed with the TUNEL test and was
clearly increased in the spermatozoa from both patients and Dpy19l2 KO
mice in comparison to controls. Human and mouse globozoospermic
sperm had a similar percentage of TUNEL positive cells (around 30%,
Fig. 6A and B). Interestingly, the level of fragmentation was already
high in the caput epididymis and increased only slightly during epididymal
transit (from 23.5+ 6 to 29+5%, n ¼ 2, Fig. 6C), suggesting that the
majority of DNA breaks occur during spermatogenesis. Because DNA

Figure 4 Globozoospermic epididymal sperm present a defective organization of nuclear proteins. (A–D) Prm1 and Prm2 are the main nuclear proteins
of the WT sperm and are present in the whole nucleus (C and D), whereas these proteins are located at the periphery of sperm nuclei only (A and B), in
Dpy19l2 KO globozoospermic sperm. (E and F) H4ac is absent in WT sperm (F), whereas H4ac is present in the midpiece of the Dpy19l2 KO sperm (E).
(G– J) Tnp1 and Tnp2 are absent in WT sperm (I and J), whereas they are still present in globozoospermic sperm as a ring structure surrounding the com-
pacted DNA (G and H). First and third columns, overlay of Hoechst and the different protein stainings; Second and fourth columns overlay of Hoechst, the
different protein staining and phase contrast.
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breaks occur physiologically during spermatogenesis, and histone
gH2Ax is involved in the repair process (Leduc et al., 2008), we mea-
sured the occurrence of gH2Ax in tubule sections by

immunohistochemistry in mouse. We did not observeanyobvious differ-
ence between WT and Dpy19l2 KO sperm (Fig. 6D), suggesting that the
repair pathways areactivated, but maybe saturated because sperm in the

Figure 5 Compaction of DNA is defective in both Dpy19l2 KO murine sperm and DPY19L2-deleted human sperm. (A) Mouse sperm were stained with
aniline blue. Unlike WT sperm (left), sperm from Dpy19l2 KO males were strongly stained (middle). The histogram shows the % of stained cells in WT and
Dpy19l2 KO sperm, n ¼ 3 (right). There was a significant difference between WT and KO sperm (P , 0.001). Bars represent mean+ SE. (B) Similar
experiments performed with control human sperm and sperm from DPY19L2-deleted patients (n ¼ 3). The difference was significant (P , 0.001). Bars
represent mean+ SE. (C) Mouse sperm were stained with chromomycin A3. In contrast to WT sperm (left), sperm from Dpy19l2 KO males were strongly
stained (middle). The histogram shows the % of stained cells in WT and Dpy19l2 KO sperm, n ¼ 3 (right). There was a significant difference between WT
and KO sperm (P , 0.001). Bars represent mean+ SE. (D) DPY19L2-deleted human sperm were stained with chromomycin A3. The histogram shows
the % of stained cells in control and DPY19L2-deleted subjects sperm, n ¼ 3 (right). The difference was significant (P ¼ 0.003). Bars represent mean+ SE.
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caput were already damaged. The oxidative status of 8-OHdG from epi-
didymal sperm was also compared by isotope dilution high-performance
liquid chromatography-electrospray tandem mass spectrometry assay.

The level of 8-OHdG in WT was similar to previously measured levels
of 8-OHdG (Badouard et al., 2008) but, unexpectedly, no difference
was observed between WT and Dpy19l2 KO sperm (Fig. 7).

Figure 6 DNA of Dpy19l2-dependent globozoospermic sperm is fragmented in mouse and human. (A) DNA fragmentation analysis with terminal
deoxynucleotidyltransferase-mediated dUTP nick-end labeling (TUNEL) assay. Left, Hoechst and TUNEL stainings in WT sperm. Right, Hoechst and
TUNEL stainings in Dpy19l2 KO sperm. The histogram shows the level of TUNEL positive cells in WT and KO sperm (n ¼ 5). There was a significant dif-
ference between WT and KO sperm (P , 0.001). Bars represent mean+ SE. (B) Similar experiments with control and DPY19L2-deleted sperm in human.
Histogram shows the level of TUNEL positive cells in control (n ¼ 5) and DPY19L2-deleted sperm (n ¼ 3). There was a significant difference between
control and DPY19L2-deleted sperm (P ¼ 0.01). Bars represent mean+ SE. (C) Fragmentation of sperm is slightly increased during epididymal transit
(n ¼ 2). (D) Gamma H2AX histone is expressed during spermatogenesis in tubule sections from Dpy19l2 KO testis.
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Co-injection of PLCz with Dpy19l2 KO
globozoospermic sperm rescues OA but not
embryonic development
Dpy19l2 KO globozoospermic sperm lack PLCz and its co-injection was
expected to rescue OA and thus embryo development. We first verified
the ability of PLCz to trigger OA by injecting PLCz cRNA into oocytes
incubated with cytochalasin B (CB). CB, which blocks extrusion of the
second polar body, allows the generation of diploid (2N) parthenogen-
otes that show better embryonic development than 1N parthenogenetic
embryos (Ma et al., 2005). We also validated Sr2+, a common partheno-
genetic agent, by incubating CB-treated oocytes in M16 medium contain-
ing 10 mM Sr2+. As expected, both compounds triggered OA and
initiated high rates of embryonic development up to the blastocyst
stage (Fig. 8A); this is unlikely due to exposure to CB alone, which
failed by itself to induce OA and/or development.

We next performed ICSI with globozoospermic Dpy19l2 KO sperm
together with Sr2+ or PLCzAOA and monitored preimplantation devel-
opment. As expected, injection of a Dpy19l2 KO sperm head failed to
trigger OA (Fig. 8B, black bars). In contrast, injection of PLCz cRNA
rescued the activation defect of Dpy19l2 KO sperm and generated
�60% of 2 PN zygotes (Fig. 8B, green bars). Despite these results,
embryo development was highly defective with very few embryos reach-
ing the blastocyst stage. Similar results were observed after ICSI with
Dpy19l2 KO sperm heads followed by Sr2+ incubation (Fig. 8B, red
bars) and this was despite the fact that Sr2+ incubation induced robust
Ca2+ responses (Fig. 8C). Together, these results demonstrate that,

besides the activation defect, Dpy19l2-deficient sperm carry other ab-
normalities that limit their developmental potential.

Subjects with the DPY19L2-deleted gene
combine a low OA rate and a poor embryo
development
The results obtained in mouse show that embryonic development is
strongly compromised when embryos are generated by ICSI with a
Dpy19l2-dependent globozoospermic sperm. In human, several teams
reported pregnancy with globozoospermic sperm suggesting that em-
bryonic development is less affected than in mouse. In order to evaluate
embryo development in human, embryos were scored before implant-
ation at Day 2 or Day 3. Ten embryos obtained following 13 stimulation
cycles with 9 males presenting with type I globozoospermia were scored.
Although all embryos started their cellular divisions (except for patient
T5.1, 3/10), only 2/10 embryos were scored grade I at Day 2 or Day
3 (even blastomeres, fragmentation ,10%, Table I), showing that em-
bryonic development is affected in human as well. Finally, the rate of
women who gave birth/number of couples with embryos was 28.5%
(2/7).

In globozoospermic patients, the ICSI outcome is highly variable, with
some medical teams reporting high pregnancy rates and others reporting
low fertilization rates, early abortion and finally an absence of delivery.
We wondered if this discrepancy between different medical teams
could be due to differences in the presence of an acrosome bud and/
or DNA quality. For this purpose, we compared two couples, one
with successful delivery at the first stimulation cycle and one with unsuc-
cessful ICSI attempts after three stimulation cycles (Table I). Both
couples presented a very low rate of OA (0–14%), in accord with the
nearly complete absence of PLCz in the corresponding male (companion
article, Escoffier et al., 2014, Fig. 3). Nevertheless, some oocytes could
be activated in the absence of AOA (prohibited in France) and 2
embryos were obtained and transferred on Day 3 for one couple. For
couple G1, one embryo could be obtained upon the realization of
three cycles but could not be transferred due to ovarian hyperstimula-
tion. All embryos were characterized by low grade and high fragmenta-
tion levels. We did not measure any difference in the aniline blue and
TUNEL stainings, showing that these parameters are not good prognos-
tic markers of successful pregnancy. A difference between CMA3 rate
was observed, but due to the low number of cases, no conclusion
could be drawn (Table II).

Discussion
Our recent work demonstrated that the DPY19L2 gene is the main
genetic cause of human globozoospermia (Ben Khelifa et al., 2011;
Coutton et al., 2012, 2013). Remarkably, we also showed that the
loss of this gene phenocopies globozoospermia in mice (Pierre
et al., 2012) and this KO animal model thus represents an interesting
tool to investigate the defective molecular process associated with
the loss of Dpy19l2 protein during spermatogenesis, because there
is no possibility to use human testis for such studies. Dpy19l2-
dependent globozoospermia is characterized by the absence of an
acrosome, preventing the sperm from crossing the zona pellucida,
and represents the first reason for the sperm infertility. We have
shown in the accompanying paper that the defective acrosomal

Figure 7 Defective protamination does not lead to a higher level
of 8-oxodGuo. Levels of 8-oxo-7,8-dihydro-29-deoxyguanosine
(8-oxodGuo) were detected with reversed-phase liquid chromato-
graphic separation associated with an electrospray tandem mass spec-
trometric detection from epididymal sperm from WT or Dpy19l2 KO
males (n ¼ 3). No significant differences were observed between WT
and Dpy19l2 KO males. Bars represent mean+ SE.
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biogenesis leads to loss of the sperm factor PLCz as well, making
worse the sterility phenotype of these sperm due to the absence of
OA. Herein, we describe for the first time the main stages of sperm-
atid condensation in globozoospermic sperm and pin pointed that
several stages are defective, which render this sperm more suscep-
tible to DNA defects and that ultimately undermine the developmen-
tal potential of zygotes generated using globozoospermic sperm. We
thus demonstrated a third molecular cause of sterility associated with
globozoospermia. We also noted some differences in phenotype of
the disease between human and mice. We indeed showed that the
phenotype in the mouse, in terms of embryonic developmental cap-
acity, is more severe than in men.

Impact of defective DNA condensation
of globozoospermic sperm on embryonic
development
Previous reports have shown that globozoospermic sperm present
defects in condensation, which is likely associated with the increased per-
centage of DNA fragmentation reported in these types of sperm. Never-
theless, the level of DNA fragmentation reported is quite different
between studies with rates ranging from 10 to 37% (Baccetti et al.,
1996; Vicari et al., 2002). Importantly, the etiology of these DNA
defects in sperm remains unknown. Herein, we showed that defects in
several steps of sperm head condensation occur in globozoospermic

Figure 8 Rescue of oocyte activation with PLCz cRNA injection in ICSI performed with Dpy19l2 KO sperm does not allow recovery of full embryo de-
velopment. (A) In the presence of cytochalasin B (CB), both strontium (Sr2+) incubation (red bars) and phospholipase C (PLCz) cRNA injection (green
bars) were able to induce full oocyte activation, allowing parthenogenetic development of embryos up to the blastocyst stage. Incubation of oocytes with CB
only does not activate the oocyte (black bars). n corresponds to the number of challenged oocytes (for CB or CB + Sr2+) or injected oocytes that survived
the ICSI procedure (CB + cRNA and Dpy19l2 KO sperm injection). (B) Dpy19l2 KO sperm heads were either injected in MII oocytes and embryos were
incubated in the presenceof Sr2+ for 2 h (redbars) or Dpy19l2 KO sperm heads wereco-injected with PLCz cRNA in MII oocytes (green bars). In contrast to
CB treatment, injection of Dpy19l2 KO sperm head is associated with poor blastocyst outcomes in both activation conditions. (C) Sr2+ incubation induced a
robust Ca2+ response. AU: arbitrary units.

180 Yassine et al.



............................................. .............................................

..........................................................................................................................................................................................................................................................

Table I ICSI outcomes following 13 stimulation cycles with 9 males presenting with type I globozoospermia due to full deletion of the DPY19L2 gene.

Patient
ID

Age
male
years

Age
female
years

Nber MII
oocyte (%)

Nber 2 PN
embryo (%)

TRANSFER day 2 (D2) TRANSFER D3 Grade of
embryo

Nber of
transferred
Eo (D2)

Nber of
transferred
Eo (D3)

Delivery

Nber of
embryos at
D2

Quality and % of
fragmentation

Nber of
embryos at
D3

Quality and % of
fragmentation

M1 30 28 14 2 2 0 2 1

(14.3%) - 6-cell, 10–30%
fragmentation

G III

- 6-cell, 30–50%
fragmentation

G III

G1-1 37 29 10 1 1 0 0 0

(10%) - 5-cell, 10–30%
fragmentation

G III

G1-2 37 29 4 0 0 0 0 0

(0%)

G1-3 38 30 5 0 0 0 0 0

(0%)

T1.1 31 27 10 0 0 0 0

(0%)

T1.2 40 36 6 0 0 0 0

T3 50 37 8 0 0 0 0

(0%)

T4 40 36 4 0 0 0 0

T5.1 36 24 29 10 3 3 0 0

(34.5%) - 5-cell, 0%
fragmentation

G II

- 5-cell, 0%
fragmentation

G II

- 8-cell, 15%
fragmentation

G III

T5.2 38 26 19 1 1 0 1 0

(5.3%) - 4-cell, 10%
fragmentation

G II

T7 30 26 10 1 1 0 0 0

(10%) - 2-cell (Development
delayed)

G IV

T8 42 35 11 1 1 0 1 0

(9%) - 8-cell, 0%
fragmentation

G I

T9 38 28 9 1 1 1 0 1

(11.1%) - 4-cell, 10%
fragmentation

G I

Nber (number), Eo (Embryo). MII: metaphase II oocytes retrieved; PN: pronuclei.
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Table II Medical history, laboratory investigations and ICSI outcomes of two couples with males presenting with type I globozoospermia due to full deletion of the
DPY19L2 gene.

Patient
ID

Age
male
years

Age
female
years

History/
habits

Volume
ejaculate
[sperm]

Sperm
mobility

% of
globozoospermia

Genotyping TUNEL %
Positive

AB %
positive

CMA3 %
positive

Nber
MII
oocytes
(%)

Nber 2
PN
embryos
(%)

Nber of
embryos
at D3

Quality
and
grade of
embryos

Nber of
transferred
Eo (D3)

Delivery

M1 30 28 Tobacco 4.8 ml 20%
a + b

100% DPY19L2
deleted
homoz

29 81.5 50 14 2 2 2 1

5–10
cig/d

21 M/ml 20% c (14.3%) - 6-cell,
10–30%
fragment
(G III)

Bricklayer - 6-cell,
30–50%
fragment
(G III)

G1-1 37 29 Tobacco 3.2 ml 30%
a + b

100% DPY19L2
deleted
homoz

44 79 ND 10 1 1 0 0

15 cig/d 28 M/ml (10%) - 5-cell,
10–30%
fragment
(G III)

Cannabis
2/D

G1-2 37 29 Tobacco 2 ml 20%a + b 100% DPY19L2
deleted
homoz

ND ND ND 4 0 0 0 0

15 cig/d 30 M/ml 10%c (0%)

Cannabis
2/D

G1-3 38 30 Tobacco 2.5 ml 20%
a + b

100% DPY19L2
deleted
homoz

18 79 78 5 0 0 0 0

5 cig/d 20 M/ml 5%c (0%)

Cannabis
3/w

ND: not determined; cig/day: cigarettes per day; TUNEL: terminal deoxynucleotidyltransferase-mediated dUTP nick-end labeling; AB: aniline blue; CMA3: chromomycin A3; MII: metaphase II oocytes retrieved; PN: pronuclei.
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sperm. For instance, during the initial stages of condensation in stage X, the
disappearance of acetylated H4 is greatly modified, with WT sperm pre-
serving acetylated H4 histones in the posterior or base of the sperm
head, a pattern that was not observed in Dpy19l2 KO sperm, which pre-
sented a uniform, circular pattern of H4 distribution. Similarly, the dynamic
of arrival of Tnps is different, following a postero-anterior axis with WT
sperm, an axis which was not present in Dpy19l2 KO sperm. Lastly, the
defect associated with protamination is very pronounced in Dpy19l2 KO
sperm, as in these cells protamines were absent inside the nucleus and
remained mostly located at the periphery. Together, these defects are
likely to impact the developmental potential of embryos generated with
globozoospermic sperm. Indeed, recent data show that the paternal
genome and epigenome play crucial roles in embryo development
(Jenkins and Carrell, 2012). It is known that parent-specific methylation
of promoter regions of imprinted genes is required for successful
embryo development as well as the specific organization of the paternal
epigenome, which is in part determined by protamination and the reten-
tion of nucleosomes at specific loci. Defective protamination is associated
with various forms of human infertility, reviewed in (Oliva, 2006) and loci
retaining nucleosomes enriched in methylated histone H3 are involved in
the developmental process and correspond to imprinted genes, HOX
genes and microRNA clusters (Hammoud et al., 2009). In late condensing
mouse spermatids and sperm, nucleosomes containing testis-specific
histone variants H2AL1/L2 remain in pericentric heterochromatin
regions, likely guiding the epigenetic reprogramming of these regions
(Govin et al., 2007). The perturbations of sperm DNA compaction, as
witnessed herein by H4ac, Tnp1 and protamine studies, therefore
likely lead to major sperm epigenetic defects. Moreover, the perturba-
tions of sperm DNA compaction are likely to increase susceptibility to
DNA breaks. Altogether, epigenetic defects and DNA breaks likely
undermine the developmental potential of embryos generated by ICSI
using Dpy19l2 KO sperm or human sperm lacking DPY19I2, as
showed in this study. Despite its transcriptionally inert state, the sperm
nucleus contains diverse RNA populations, mRNAs, and non-coding
RNA (ncRNA) that have been transcribed throughout spermatogenesis
(Dadoune, 2009). Although the contribution of such sperm RNA to em-
bryonic development or infertility is highly debated, the content of
ncRNA in globozoospermic sperm is unknown and may also represent
a cause of impaired embryo development.

Interestingly, most of the DNA breaks were already present when
sperm reach the epididymis and thus occur inside the testis, during
DNA compaction. Moreover, the levels of oxidative damage of WT
and Dpy19l2 KO sperm obtained in the cauda epididymides were
quite similar, suggesting that the oxidative stress met during epididymal
transit does not modify the overall oxidative status of globozoospermic
sperm DNA, which is unexpectedly low fora protamine-deficient sperm.
These points are important because several studies showed that testicu-
lar sperm have a better developmental potential than epididymal sperm
in the case of oligo-terato-asthenozoospermia (Weissman et al., 2008;
Ben-Ami et al., 2013). Our results suggest that testicular sperm extrac-
tion in Dpy19l2-dependent globozoospermia is not recommended.

Difference between human and mouse
embryonic development
The compromised development of embryos generated by globozoos-
permic sperm and ICSI and activated by PLCz is more severe in mouse

than in humans. In the murine species, ,15.4% of the zygotes reached
the 8-cell stage and only 1.9% reached the blastocyst stage; this develop-
mental failure cannot be due to an activation defect or the dose of PLCz
(Yu et al., 2008), as CB treated oocytes activated and developed to
blastocyst stage with the same dose of PLCz. In contrast, most of the
2-PN human zygotes reached the 8-cell stage, at which time they were
transferred. Nevertheless, it is important to note that these human
embryos displayed high levels of fragmentation and were mostly given
low grades during the evaluation. The rate of grade I embryos is very
low (20%) in comparison to that reported for couples with a tuboperito-
neal female factor only and normal spermatogram (�50%), a report
using the same embryo gradation system (Bukulmez et al., 2000). In
spite of this, embryos implanted, developed and two offspring was pro-
duced, which is in agreement with previously published results (28 versus
31% in (Kuentz et al., 2013)). It is nevertheless difficult to compare both
methods because the number of couples studied in this report is low.
Moreover, it is important to stress that these rates are low for young
women, compared with a 45.9% (age ,35 years) delivery rate in a
large study of control cohort patients (Palermo et al., 2009), underlining
that human embryos generated with globozoospermic sperm have a
compromised development as well. A possible explanation for the differ-
ent developmental potential between zygotes generated by human or
mouse globozoospermic sperm is the degree of nucleosome replace-
ment by protamines during spermatogenesis. Whereas protamination
is almost complete in mouse sperm and the presence of nucleosomes
associated with DNA is estimated to be �1%, in humans this is estimated
to be �10–15% (Bench et al., 1996; van der Heijden et al., 2008). We
speculate therefore that the reduced level of protamines, which is
observed in globozoospermic sperm, may be better tolerated by
human sperm than by mouse sperm or that human oocytes are more
able to overcome/repair these defects, or a combination of both possi-
bilities, explaining the better developmental potential of human zygotes
generated with globozoospermic sperm. It is worth noting that the higher
rate of embryonic development arrest observed in the mouse is not due
to a differential disruption of the paternal centrosome because mouse
sperm are devoid of centrioles and key centrosomal components, and
the first mitotic spindle actually depends on the maternal centrosomal
material (Schatten et al., 1986). The relationship between fertilization
or embryo development and DNA damage was clearly demonstrated
in animal models (Ahmadi and Ng, 1999; Fatehi et al., 2006), but this
question is more debated in human reproduction, where no linear cor-
relation between sperm DNA damage and pregnancy outcome was
clearly shown (Sakkas et al., 1998). The absence of a clear correlation
is partly due to i) an absence of a thorough characterization of chromatin
defects and DNA damage, due to the use of simple and basic tests and ii)
an absence of statistical analysis of the fate of each embryo generated by
ICSI because in human only one pregnancy per oocyte cohort is sought,
allowing selection of the best embryos (Sakkas and Alvarez, 2010). In the
framework of type I globozoospermia, human data, reinforced by those
obtained with the Dpy19l2 KO model, enabled us to show that defective
compaction, and more particularly protamination, associated with DNA
breaks strongly impairs the developmental potential of embryos gener-
ated by ICSI using Dpy19l2-deficient sperm.

In conclusion, in this study we describe for the first time chromatin
condensation during mouse spermatogenesis of Dpy19l2-dependent
globozoospermic males and organization of globozoospermic sperm in
mouse and human, showing that important modifications occur, severely
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limiting the developmental potential of these gametes. Our results and
those of others also show that in spite of this, offspring can be conceived
with these ‘faulty’ sperm. In the mouse, an increasing number of publica-
tions show clear health and behavioral alterations in progeny generated
by ART even from healthy animals (Ecker et al., 2004; Fernandez-
Gonzalez et al., 2008; Kohda and Ishino, 2013). Further work would
require studying the long-term development of mice generated with glo-
bozoospermic sperm to assess the long-term effect of DNA breaks and
failed compaction. In the meantime we stress that transferring embryos
generated by ICSI using incorrectly compacted sperm combined with
DNA breaks should be performed with caution. Similar abnormalities
are present in most cases of teratozoospermia. It is therefore imperative
that we gain insight into the sperm molecular DNA landscapes that are
associated with most cases of human infertility. Methods allowing the de-
tection and negative selection of faulty sperm should then be developed
to increase ART success rate and to decrease the risks of deleterious
effects on offspring health.
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