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Résumé de la these

L’intégralité du patrimoine génétique de chaque individu — ou génome — est stockée dans le
noyau de chacune des cellules somatiques au sein de 1’acide désoxyribonucléique (ADN). Une
infime partie de I’ADN (seulement 1,5%) code pour des genes qui seront alors transcrits en ARN
messager (ARNm) puis décodés et traduits en protéines, responsables du phénotype ‘moléculaire’
de la cellule. Ce dernier conditionne le phénotype cellulaire a I’échelle de I’organe, qui a son tour
déterminera le phénotype macroscopique d’un individu. La séquence de cet ADN est extrémement
conservée d’un individu a Pautre (a 99,9%) car soumise a une forte pression de sélection, mais
rapportée a la taille conséquente du génome humain cela représente plusieurs millions de variations

inter-individus d’impact variable sur le phénotype macroscopique unique de chacun.

La plupart de ces variations inter-individus est retrouvée dans I’ADN non codant (introns,
microARNSs, lincRNAs...), ayant des conséquences moindres (¢ minima indirectes) au niveau
protéique, ou tout du moins difficilement interprétables a ce jour. Celles se trouvant dans les
séquences codantes peuvent avoir divers effets plus ou moins dramatiques sur la traduction d’un
geéne en protéine, et le maintien de ses fonctions: production d’une protéine identique (changement
silencieux), modification dun ou plusieurs acides-aminés (faux-sens, insertions/délétions
conservant le cadre de lecture), production d’une protéine tronquée (non-sens, variations d’épissage,
petites insertions/délétions décalant le cadre de lecture, larges délétions/duplications/réarrangements
d’un fragment d’ADN), ou bien absence de production de protéine (dégradation de I’ARNm portant
un codon stop prématuré). Certaines de ces affections sont tolérées par I’organisme et sont donc
d’ordre bénin pour I’individu (ex: expression de certains caracteres phénotypiques, daltonisme...),
d’autres entrainent un dysfonctionnement de la cellule et sont a 1’origine de maladies génétiques

plus ou moins séveres chez les individus.

Les maladies héréditaires mendéliennes (ou monogéniques) sont causées par une mutation
(héritée ou apparue de novo dans une lignée germinale parentale) localisée dans un seul géne. A
I’inverse, les maladies polygéniques et multifactorielles sont provoquées par la présence chez un
méme individu de mutations agissant en synergie dispersées dans plusieurs génes, et par la
contribution de certains facteurs environnementaux. On distingue les maladies monogéniques a
transmission dominante (un seul des alléles parentaux porte une mutation), de celles a transmission
récessive (les deux alleles du méme gene portent une mutation). De méme, pour les génes situés sur
les chromosomes sexuels, on distingue les maladies monogéniques a transmission dominante liée a
I’X (presqu’autant de femmes atteintes que d’hommes), de celles a transmission récessive liée a I’'X
(plus d’hommes atteints que de femmes, car ils n’ont qu’un seul alléle pour les génes du X). Enfin,
il existe un dernier mode de transmission ¢galement appelé transmission maternelle, ou la mutation

contenue dans I’ADN mitochondrial est transmise a 1’embryon exclusivement par 1’ovocyte



maternel. Pour les maladies monogéniques dites ‘simples’, chez les individus exprimant un
phénotype macroscopique particulier, les mutations causales seront toujours retrouvées dans un seul
et méme gene (ex : drépanocytose, mutations retrouvées exclusivement dans le géne HBB). Pour les
maladies monogéniques génétiquement hétérogénes, chez des individus présentant un méme
phénotype clinique, les mutations causales pourront étre retrouvées dans un geéne parmi un
ensemble (plus ou moins grand) de geénes décrits comme impliqués dans la maladie (ex: dystrophie
myotonique de type 2, mutations retrouvées soit dans le géne DMPK, soit dans le géne ZNF9 selon

les patients).

Problématique

Cette hétérogénéité au niveau moléculaire rend la recherche exhaustive de mutations
souvent trés compliquée et la plupart du temps impossible en raison des colts ¢levés des tests
génétiques et du temps important de leur réalisation avec les stratégies dites ‘classiques’ (ex:
séquengage Sanger). Ainsi, une trés grande proportion de patients atteints de maladies
génétiquement hétérogénes demeurent ainsi non diagnostiqués sur le plan moléculaire. Or
I’obtention d’un diagnostic étiologique précis et précoce est primordial pour les familles afin d’étre
en mesure d’anticiper et de proposer une prise en charge et un traitement adaptés notamment chez le
jeune enfant, et a plus long terme de développer des approches thérapeutiques personnalisées

(thérapies géne/mutation spécifiques ?).

Mon projet principal de thése a consisté donc - au travers de pathologies neurologiques de
complexité croissante (nombre grandissant de génes impliqués) - a établir et valider de nouvelles
méthodes a visée diagnostique par les technologies de séquencage a haut-débit ciblé, afin de

répondre a ce besoin.

Partie I — Mise au point du séquencage ciblé a haut débit sur une pathologie ‘peu’ complexe :
le syndrome de Bardet-Biedl

Dans un premier temps, cette approche a été initiée et validée sur une pathologie ‘peu
complexe’ (a minima moins hétérogéne que la déficience intellectuelle): le Syndrome de Bardet-
Biedl (BBS). BBS est une maladie monogénique récessive rare (estimée a 1/150°000) et
relativement hétérogéne aux niveaux clinique et génétique. En effet, a ce jour les mutations
responsables de ce syndrome ont été retrouvées distribuées dans 19 geénes différents (BBS1-BBS19).
Le phénotype clinique d’expression variable selon les individus se traduit par une rétinopathie
pigmentaire, une malformation des extrémités (polydactylie), une obésité (souvent morbide), des
anomalies rénales (kystes) et génitales (hypogonadisme), et une déficience cognitive légere a
modérée. Des études fonctionnelles sur les protéines BBS et leurs mutations pathogenes ont

démontré leur implication centrale dans le maintien structural et fonctionnel des cils primaires, et
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leur role dans le transport intraflagellaire confirmant I’appartenance de ce syndrome a la famille des
ciliopathies. Plusieurs autres affections du méme ordre appartenant a cette méme famille engendrent
un tableau clinique similaire chez les patients (syndrome d’Alstrém, de Joubert,
Néphronopthise,...), compliquant considérablement la mise en place d’un diagnostic différentiel

précis. En 2010, plus de 60% des patients avec ce syndrome restait sans diagnostic.

Pour cette étude, j’ai tout d’abord sélectionné 30 geénes d’intérét, impliqués dans BBS ou
d’autres syndromes avec phénotypes chevauchants. Puis, j’ai mis en place un protocole permettant
de capturer spécifiquement les exons codants de ces genes, et de les séquencer en paralléle chez un
méme patient par séquengage haut-débit. Cette approche permet également de séquencer de

nombreux patients simultanément (jusqu’a 96 sur un méme séquenceur [llumina, GAIIx).

Cette étude préliminaire sur 52 patients a permis d’identifier la mutation causale dans pres
de 70% d’entre eux (Redin C. et al., J. Med. Genet., 2012). De maniére surprenante, nous avons
identifi¢ chez 12% des patients de larges délétions d’un ou plusieurs exons (a 1’état hétérozygote ou
homozygote) dans un géne BBS, a 1’origine du phénotype observé. De tels événements a 1’état
hétérozygote n’étaient auparavant pas détectables par les méthodes de séquengage Sanger classique,

et étaient donc largement sous-estimés.

Parmi les genes ciblés figure le géne ALMSI impliqué dans le syndrome d’Alstrom
(ALMS), qui de par sa grande taille n’était auparavant testé dans aucun laboratoire de diagnostic
francais, car trop coliteux. Grace a notre approche, les patients présentant un phénotype évocateur
de ce syndrome (similaire au syndrome de Bardet-Biedl, mais associant également une surdité) ont
a présent la possibilité d’obtenir un diagnostic moléculaire. En particulier, notre étude souligne que
le diagnostic différentiel entre BBS et ALMS est difficile, de par la présence de quelques patients
initialement diagnostiqués BBS mais chez qui une mutation a finalement été identifiée dans le gene
ALMSI, et inversement. Ceci est d’une importance majeure, puisque le développement de
cardiomyopathies a été largement reporté chez de nombreux patients atteints d’ALMS (Marshall et
al., 2007). Un diagnostic précoce chez ces patients est donc trés important puisque permettant de
surveiller et d’anticiper ces anomalies. Enfin, nous montrons également que pour les patients
présentant un tableau clinique complet du syndrome de Bardet-Biedl le taux de diagnostic est
supérieur a 81%, suggérant que parmi les 30% de patients ‘négatifs’ de notre cohorte, de nombreux

ne sont peut-étre pas de ‘vrais’ patients BBS.

Cette stratégie a depuis été transférée en routine au laboratoire de diagnostic de Strasbourg,
ou elle est proposée en test de routine depuis I’automne 2012 (plus de 170 patients supplémentaires

ont ainsi été analysés).
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Partie II — Implémentation de I’approche de séquencage ciblé a haut débit pour le diagnostic
de la déficience intellectuelle

Cette démarche ayant démontré sa pertinence pour le diagnostic d’une pathologie moins
complexes (moins de geénes impliqués, expliquant cependant une plus grande proportion de
patients), nous 1’avons ensuite transposée et adaptée pour le diagnostic de la déficience
intellectuelle (DI).

La déficience intellectuelle (DI, anciennement retard mental) constitue un enjeu de santé
publique majeur, de par son incidence (environ 2%) et sa complexité, et représente un handicap
souvent trés lourd pour I’individu concerné et sa famille. Une proportion importante de ces

déficiences intellectuelles a une origine génétique.

Les anomalies chromosomiques ou variants structuraux (délétions, duplications, inversions,
translocations, etc) sont responsables de la déficience intellectuelle généralement associée a des
malformations congénitales dans 10 a 15% des patients. La premicre cause de DI en France reste
ainsi le syndrome de Down (ou trisomie 21). De nombreux autres syndromes délétionnels ou
duplicationnels sont associés a des formes de DI a pénétrance partielle (i.e. peuvent étre retrouvés

chez des patients asymptomatiques), tels le 15q11-q13 ou 16p11.2.

En raison du biais de sexe conséquent observé dans la déficience intellectuelle (1.3-1.4 hommes
atteints pour 1 femme) et suite a 1’identification dans les années 60 de grandes familles avec
ségrégation clairement liée a I’X, la recherche de genes responsables s’est principalement
concentrée - et ce jusqu'a récemment - sur les genes du chromosome X, et donc responsables de
déficience intellectuelle liée a I’X (XLDI, anciennement XLMR). A ce jour, et grace aux efforts de
larges consortiums internationaux, une centaine de génes de XLDI a été identifiée (Gecz et al.,
2009; Ropers, 2010; Lubs et al., 2012).

La recherche de geénes autosomiques associés a la déficience intellectuelle récessive s’est
développée de fagon plus récente. La méthode d’identification la plus évidente étant la recherche de
régions d’homozygotie dans des familles consanguines couplée a des analyses de liaison, et suivies
du séquencage systématique des génes candidats. Cette approche a permis l'identification de >100
genes de déficience intellectuelle autosomique récessive (PRSS12, CC2DI1A, TUSC3, GRIK2,
CACNAIG, KDM5A...) (Kaufman et al., 2010; Ropers, 2010; Kuss ef al., 2011; Najmabadi et al.,
2011; Musante and Ropers, 2014)

En raison de l'impact de la déficience intellectuelle sur 1’aptitude a la reproduction,
I’hypothése d’un mode de transmission autosomal dominant familial avait longuement été délaissée,
puisque supposé tres rare pour des mutations pleinement pénétrantes. L’identification de syndromes
associés a des microdélétions a alors prouvé que des mutations de novo pouvaient étre une cause
majeure dans les cas a ségrégation apparente "dominante". Ceci a depuis été largement confirmé par

I’identification de nombreuses mutations ponctuelles tronquantes de novo reportées dans des cas
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simplex de déficience intellectuelle (exomes des parents et du patient) (Vissers et al., 2010;
Hamdan et al., 2011; de Ligt et al., 2012; Rauch et al., 2012)

Bien que de nombreux geénes impliqués dans des formes monogéniques de déficience
intellectuelle aient a ce jour été identifiés, le diagnostic de la cause génétique reste difficile. Pour les
formes clairement syndromiques (Coffin-Lowry, Alpha-thalassémie,...), le séquengage Sanger du
geéne correspondant est proposé, tandis que pour les formes non syndromiques I’offre se réduit au
test de I’X fragile et a la détection de CNVs pathogeénes par CGH-array. Une vaste majorité (70%)
des patients reste ainsi sans diagnostic moléculaire. L'explosion des technologies de séquencage a
haut débit de ‘nouvelle-génération” permet de pallier a ce manque, et de développer des stratégies

de séquencage systématique et parallele de tous les génes de déficience intellectuelle connus.

Nous avons donc sélectionné un grand nombre de genes décrits comme impliqués dans des
formes monogéniques de déficience intellectuelle: une majorité dans des formes non-syndromiques,
mais aussi dans quelques formes syndromiques, a condition que la déficience intellectuelle soit une
composante majeure et constante du syndrome. Nous avons essayé¢ d’étre le plus exhaustif possible
pour les geénes de DI liee a I’X (XLDI). Un total de 217 geénes ont ainsi été sélectionnés (99 du
chromosome X et 116 des autosomes, impliqués dans des formes dominantes ou récessives). Ce set
de génes a ¢té séquenceé a ce jour chez un total de 106 patients adressés par 17 centres nationaux,
présentant un retard de développement cognitif sans cause génétique préalablement identifi¢e
(négatifs pour le test de I’X-fragile et I’analyse par CGH).

La majorité¢ des mutations certainement causales identifiées (héritées ou de novo) conduisent
a des protéines tronquées, et affectent des genes d’XLDI (16/26) Ceci s’explique principalement par
I’enrichissement majeur de notre cohorte en hommes, et d’autre part par notre exhaustivité des
genes de DI situés sur le chromosome X. Nous avons toutefois identifié également quelques
mutations tronquantes de novo dans des geénes associés a des formes autosomiques dominantes de
DI (RAIl, TCF4, DYRKIA). De fagon surprenante, ces 1 résultats ne montrent aucune corrélation
entre le degré de sévérité de la DI chez les patients et la détection d’'une mutation causale: une
proportion similaire de mutations est retrouvée chez les patients a DI 1égére par rapport a d’autres
avec DI profonde. Cette approche nous a aussi permis de confirmer certains geénes pour lesquels
I’implication dans la déficience intellectuelle n’avait jamais été répliquée (nouvelle mutation
identifiée dans MAOA chez une famille avec un syndrome de Brunner, 20 ans aprés la 1
¢tude (Brunner et al, 1993); nouvelle mutation identifiée dans NLGN3, etc...). Nous avons
¢galement identifi¢ des mutations dans des geénes syndromiques chez des patients avec un
phénotype ‘atypique’, permettant ainsi de réviser et d’élargir les spectres phénotypiques associés a
certains geénes (un jeune garcon sans phénotype musculaire avec une mutation tronquante dans
DMD, un autre patient avec une mutation dans 7CF4 sans la dysmorphie faciale typique du
syndrome de Pitt-Hopkins, etc...).
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Enfin, I’identification chez certains jeunes patients de mutations dans les génes tels TCF4,
SLC2A41 et MECP?2 peut avoir des conséquences importantes sur la prise en charge médicale et la
qualité de vie future de ces patients. En effet, les individus atteints du syndrome de Pitt-Hopkins
développent des épisodes d’hyperventilations nocturnes pouvant étre fatales vers 1’age de 10-12
ans. Le patient avec une mutation tronquante retrouvée dans 7CF4 étant beaucoup plus jeune, ce
diagnostic génétique permettra d’anticiper et de surveiller cette manifestation. Pour le second
patient avec mutation dans SLC2A41 (déficience en GLUTI), étant également assez jeune (7 ans), la
mise en place d’un régime cétogéne pourrait permettre d’améliorer (ou tout du moins de limiter
I’aggravation de) sa condition. Pour le patient avec mutation dans MECP2 (impliqué dans le
syndrome de Rett), suite au report de nombreux cas similaires avec dérégulations cardio-
respiratoires (en plus des difficultés neurodéveloppementales) pouvant provoquer une mort subite

(Weese-Mayer et al., 2006), cette condition pourra étre étroitement controlée.

En parall¢le de ce travail, nous avons conduit une ré-analyse exhaustive et systématique sur
les mutations causales décrites dans les genes d’XLDI. La présence de certaines de ces mutations a
des fréquences conséquentes dans des populations ‘controles’ nous a conduit a émettre de sérieuses
réserves quant a I’implication d’une douzaine de génes publiés comme étant responsables - lorsque
mutés - de déficience intellectuelle liée a I’X. Nous proposons ainsi une stratégie d’évaluation lors
de I’identification d’une mutation candidate (Piton™* A., Redin* C., Mandel JL., AJHG, 2013).

Partie III — Implémentation de I’approche de séquencage ciblé a haut débit pour le diagnostic

des leucodystrophies

Au vu de Dlefficacité de cette approche pour le diagnostic du Syndrome de Bardet-Biedl et
autres ciliopathies associées et la déficience intellectuelle, nous 1’avons testée pour le diagnostic des

leucodystrophies, ou anomalies de la substance blanche.

Le terme leucodystrophies (LDs) regroupe un ensemble vaste et hétérogene de maladies
monogéniques résultant d’anomalies du processus de myélinisation (formation et/ou maintien) dans
le systéme nerveux central, provoqué par un dysfonctionnement des cellules gliales (notamment les
oligodendrocytes). A ce jour, des mutations dans environ 50 génes ont été reportées et identifiées

comme a I’origine de différentes formes de LDs.

Dans certains cas, les données du patient (analyses IRM, traits phénotypiques, marqueurs
biochimiques...) permettent d’orienter le clinicien vers un géne candidat, conduisant ainsi a un
rendu diagnostic pour environ 35% d'entre eux. Cependant, des formes incomplétes ou atypiques de
LDs peuvent rendre cette approche peu fructueuse. De plus, certaines formes cliniques démontrent
une grande hétérogénéité génétique: pour des patients exhibant des manifestations cliniques treés

similaires, les mutations causales peuvent é&tre retrouvées dans des geénes différents. Cette



hétérogénéité au niveau moléculaire rend la recherche exhaustive de mutations impossible en

termes de cout et de temps avec les stratégies de séquencage dites ‘classiques’.

Nous avons donc développé une approche de screening moléculaire par séquencage a haut
débit ciblé, basé sur la capture et le séquencage des exons codants de 68 génes impliqués dans des
formes monogéniques de LDs et leucoencéphalopathies. Cette approche permet a la fois la détection
de mutations ponctuelles, de petites insertions/délétions, mais également de délétions ou
duplications d’exons ou d’un géne entier aussi bien a 1’état homozygote/hémizygote
qu’hétérozygote (comme démontré dans la partie précédente). Cette capacité de détection des CNVs
est d’importance majeure, notamment dans la maladie de Pelizacus-Merzbacher pour laquelle des

duplications, triplications ou délétions entieres de PLP! sont fréquemment retrouvées.

Une preuve de concept a été effectuée sur 15 patients avec mutations connues, permettant de
retrouver 96% des alleles mutés. L’ADN de 120 autres patients avec LDs d’origine génétique non
déterminée a été¢ séquence via cette méme approche, permettant d’identifier la mutation causale
chez 20 patients (dans les genes ALDH3A2, ABCDI, EIF2B2, EIF2B5, GFAP, POLR3A, POLR3B,
POMGNTI, PLP1, RNASEH2B, RNASEH2C et SLC16A42). Des mutations potentiellement causales
nécessitant des analyses complémentaires ont été identifiées chez dix patients. Enfin, chez cinq
autres patients, nous avons identifi¢ a 1’état hétérozygote une mutation pathogénique (tronquante ou
d’¢épissage) dans des genes associés a des formes récessives de LD (ARSA, GBE1, PEXI, SAMHDI)
sans qu’une deuxiéme mutation n’ait pu étre détectée. Cette observation surprenante nécessite des
investigations complémentaires et la confrontation avec les données cliniques de chaque patient. 1l
parait en effet peu probable que la totalité de ces mutations manquantes se situent dans des régions
non codantes et soient donc non détectées par notre stratégie de capture d’exons. Parmi les
hypothéses restantes on peut évoquer I’oligogénisme, ou encore la présence d’un variant
hypomorphe sur le 2¢me alléle dont la fréquence relativement élevée l'aurait fait paraitre non

pathogénique.

Avec un taux de mutations détectées de 17 a 25%, la stratégie par capture d’exons apparait
timidement efficace pour le diagnostic des leucodystrophies. Une analyse approfondie de la clinique
des patients négatifs comme 1’dge de début de la maladie, la sévérité, le type de leucodystrophie
(hypomy¢élinisante, démyelinisante,...), le nombre d'investigations génétiques et métaboliques
effectuées sur les patients avant I’inclusion, etc... permettra d’établir si pour un profil particulier de

patients, le séquencage d’un panel de geénes en particulier semble plus approprié que pour d’autres.

Conclusions & Perspectives

Grace aux travaux menés au cours de ma these, les proportions conséquentes de mutations
identifiées chez les patients pour chacune des pathologies cibles confirment la nécessité de

I’implémentation en routine de cette approche ciblée comme nouvel outil de diagnostic pour les
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maladies génétiquement hétérogenes dans les laboratoires de diagnostic génétique en France. Son
efficacité pour le diagnostic des leucodystrophies reste cependant insuffisante et nécessite tres
certainement une réévaluation des genes cibles a inclure dans la capture, ce qui permettrait

d’augmenter le taux de mutations détectées chez les patients ‘tout-venants’.

Les résultats obtenus pour la déficience intellectuelle sont trés prometteurs, avec 25% de
résultats positifs (contre 16% pour 1’X-fragile et la CGH-array cumulés). Le séquencage de 230
patients supplémentaires prévu prochainement permettra de mieux évaluer la contribution de
chaque géne dans cette pathologie (d’autant plus important pour les génes récemment identifiés), de
réévaluer le spectre clinique associés a certains syndromes et enfin de préciser 1’efficacité de cette

méthode.

A D’échelle du patient, le rendu diagnostic permet dans certains cas de proposer des
traitements pré ou post-symptomatiques, d’anticiper des symptdmes d’apparition supposée tardive,
et/ou tout simplement de poser un nom sur 1’origine de la pathologie stoppant ainsi une errance
diagnostique souvent compliquée pour le patient. Ces résultats permettent ¢galement d’envisager un
conseil génétique pour la famille du patient en précisant le risque de récurrence ou non de la
pathologie, de proposer un diagnostic préimplantatoire ou un diagnostic prénatal. Enfin,
I’identification de 1’anomalie moléculaire est un pré-requis obligatoire qui permettra au patient de

bénéficier a ’avenir de la thérapie génique ciblée et/ou d’essais thérapeutiques.
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General Introduction

I- From DNA alteration to disease: the basis of genetics

1. The Human genome

The entire genetic heritage of each individual — otherwise referred as human genome — is
stored mostly in the nucleus of each somatic cell within chemical molecules of deoxyribonucleic
acid (gDNA, for genomic DNA). A tiny fraction is contained in the mitochondria (mtDNA, for
mitochondrial DNA). These molecules of DNA store all the genetic information necessary to
control all the steps of embryogenesis, development, homeostasis, metabolism, etc. Only a small
proportion of genomic DNA (about 1.5%) encodes genes, which correspond to the units of genetic
information. The human genome is assessed to contain about 21,000 genes (for a comparison, the
mitochondrial chromosome contains only 37 genes; reviewed in (Frazer, 2012), linearly positioned
along the chromosomes at precise loci. Genetic disorders are the consequences of alterations
encoded in this molecule of DNA, and more precisely in its sequence. Our understanding of genetic
disorders has tremendously improved with the completion of the Human Genome Project, reporting
the entire sequence of a human genome in 2001 (Lander et al., 2001; Venter et al., 2001;
International Human Genome Sequencing, 2004). Knowledge of the entire sequence provided
researchers with a physical map to annotate genes and other biological elements onto a single
reference. This allowed studying the human genome as a continuous entity rather than discretely,
gene by gene. The draft of the human genome is continuously improved over the years thanks to
patches and through novel releases (e.g. March, 2014: GRCh38 release, referred as hg38).

2. Genome organization and structure

All somatic cells of the body contain 23 pairs of chromosomes (22 autosomal, 1 sexual), one
from each pair being inherited from one of the two parents. Germ cells only carry 23 chromosomes.
Chromosomes are numbered according to their size that often but does not necessarily correlate to
their gene contents. Genes are not distributed randomly along the chromosomes, but tend to cluster
together. As a result, certain regions of chromosomes are highly gene-rich while other regions are

called gene deserts, and certain chromosomes themselves are gene-rich as opposed to others.

Apart from genes, which as mentioned represent a very minor fraction, 5% of the genome —
only —contains some regulatory elements that control gene expression, such as noncoding RNAs.
The rest of the genome is mostly composed of repetitive sequences (over 50%; including satellite
DNA, SINEs and LINES retrotransposons elements), whose role remains poorly understood but
would supposedly be related to maintaining chromosomal structures. As for the genes, the
repartition of those repetitive structures is not random, and they are clustered together along the
chromosomes. Subsequently to the release of the human genome assembly, several projects that

aimed at extensively annotating the human genome such as the Encyclopedia of DNA elements
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(ENCODE) were launched. Launched in 2003, the ENCODE project aimed to identify all
functional elements of the human genome and provide an annotated reference to the scientific
community, after a pilot phase of annotating defined regions of the human genome as a training
(Consortium et al., 2007; Weinstock, 2007). After years of intense labor, they proposed (among a
plethora of other results) an extensive reference set of annotated genes and transcripts (GENCODE;
(Derrien et al., 2012; Djebali et al., 2012; Harrow et al., 2012; Howald et al., 2012; Pei et al.,
2012).

3. Gene organization

Genes are the units of the genetic information, which are mostly transcribed into mRNAs in
the nucleus, translocated to the cytoplasm where they are translated into proteins, the molecules
ultimately responsible for the ‘molecular’ phenotype of the cell. The genetic information is stored in
the DNA via the genetic code, which from the sequence of nucleotides determines the sequence of
aminoacids in a protein. Linear polypeptide chains originating from mRNA translation are not yet
functional. Those premature proteins have to fold to acquire a specific three-dimensional structure,
may assemble with other subunits to acquire a quaternary structure, may be chemically modified
(e.g. addition of phosphate groups) and then are ready to operate. Most genes are capable of
producing several associated transcripts by alternative splicing, generating a multitude of proteins.
As a result, the 21,000 genes encode as many as a million of different proteins. However, not all

genes code for proteins: the final product might be a non-coding RNA.

A human gene is generally composed of an alternation of exons and introns. Introns are
portions of DNA that are initially transcribed into RNA, but are excised from the mature mRNA
and are not represented into the final protein product. RNA splicing is a highly efficient process,
guided by specific consensus sequences in the primary RNA transcript at the exon/intron junctions:
5” donor splice site consensus sequence: AGl gt, 3’ donor splice site: an adenine branchpoint around
20 nucleotides before beginning of the exon, a polypyrimidine tract, and a consensus agl G (Figure
1). At each extremity of the coding sequence (delimited by the methionine start codon and the stop
codon), the gene is flanked by 5’ and 3’ untranslated regions (5’UTR, 3’UTR). A promoter region
is located at the 5’ end of each gene, which contains sequences regulating the time and place of
gene expression. Other regulatory elements are dispersed throughout the gene (enhancers, silencers,
etc), and can be located in the introns, at the 5° or 3’ end of a gene but also at a considerable
distance away. The 3’ end of a gene contains a signal sequence of AAUAAA tract, which promotes

the termination of the mRNA and addition of the polyadenylation tail.
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Figure 1: Schematic structure of a human gene.

UTR: untranslated region; DSS: donor splice site; ASS: acceptor splice site; Y: pyrimidines.

The correct expression of a gene and its associated protein production depends on a tightly
orchestrated number of events, including gene dosage and structure, transcription, RNA splicing,
mRNA stability, translation, structure, function and degradation of the protein product. Any genetic
variation that would eventually impair one of these steps can have a dramatic effect and may lead to
a disease phenotype. Those genetic variations include large structural variations, or punctual
variations affecting protein-coding regions but also variations located in any of the essential
regulatory elements (promoter, consensus splice sites and branching sites, regulatory sequences,

polyA sequence signal, etc).

4. Genetic variations inter-individuals

The human genome is highly conserved (at 99.9%) from one individual to another mostly
due to important selective pressure. However, due to the gigantic size of the diploid human genome
(about 6x10° base pairs) this represents millions of base pairs differing between individuals, which
genetically determine macroscopic differences among individuals. A vast majority of those
variation have no or benign effect on one’s phenotype (e.g. eye color, hair color, etc) while others
are directly responsible for causing disease. Due to the minimal fraction of coding sequences, most
of those variations are located in non-coding regions (introns, noncoding RNAs, repeat elements...)
and are expected to have a minimal impact at the level of protein production, structure and function.
Our actual understanding of non-coding regions being limited, no actual models hence no
bioinformatics tools allow a precise interpretation of such non-coding variants apart from splicing

predictions.

In some disciplines, a mutation is defined as any change in the nucleotide sequence of a
genome compared to the reference, devoid of any notion of pathogenicity. However, to avoid
confusion and as recommended by HGVS (Human Genome Variation Society) guidelines, I will
use the neutral terms ‘variation’ or ‘variant’ instead, and refer to ‘mutation’ for a genetic variation
that causes a disease. Genetic variations can be classified into two main categories: the ones
involving large fragments of DNA that can encompass up to entire chromosomes, and point

variations that affect one or a few base pairs. Large structural variants arise either from impaired



General Introduction

chromosomal segregation during cell division leading to an abnormal number of chromosomes, or
spontaneous events during chromatid recombination leading to translocations, inversions, deletions,
insertions, etc. Point variations arise mostly from DNA replication errors (frequency rate: 1x107°,
or less than one new mutation per cell division; (McCulloch and Kunkel, 2008)) or impaired DNA
repair, and are either spontaneous or fostered by the exposure to mutagen agents. The different

types of variations affecting one or few nucleotides in a gene are detailed below.

Single nucleotide variants (SNVs)

The substitution from a base to another within the coding sequence can lead to a
silent/synonymous change (no effect on the protein sequence, which are relatively frequent when
the affected base is the third base of a codon), the replacement of one aminoacid by another referred
to as missense variations (mostly when affecting the first or second bases of a codon), the
replacement of one codon by a stop codon called nonsense variations, or the replacement of the key
start or stop codons by another codon. Silent variations are usually benign since they do not affect
the protein sequence, but they can be disruptive if affecting splicing (substitutions of nucleotides
near/within splice sites or creating strong cryptic splice sites). Missense variations alter the
sequence of the protein, and can be either benign or pathogenic depending on the importance of the
affected residue with respect to structure or function of the protein. Nonsense variations incorporate
a premature stop codon within the sequence, leading to an mRNA carrying a premature stop codon
and that 1s highly vulnerable for nonsense mediated mRNA decay (reviewed in (Nicholson et al.,
2010)). Either the protein is not translated at all due to the degradation of the mRNA, or it is
translated under a truncated form that can be more or less stable and functional. Conversely, SNVs
can destroy a termination codon and allow translation to continue resulting in a longer protein that
may also be more or less stable and functional. Lastly, abolition of the start codon generally

prevents any kind of translation resulting in the total absence of protein product.

Outside of the coding sequence, SNVs affecting the acceptor or donor splice sites, branching
sites, promoter region or the polyadenylation sequence, or even creating competitor splice sites may
result in aberrant amounts of mRNA products or altered RNA processing.

Short insertions/deletions (indels)

Gene variations include also the insertions or deletions of a few base pairs. In coding
regions, these either conserve the reading frame if they are a multiple of three (in-frame variations),
or cause a shift of the reading frame at the point of the insertion/deletion (frameshift variations).
Some tools have been recently developed to predict their impact (e.g. (Hu and Ng, 2012)). In in-
frame variations, the corresponding number of aminoacids will be inserted/deleted within the

normal protein sequence, which can have variable impact on the protein structure and function.
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Conversely, frameshift variations incorporate a number of abnormal aminoacids before a premature

stop codon, which will have the same possible consequences as nonsense variations.

Dynamic mutations

Some variations are a bit more complex, and involve the amplification of a repeated region
(generally trinucleotide tracts) during replication in the gametes. This amplification leads to an
increased number of repeats (located or not within the coding sequence) that becomes toxic when
bypassing a certain threshold. Within the coding sequence, this amplification result in an
abnormally long protein, while within intronic or regulatory sequences it leads to altered

transcription, mRNA processing or translation.

Polymorphisms vs rare variants

As mentioned, not all variations reported in an individual are necessarily pathogenic. Some
are private or rare, others are relatively common in the general population. Variants with a
frequency superior to 1% in the general population are generally called polymorphisms, the ones
with a lower frequency are referred as rare variants. Polymorphisms can be of any of the previously
discussed type, from SNVs, indels to structural variants. Polymorphisms are predominantly
innocuous, as their high frequency makes them incompatible with a full penetrant role in rare

diseases. They can nonetheless be associated to genetic risk or protective factors.

5. Discriminating benign variants vs disease-causing mutations

The entire challenge in human genetics — and even more with the arrival of the next-
generation technologies flooding databases with variations of unknown significance — is to assess
with the highest possible level of confidence whether a variant reported in a patient is responsible

for the observed clinical features or not (summarized decisional tree in Figure 2).

First, the more the variants are supposed to affect the protein sequence, the more deleterious they
shall be presumed. Frameshift, nonsense, start loss, and splice site variants along with large
structural variants are the most likely to have an effect on the phenotype since a priori directly

impacting on RNA processing and protein production.

Then, many additional keys can be gathered from in silico tools giving information on the
conservation of the affected nucleotides but also of the affected aminoacid residue (if located within
a coding sequence), the putative impact on the resulting protein structure (e.g. whether it is located

within a protein domain, binding sites, etc), the putative effect on RNA splicing (abolition/creation
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of splice sites), the pattern of gene expression, ... All those are precious information that help

predicting the functional impact of a variant (detailed in General methods, I1I).

Once a variant seems deleterious enough, co-segregation studies allow verifying whether the
candidate variant segregates with the disease status in a family. The study of large cohorts of
controls from similar geographical origin also ensures that the detected candidate is not a common
variant in the population of concern. This should be computed carefully in relation to the disease of
interest (e.g. prevalence, mode of inheritance, proposed penetrance, etc; see (Piton et al., 2013)).
Once the variation becomes a stronger candidate, functional analyses of the variation can be
performed at any protein/cellular/organism level to demonstrate the functional impact of the

variation.
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Figure 2 (Thompson & Thompson, Genetics in Medicine): Decisional tree to illustrate the
possible mechanisms for a variant to cause a disease.
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II- Classification of genetic disorders

The contribution of genetic factors in disease can be large or small, from causing the disease
or modifying the course of the disease, to only predisposing to disease. Disorders caused entirely or
partially by genetics factors are generally classified into several types: chromosomal disorders,

monogenic or single gene disorders, and polygenic or multifactorial disorders.
1. Chromosomal diseases

In chromosomal diseases, structural defects from large chromosomal fragments to whole
chromosomes cause the disease. The phenotype originates from an excess or deficiency in genes
contained in the chromosomal abnormality. A single gene may be the driver or several genes can
each contribute partially to the phenotype. Chromosomal diseases are rather common, with an

assessed incidence of 0.7% in newborns (Table 1).

The most common type of chromosomal abnormalities is aneuploidy, which consists in
either an extra copy or the absence of a chromosome. Trisomies are generally more viable than
monosomies, since trisomy 13, 18, 21, X and Y are compatible with life as opposed to the single
monosomy X, aka Turner syndrome. The only autosomal trisomies that are not lethal are the ones
involving the three autosomes with the lowest number of genes. The most frequent chromosomal
abnormality is the trisomy 21 or Down syndrome that has an assessed incidence of 0.1%
(Weijerman and de Winter, 2010). The proposed mechanism for aneuploidies is a non-disjunction
of chromosomal pairs during meiosis. If occurring during a mitotic division in the zygote, non-
disjunction of a pair of chromosomes leads to mosaic aneuploidies. Aneuploidies are universally

associated to physical and cognitive manifestations.

A 1K t St tri
bnormal Karyotype | 1* trimester Fetuses of mother Live births
abortuses > 35 years
Total incidence 1/2 1/50 1/160
Numerical 96% 85% 60%
abnormalities
Structural 4% 15% 40%
abnormalities
Balanced 0% 10% 30%
Unbalanced 4% 5% 10%

Table 1 (adapted from Thompson & Thompson, Genetics in Medicine): Incidence in fetuses
and newborns of numerical and structural chromosomal abnormalities.

Other chromosomal abnormalities are structural defects involving chromosomal fragments
that have been isolated from chromosome breakage, and which are eventually reconstituted in an
abnormal combination. Chromosomal breakage occurs spontaneously at low frequency but can also

be fostered by breaking reagents. The recombination between highly similar sequences (e.g.
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pseudogenes, LINEs elements, low copy repeats, etc) or mispaired chromosomes may also provoke
such fragility and lead to gene duplications or deletions. Like in numerical chromosomal

abnormalities, structural chromosomal rearrangements can be mosaic.

Structural rearrangements can be either balanced (i.e. the final set of chromosomes has all
chromosomal material, although displaced) or imbalanced (i.e. the final set of chromosomes has
additional or missing chromosomal material). Unbalanced rearrangements include mostly large
deletions (generally reflecting haploinsufficiency), duplications, unbalanced translocations,
unbalanced inversions, and more rarely the formation of marker chromosomes (small
supernumerary chromosomes), isochromosomes (chromosomes with a duplicated arm while the
other is missing) or dicentric chromosomes (two arms of two separate chromosomes fused
together). Unbalanced rearrangements are more likely to result in an abnormal phenotype since
disrupting the normal balance of gene expression. During my thesis, I was involved in unraveling
the molecular mechanism provoking an unbalanced-rearrangement responsible for globozoospermia
((Koscinski et al., 2011; Elinati et al., 2012); see Appendices 1 & 2).

Balanced rearrangements include paracentric and pericentric inversions and translocations. Carriers
of balanced rearrangements generally do not have phenotypic manifestations since the full genetic
material — although displaced — is present, unless the breakpoints disrupt the coding sequence of a

particular gene.

Many copy number variants (CNVs) are rare private CNVs and one challenge is to evaluate
their contribution in a particular phenotype. Indeed, although it is widely accepted that large
structural variants are mostly disease causing, this is not the case for smaller CNVs that have a
relatively high frequency within the general population (incidence of 1:8 for de novo
microdeletions, and 1:50 for de novo microduplications; (Guilmatre et al., 2009)). The penetrance
of some CNVs also appears to be highly variable (e.g. can be inherited from ‘healthy’ parents) and
may lead to different phenotypic outcomes complicating the discrimination between risk factors and
benign CNVs. One possibility to assess the contribution of a CNV in a phenotype is to compare
their frequency in a huge cohort of controls, or to find the driver gene (or the disrupted gene in
translocations) and identify additional patients with a similar phenotype carrying CNVs or point

mutations affecting the same gene.

2. Monogenic disorders

Monogenic disorders are caused by mutations (inherited, or that appeared de novo in a
parental germ line) located within a single gene, and are often called Mendelian disorders as their
mode of inheritance follows Mendel’s laws. Although individually rare, they represent — as a group
— a considerable proportion of all pediatric and adult disorders. As seen in the previous section, the

mutation can be any of a single nucleotide variant (SNV), a small indel, or a submicroscopic CNV
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affecting a single gene (e.g. a single exon deletion). Monogenic disorders can be inherited as
dominant (i.e. one of both parental allele carry the mutation) or recessive (i.e. both parental alleles
carry a mutation) and affect genes located on the autosomes, or sex chromosomes (usually the X-
chromosome). Similarly to chromosomal abnormalities, mutations reported in monogenic disorders

can be mosaic.

Dominant disorders — especially if severe enough that showing a high impact on fitness —
can be caused by de novo mutations. Inherited mutations are reported either when the disorder does
not have an impact on fitness, or when associated to incomplete penetrance or variable expressivity.
Recessive disorders are frequent among populations of weakly mixed genetic background or of high
level of consanguinity as they present an increased proportion of homozygosity regions, which may
contain a disease-causing allele. However, consanguinity is not the most common explanation for
autosomal recessive traits: most cases originate from mating of unrelated people, each one carrying
a disease-causing allele (especially if one recurrent disease-causing allele is frequent in the general

population).

For the genes located on the sex chromosomes, monogenic disorders can also be either X-linked (or
Y-linked) dominant (i.e. supposedly as many affected females than affected males), or recessive
(i.e. more affected males than affected females, who are more protected because of their extra copy
of the X-chromosome; e.g. hemophilia A). The affected status of females in X-linked disorders is
complicated by the patterns of X-inactivation. Indeed, females harbor two populations of cells, one
in which one of the X-chromosome is active, the other in which the other X-chromosome is active,
harmonizing the expression of most X-linked genes in both males and females. Depending on the
pattern of X-inactivation (which can be random or not), two females with the same genotype can
express different phenotypes depending on the proportion of cells with the active X-chromosome

carrying the disease-causing allele.

Finally, a last mode of inheritance is called ‘maternal transmission’, where the mutation is located

within maternal mtDNA and transmitted to the embryo by the maternal oocyte.

Inheritance patterns of monogenic disorders can be complicated according to parental
genomic imprinting, leading to the expression or not of the disease-causing allele depending on
whether it was maternally or paternally inherited (e.g. pseudohypoparathyroidism and related
disorders). Another class of monogenic disorders giving rise to atypical inheritance patterns are
those involving dynamic/repeat expansions disease-causing mutations, with the characteristic of the

genetic anticipation phenomenon (e.g. Fragile X syndrome, Huntington disease).

Monogenic disorders can be rather simple and homogeneous, where for patients harboring a
similar macroscopic phenotype the mutation is always located in a same gene. Conversely, some
monogenic disorders are characterized by a vast genetic heterogeneity. In individuals with similar
clinical phenotype, causative mutations can be found in one gene within a more-or-less large subset

of genes described as implicated in the disease. Depending on the disorder, this heterogeneity may
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be more or less consequent (e.g. Bardet Biedl Syndrome: 19 genes reported, intellectual disability:

over 300 genes reported).

3. Polygenic/oligogenic and multifactorial disorders

Contrary to monogenic disorders, polygenic diseases are provoked by the synergistic effect
of mutations dispersed in several independent genes. Several variations in different genes, instead
of one single mutation, are responsible for the phenotype. The oligogenism model gathers different
scenarios: the ‘synergistic’ model, where several variants participate together in the phenotype and
have a synergistic effect (i.e. carriers of single variants are asymptomatic), and the ‘modifier’
model, where one variant is the major contributor to the phenotype while the remaining variants
acts as modifiers (i.e. carriers of the contributor variant are affected but with milder or incomplete

phenotype, carriers of the modifiers may be unaffected).

Only very few disorders were demonstrated as purely polygenic, mostly because the larger
the number of involved genes, the closest it gets to nearly impossible to prove. The few disorders
demonstrated as such are digenic disorders. For many neurodevelopmental disorders this polygenic
hypothesis has been largely proposed, but cannot be strictly demonstrated for now since supposedly
involving a very large number of genes. The simplest example of multigenic disorders is the digenic
retinitis pigmentosa. Patients presenting with this disorder carry two heterozygous mutations in two
different genes (PRPH?2 and ROM1) encoding for two photoreceptor membrane proteins. Carriers
of the single heterozygous alleles do not have a phenotype (Kajiwara ef al., 1994).

Multifactorial (or ‘complex’) disorders originate from a complex combination of both
genetic and environmental factors, and are thought to be responsible for a majority of common
disorders. The contribution of genetic factors is assessed through the study of concordance in
monozygotic twins or by assessing the recurrence risk in relatives of affected individuals. The
environmental part is often highlighted by the non-full concordance of disease status between
monozygotic twins, or the higher recurrence risks in siblings reared together as opposed to siblings
reared apart. The recurrence of such disorders in some families (or familial aggregation) is then
explained by the shared genetic background combined with a shared environment, increasing the
chances to get the exact same gene-environment interactions leading to the disease. Environmental
factors are not necessarily negative, and may either accelerate, worsen or conversely protect against

a disease phenotype.

Many common disorders such as diabetes, congenital heart defects, Alzheimer’s disease,
autism spectrum disorders, and psychiatric disorders appear to result from the interaction of several
variants in independent genes together producing or predisposing to a phenotype in concert with

environmental factors. Their pattern of inheritance does not follow Mendelian’s laws.
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III- Gene discovery and diagnostic methods

1. Gene mapping methods

The methods used for discovering novel genes responsible for genetic disorders have been
jostled with the emergence of NGS technologies, as illustrated by the exponential increase of gene
discovery ever since (Figure 11). A quick overview of the different methods that were used prior to
NGS is given, most of which are still commonly used alone or in combination with NGS to

accelerate the searches.

Linkage analysis

One of the standard strategies used to identify causative genes is linkage analysis. Linkage is
the terminology used for the tendency of several alleles that are located close together on the same
chromosome to be transmitted together through meiosis without recombination event. The linkage
analysis approach is based on the study of a family (as large and informative as possible), with
several affected and healthy members. It explicitly uses the disease status of the family members to
follow the inheritance of the disease over generations and see whether the disease locus appears
linked with specific polymorphic genetic markers when transmitted to the next generation.
Estimation of linkage and distance between the disease locus and polymorphic markers is made
through assessing the recombination fraction ® between them (®=0 if both are linked, ®=0.5=50%
if unlinked). A best estimate of the recombination frequency Oy is determined, which reflects the
estimated linkage and distance of the disease locus with genetic markers according to observations
(i.e. the family). A statistic measure, the LOD (logarithm of odds ratio) score is computed to
determine whether the hypothesis of linkage with a distance of ® is likely, and with which strength.
A LOD score above 3 is usually considered as linkage evidence (i.e. hypothesis of linkage 1000

times more probable than the hypothesis of independence).

Likelihood of the data if loci are linked
at a particular 8
Likelihood of the data if loci are unlinked
(8 =0.50)

LOD score = logo

Linkage evidence of genetic markers with the disease locus suggests the gene of interest
may map closely to their genomic positions. A genome scan (i.e. linkage analysis performed on
genetic markers distributed along the genome) usually gives one or several genomic intervals with
high likelihood of containing the causative gene, among many others (see Figure 3 for illustration).
During my PhD, I preformed linkage analyses to identify candidate regions in three families with
pyruvate transport defects that partially contributed to the discovery of the human mitochondrial

pyruvate transporter ((Bricker et al., 2012); see Appendice 1). The main drawbacks of this
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approach is that 1/ it needs to be absolutely certain of the disease status for each family member
(which can be a difficult task for late-onset disorders or disorders of incomplete penetrance for
instance), 2/ the disease status may segregate with some polymorphic markers just by chance
leading to erroneous conclusions, 3/ the output intervals may contain several dozens of genes if not

many more, considerably complicating the search for the causative gene.
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Figure 3 (from (Bowen et al., 2011)): Example of linkage analysis showing linkage evidence
between the disease locus responsible for metachondromatosis and genetic markers located on
chromosome 12.

A. Pedigree of the family used for the analysis, individuals whose DNA was used for the analysis are
underlined. B. LOD score values on Chromosome 12. 1 ¢cM (centimorgan) represents the genetic length over
which an average of one crossing over occurs per 100 meioses (i.e. 1% of recombination rate in meioses).

Identity by descent and homozygosity mapping

Identity by descent analysis is a family-based method, which surveys the genome of affected
and unaffected members of a family through genetic markers. This genome survey is performed by
genotyping simultaneously from several thousand up to millions of single nucleotide
polymorphisms (SNPs) genomewide using SNP microarrays in several family members, both
affected and unaffected. The resolution of such arrays has tremendously improved, from the initial
1.5k SNPs GeneChip HuSNP Mapping array (Mei et al., 2000) to the current 6 millions of SNPs
from Affymetrix (Genome-Wide SNP Array 6.0). Identical by descent (IBD) regions are those
where contiguous SNPs share the same genotype across different family members. Mapping a

disease gene then consists in highlighting IBD regions common between affected members while
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excluding the ones shared between unaffected and affected family members. The approach can then

be repeated on independent families to further narrow down the candidate region.

Homozygosity mapping is a particular subcategory of IBD studies used when looking at
suspected autosomal recessive disorders, and mostly in consanguineous families or population of
inbreeding and weakly mixed genetic background. It assumes that the causative mutation is
homozygous and that both copies segregate within the same IBD haplotype. Indeed, the rarer the
disease, the higher the probability that it originates from consanguinity or inbreeding in those
families. Since chromosomal regions are usually transmitted as a whole, all markers located in close
proximity to the disease allele will also be homozygous. The search then consists on screening
shared regions of homozygosity between all affected members, which are not shared with
unaffected ones. This presumes that all affected members have the exact same disease and caused
by the same disease allele, which can be erroneous in very large highly consanguineous families
where two different mutations may arise concomitantly in different branches of the family (e.g.
(Laurier et al., 2006)).

Association studies

A fully different approach is the association study, which is not based on family study but
rather on population study. This approach consists on identifying specific alleles that are associated
with a disease in a large population of affected and controls. Since looking at alleles with major to
relatively low effect, it requires studying large populations of both affected and controls to reach
statistical significance. This method is particularly used for multifactorial and complex disorders. It
is based on the reported frequency of alleles in a population of affected individuals as compared to a
population of controls, which if increased or decreased is considered as a disease association. It was
initially used only on a limited set of alleles, located for instance in genes encoding for proteins
from a particular pathway relevant for a specific disease (candidate gene association studies).
Association studies are now performed genome-wide (GWAS, for genome-wide association
studies), probing simultaneously several millions of alleles without necessary prior knowledge
regarding the pathophysiology of a disease. The main drawback of association studies is that when
an allele is associated with an increased relative risk for a disease, this does not definitely prove that
the allele or the gene is effectively involved in the pathogenesis (e.g. it could be due to another
allele in linkage disequilibrium). Also, for more complex disorders most GWAS failed to identify

any risk loci, presumably due to extensive genetically and phenotypically heterogeneity (e.g.
diabetes; (Lohmueller et al., 2013)).
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2. Gene identification approaches

Positional cloning

Positional cloning is performed once the disease locus has been narrowed to a candidate
region, for instance via linkage analysis or homozygosity mapping. Such generic method is usually
applied when nothing is known about the function of the gene of interest. To reduce the efforts, the
candidate region has to be narrowed as far as possible. Indeed, it was historically a very effort-
intensive task, involving initial screening of successive genomic DNA libraries to identify clones
containing overlapping DNA fragments spanning the candidate region. Once those were identified,
several methods could be applied to extract the position and the structure of genes within the
candidate region (e.g. cross-species hybridization, exon trapping, cDNA hybridization). As an
illustration, the Duchenne/Becker muscular dystrophy gene was mapped following intense
positional cloning efforts (Hammonds, 1987; Hoffman et al., 1987). Since the publication of the
human genome, those methods became obsolete and have been replaced by bioinformatic analyses
allowing to directly pinpoint genes located within the region. Candidate genes are then screened in
patients for deleterious mutations using Sanger sequencing. However, these candidate regions may
contain up to several hundred genes and successive sequencing of all genes until the identification
of the causative mutations can take years. The development of next-generation sequencing (see

section IV) has considerably facilitated this step.

Functional candidates and comparative genomic approaches

Conversely, other genes were identified independently of their position but through their
molecular function or their involvement in a particular metabolic pathway that was relevant to the
disorder of concern. Candidate genes could be identified through functional studies (e.g. Fanconi
anemia type C), or by homology to other species in which the protein encoded by the gene was
known (e.g. Hemophilia A). As an illustration, PLP/ was mapped by using cDNA of bovine
proteolipid protein combined with Southern blot to fish and map both human and murine PLP genes
(Willard and Riordan, 1985). The location of murine plp/ was highly suggestive of its implication
in the phenotype of two myelin-deficient mutant mice, and corresponding human PLPI that was
located in conserved synteny blocks as compared to the murine gene was finally shown to be
implicated in the analogous human Pelizacus-Merzbacher disease (Willard and Riordan, 1985;
Mattei et al., 1986; Cremers et al., 1987).

This functional approach became even more common with the emergence of the
bioinformatics era, where many genes have been uncovered by large-scale genomic analyses either
looking at a set of candidate genes sharing a similar function, pathway, or expression pattern, or

interrogating the human genome looking for recognizable sequence counterparts of a particular
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gene with known function in other species. The Bardet-Biedl gene BBS7 for instance, was
discovered by a comparative genomics approach, through a motif-based sequence similarity

comparison using BBS2 as a probe in human and zebrafish genomes (Badano ef al., 2003a).

3. Diagnostic tools

Several approaches can be used to detect the presence in patients of a chromosomal
abnormality that may be responsible for a chromosomal disorder, or of point variations that may be
responsible for monogenic disorders when the gene has been previously identified, which may
eventually lead to a molecular diagnosis. Additional biochemical and imaging approaches are also
generally useful in directing toward a specific disorder, but are not detailed here. Obtaining a
definitive molecular diagnosis is essential for establishing recurrence risks and providing genetic
counseling in the family. Moreover, such diagnosis may have a direct impact for the medical

prognosis of a patient and even can indicate specific therapeutic options.

Karyotype and FISH analyses

Both karyotype and FISH allow detecting gross chromosomal abnormalities (larger than 10-
Mb). The karyotype is the ‘minimal’ cytogenetic analysis, giving the total number of chromosomes,
sex chromosomes and macroscopic chromosomal abnormalities (chromosomes of abnormal size,

abnormally located centromeres, etc; example in Figure 4).
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Figure 4 (from (Williamson, 2006)): Karyotype analysis demonstrating an extra-copy of
chromosome 21 in a male with Down syndrome.

FISH (fluorescence in situ hybridization) analysis is a cytogenetic technique that allows

detecting finer chromosomal defects such as deletions, duplications or translocations (example in
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Figure 5). Fluorescent probes complementary of a DNA or RNA sequence of interest are
immobilized within corresponding parts of fixed metaphase or prometaphase chromosomes that

have been denatured in situ. The fluorescent signal is then detected by microscopy to locate the

specific mapping on chromosomes. By using sophisticated image-processing tools, a cocktail of
probes (with a characteristic color ratio) complementary of entire chromosomes are mixed together.
This enables to map precisely and detect large deletions, duplications, and translocations and is
referred to as ‘whole chromosome painting’ or spectral karyotyping (SKY). FISH resolution can go

as low as one megabase when using the more extended prometaphase chromosomes.

Figure S (from (Chen et al., 2011)): FISH analysis using two probes of the X-chromosome
(RP11-34P3 in Xq24 encompassing PLPI in green, RP11-22P2 in Xq22 encompassing
PGRMC1 in red) illustrating a tandem duplication on the X-chromosome that disrupts the
NXF gene cluster in a woman.

Array CGH-analysis

Array-CGH (comparative genomic hybridization) analysis is another form of genomewide
painting to detect unbalanced structural variants but at much higher resolution (as small as 10-kb up
to several Megabases). DNA probes spanning the entire genome are immobilized, and labeled DNA
of interest is hybridized to such probes where abnormal fixation revealed by a fluorescent signature

will reveal potential deletions, duplications, translocations, etc (example in Figure 6). In standard
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CGH, two DNA samples are compared one to another, by labeling each one with a particular
fluorophore and simultaneously hybridizing them to DNA probes. An abnormal fluorescent signal
at a particular probe will reflect unbalanced molecular ratio between the two samples and hence a

putative deletion/duplication.
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Figure 6 (from (Shimojima et al., 2012)): Array-CGH analysis with abnormal patient/control
signal ratio illustrating a duplication encompassing several genes of the X-chromosome (black
arrow), and a triplication of PLPI (white arrow) in a female with Pelizaeus-Merzbacher
disease.

Sanger sequencing

Sanger sequencing is generally used for the detection of point mutations and small indels
and is the universal method for DNA sequence analysis. It relies on using dideoxynucleotides that
lack a 3’-OH group on the desoxyribose, preventing the attachment of the next base by the DNA
polymerase during synthesis. The synthesis is thus prematurely terminated, hence the generic term

of ‘termination method’.

In Sanger sequencing, the DNA fragment to be sequenced is first amplified by PCR. They
are then used as templates for DNA synthesis, and the four fluorescently (or radioactively) labeled
dideoxynucleotides are added along with an excess mixture of the four normal nucleotides.
Depending on whether a normal or a dideoxyribonucleotide is incorporated, the synthesis either
continues or is terminated. DNA fragments are subsequently denatured and separated by
electrophoretic migration, which by recovering the fluorescent (or radioactive) signal from the

terminating nucleotide allows determining the nucleotide sequence.
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Initially, the sequence was determined manually from the pattern of the four reactions run in
parallel (with radiolabeled ddATP, ddGTP, ddCTP or ddTTP only) after revelation by
autoradiography or UV light. The development of fluorescently labeled ddNTPs, each one with a
different dye, allowed the running of all four reactions in one single sequencing reaction and the
detection of signals with optical tools. Finally, the latest (and revolutionary) improvement of the
method was the one of capillary electrophoresis using different matrices (from polyacrylamide gel
to other polymers) to replace the labor intensive of slab gel electrophoresis ((Cohen et al., 1988;
Ruiz-Martinez et al., 1993); reviewed in (Karger and Guttman, 2009)). The initially single capillary
sequencing was upgraded to multicapillary sequencing, which was the ancestor of the one used now

in routine in diagnostic laboratories (Huang et al., 1992).

One major drawback of Sanger sequencing is the impossible detection of large heterozygous
deletions or duplications such as exon deletions/duplications. Allele drop out can also occur,
preferentially amplifying one out of the two alleles. Finally, even though the automation of the
method has tremendously improved both the sequencing capacities and the throughput, Sanger
sequencing remains expensive and of low throughput since interrogating one single locus at the
time. It remains however the method of choice to sequence long DNA fragments. Of note, the first
human genome was sequenced using this method for a total estimated cost of 2.7 billion US § in a
13-year effort (Lander et al., 2001; Venter et al., 2001; Collins et al., 2003).
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I'V. Next-generation sequencing technologies: a 2-in-1 tool?

For about two decades, the Sanger sequencing approach remained the universal gold
standard for DNA sequencing, especially after its full automation in multicapillary sequencers
(“first-generation’ sequencing technology). However, as discussed previously, it was not suited for
diagnosis purposes in many configurations due to its prohibitive costs and still low throughput.
Different massive parallel sequencing methods were subsequently developed to overcome such
disadvantages. All next-generation sequencers are based on the same principle, which is live
neosynthesis of DNA fragments allowing the detection of the sequence as it gets synthesized by
diverse detection methods, getting rid of the time consuming migration step of Sanger sequencing.
Also, this neosynthesis is performed in parallel in millions of independent synthesis reactions,

allowing an ultra-high throughput of generated sequences.
1. General definitions

Before moving forward, some generic terms universally used when referring to NGS need to
be defined. High throughput sequencers generate several millions of independent sequences, of
variable length. The term ‘reads’ or ‘sequencing reads’ are used to refer to generated sequences

during a sequencing run. NGS data is generally visualized on a genome viewer (see Figure 7).
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Figure 7: Visualization of high throughput sequencing data zoomed on BBS!I for one BBS
patient, using integrative genome viewer (IGV; http://www.broadinstitute.org/igv/).
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The ‘depth of coverage’ or ‘sequencing depth’ corresponds to the number of generated
sequencing reads at a particular genomic position. It can be computed either when integrating the
total number of generated reads, or after filtering (i.e. after discarding duplicate reads, multimapped
reads and reads of low quality).

‘Multiplexing’ or ‘pooling’ several samples is often performed since the power of
sequencers enables a huge excess of reads per sample that are not useful for most applications.
Several samples can be mixed together on a single sequencing lane prior to sequencing. To do so, a
short index or barcode of several oligonucleotides, specific for one particular sample is added
during the library preparation at each DNA fragment extremity for every sample (see Figure 8). At
the end of the sequencing run, the sequences originating from a particular sample are retrieved by

recovering the ones containing its specific barcode.
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Figure 8 (from Illumina sequencing introduction): Schematic overview of sample multiplexing
prior to high throughput sequencing.

A: specific barcodes are ligated to the extremity of fragments from two samples; B: libraries of both samples
are mixed together prior to sequencing; C: barcode sequences are used to de-multiplex the reads; D: each set
of reads is independently aligned on the reference genome.

2. Next-generation technologies, or the 2™ generation of sequencers

All sequencers of the 2™ generation mainly differ in the template preparation and underlying
chemistry of the neosynthesis while imaging and data analysis remain similar (for a general
summary, see Table 2).

The template preparation requires an amplification step to bypass the imaging detection

threshold, which is usually either an emulsion PCR or a solid phase amplification (reviewed in
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(Metzker, 2010)). The amplification step needs to remain minimal not to induce too much bias in
the amplification product (e.g. AT-rich and GC-rich sequences may be underrepresented). The
neosynthesis sequencing step itself is then based either upon cyclic reversible termination,
pyrosequencing, or successive ligations. Since the 2000s and the first NGS machines, several
improved sequencing machines have replaced previous ones, further improving throughput

capacities, speed, accuracy and costs.

The first high-throughput sequencer commercially available (in 2005) was the GS20
sequencer from 454 Life Sciences. It combined single-molecule emulsion PCR for gDNA
amplification and pyrosequencing (i.e. detection of pyrophosphatase release when a nucleotide is
incorporated during DNA synthesis). The first completed genome using high-throughput
sequencing used this technology and provided the genome assembly of Mycoplasma genitalia in a
single run (Margulies et al., 2005). The 454 company was later acquired by Roche that developed

an improved version of the sequencing machine, the GS FLX, which was launched two years later.

In the meanwhile, another company Solexa, developed its own technology using clonal
bridge amplification and sequencing by synthesis using reversible dye terminators. Through the use
of the termination method, their technology is somewhat the successor of Sanger sequencing. The
Genome Analyzer from Solexa was launched in 2006. The company was then bought by Illumina,
which drastically improved the technology over time as reflected by successive versions of
sequencers (Genome Analyzer 11X, HiSeq2000/2500 and MiSeq).

The third sequencing machine of this ‘second generation’ based on ligation technology was
developed by Applied Biosystems and was commercially available through the SOLiD system in
2007 (Shendure et al., 2005). Similarly to the 454 system, clonal amplification is performed through
emulsion PCR, and sequencing is performed by successively ligating octamers containing two
probe-specific nucleotides. The final sequence is deduced by deconvolution of the color code. Each

nucleotide is probed twice with this technology that supposedly gives highly accurate results.

- d th -
3. The ‘newest’ generations: 3" and 4" generations of sequencers

All those ‘second generation’ sequencing methodologies are still limited in terms of the
length of sequences they generate (mostly 30-40 bp; see Table 2) and the costs, due to the
inevitable image acquisition, processing and analysis. The sequencers of ‘third generation’ and

onwards were developed to circumvent some of those drawbacks.

The development of ion torrent sequencing platforms (Ion PGM and Ion proton, later
acquired by Life Technologies) was a real revolution in terms of costs. The detecting method during
neosynthesis differs from the other sequencers, avoiding the intermediary of light to translate
genetic information into digital data and hence getting rid of the costly optic tools. It is based on the

sensing of hydrogen ions that are released when a base is incorporated during DNA polymerization.
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on

When two identical bases are incorporated the voltage doubles, but the linear response is accurate

up to 6 bases and the detection of longer homopolymers remains challenging. The lon PGM became

the first sequencer largely affordable for most laboratories. Even though the first platform did not

allow much throughput (not enough for a human exome for instance) and was more suited for

targeted sequencing, its successor lon Proton now does.

Sequencing Ampllﬁcatlo.n 1 run technical Strengths and
. and sequencing Read length
machine . performances weaknesses
technologies
. Sanger
. 86-kb
Capillary sequencing (dye 900-bp Low throughput (max.
sequencer . lhr 96 sequences)
terminators)
Roche
. 0.04 Gb
GS Junior 10 hrs 36-100-bp Long reads, suited for
— de novo genome
GS FLX I billion reads assembly/repeated
o . 0.5 Gb 450-600-bp ; d
Titanium XLR70 | Emulsion PCR, regions and
pyrosequencing 10 hrs metagenomics
?? FLX XLt 1 billion reads H¥gh cost ‘
Itanium . 0.7 Gb 700 bp- 1 kb High error rates in
(initially 454 Life 23 hrs homopolymers >3-4nt
Sciences)
Illumina
Genome 40 million reads
Analyzer 1-3 Gb 36-bp
(formerly Solexa) 3-6 days
80-100 million
Genome reads
Analyzer 11 2-15 Gb 25-50-bp
Solid-phase 1-6 days
bridge Most widely used
amplification, o platform
reversible dye Up to 6 billion Short reads
‘ terminators, PE reads AT-rich regions
HISeq2000/2500 Sequencing by 100 - 600 Gb 36-100 bp underrepresented
synthesis (dual flow-cells)
2-11 days
12-50 million
MiS reads
>ed 25-300 bp
4-65 hrs

Applied Biosystems/Life Technologies
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. 4 Gb
SOLID 6 days 35-bp Encoding system
Emulsion PCR | billion reads provides inherent error
mulsion .
i t 1 t
SOLID 3 sequencing by | 30-60 Gb 35-50-bp | L
successive 3-14 days
ligation reactions a1 Long runs
g 1.4 billion reads AT-rich regions
SOLiD 4 80-100 Gb 35-50 bp underrepresented
3-16 days
60-80 million
Ton Prot reads Up to 200-b
on Proton 10 Gb p to 200-bp F
t
Semiconductor 2-4 hrs ast rums
. Low-cost sequencer and
sequenicing Upto5.5 consumables
Ton PGM million reads 200400 b
on Up to 2 Gb i p
2-7 hrs
Helicos BioSciences
Single molecule | | pijjion reads No amplification bias
HeliScope sequencing, 21-35 Gb 35 No GC/AT bias
reversible dye ) .
terminator 8 days High error rates (3-5%)
Oxford Nanopore Technologies
High accuracy
Single molecule No amplification bias
. NA . . .
Gridlon & sequencing, Theoretically Theoretically 1nﬁ1}1te
. exonuclease NA o length of sequencing
Minlon systems . infinite
sequencing, NA reads
nanopore sensing No errors associated to
homopolymers

Table 2: Comparison and evolution of higher throughput DNA sequencing methods showing a
large improvement between the first platforms and the newest, in terms of sequencing
capacities, throughput, speed and accuracy.

Other highly promising sequencers are those based on ‘single molecule sequencing’,

bypassing the amplification step. The HeliScope from Helicos BioSciences technically belong to
this category, even though it was a pioneer in the field and was developed along with the second-
generation sequencers (Braslavsky et al., 2003). Like the Illumina technology it also uses the
principle of dye-termination, but with much higher resolution of imaging analysis. Terminator
nucleotides are added successively in a predetermined order to pause the process, in order to
internally reflect the emitted fluorescence that is then captured as an image. Terminator groups are

then cleaved before adding the next nucleotide.
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The Nanopore sequencing technique is still under development and is proposed by Oxford
Nanopore Technologies (Clarke et al., 2009). It is one of the rare sequencer that does not use the
sequencing by neosynthesis principle, but rather by excision. The approach relies on the principle
that when a nucleotide passes through a nanopore it generates an electric current due to conductions
of ions through the pore, which can be sensed and is characteristic of the nucleotide base (and even
of its methylation state). Nanopore Sequencing Technologies couples this system with exonuclease

digestion, forcing the translocation of each base through the nanopore.

At the end of this second ‘vague’ of sequencers, some companies developed ‘benchtop’ sequencers
of lower throughput that became affordable for many laboratories (e.g. ion PGM from Life
technologies, MiSeq from Illumina) and are particularly suited for targeted gene sequencing, small

genome sequencing, metagenomics, etc.
4. NGS applications in human genetics

The development of ‘all generations’ sequencing technologies revolutionized the field of
genomics, at both research and diagnosis levels, particularly in rare Mendelian disorders as
illustrated in Table 3. It also marked the start of the international 1,000 genomes and ENCODE
projects, energized by the cut costs of full genome sequencing using NGS platforms. NGS are also

widely used in other fields such as transcriptomics, metagenomics, etc that are not detailed here.

Inheritance pattern | January, 2007 | March, 2014
Autosomal 1,851 3,707
X-linked 169 284
Y-linked 2 4
Mitochondrial 26 27

Total 2,048 4,022

Table 3 (adapted from (Koboldt e al., 2013)): Impact of NGS technologies on unraveling the
molecular basis of OMIM-listed disorders

Full genomes

The first applications of such technologies were the decoding of entire genomes, particularly
the human one since it took such efforts to assemble by classic Sanger sequencing. One of the first
human genome sequenced by massively parallel sequencing was this of James D. Watson released
in 2008, sequenced in two months on a 454 at a mean depth of coverage of 7.4X (Wheeler et al.,
2008). Many genomes from other species were subsequently assembled de novo (principally from

bacteria and lower eukaryotes) thanks to those technologies (Figure 9).
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Figure 9: Evolution of complete published genomes, according to the three kingdoms of life

(source: Genome OnLine Database, GOLD; (Kyrpides, 1999; Bernal et al., 2001; Liolios et al., 2006; Liolios
etal.,2010)).

Exome and targeted sequencing

Although the first applications of second-generation sequencers in human genetics started
with full genomes, it soon became obvious that full-genome sequencing was still prohibitively
expensive, unsuited to the power of sequencing machines, not of enough quality (low depth of
coverage), and a wealth of mostly variants with neutral or weak impact (or at least unready to
interpret) on one’s phenotype. Researchers were particularly interested in looking at specific
regions of the genome and especially coding regions, since most genetic disorders are caused by
alterations disrupting protein-coding sequences (Stenson et al., 2014). Enrichment and
amplification of DNA in selective targets became essential prior to proceed to the high-throughput
sequencing step. By selectively retrieving specific regions of interest, costs and efforts are
drastically reduced (many samples can be sequenced in a single sequencing lane), but also quality

of the generated sequences is highly improved (higher depth of coverage).

The different enrichment approaches that have been developed can be classified into three
different groups: enrichment by hybridization (NimbleGen and Agilent Technologies respectively),
selective circularization methods (molecular inversion probes, MIP), and PCR-based approaches
(RainDance and Fluidigm technologies; see Figure 10 (Albert er al., 2007; Okou et al., 2007,
Porreca et al., 2007; Tewhey et al., 2009)).
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Hybridization methods consist in annealing fragmented gDNA with probes complementary
of the sequences of interest, which will allow to specifically isolate the targeted regions from the
rest of the input gDNA. Following several washing steps, unspecific DNA is eliminated and
enriched DNA is amplified before sequencing. Nimblegen technologies use this approach, where
the single-stranded complementary DNA baits are fixed on an array (Figure 10, 1a). Conversely,
Agilent SureSelect Target Enrichment System uses in solution RNA baits, which are longer than
those from Nimblegen and biotin-labeled so that the duplexes RNA baits/gDNA can be captured
using streptavidin-coated beads (Figure 10, 1b). RNA baits are eventually digested.

The selective circularization technique is a different process, using oligonucleotides
containing flanking regions of the target at each extremity and a universal core for all probes. The
probe hybridizes to single-stranded fragmented gDNA and DNA polymerase is used to copy and
circularize the targeted sequences (molecular inversion probes, MIP; Figure 10, 2a). Alternatively,
the HaloPlex system from Agilent Technologies uses restriction enzymes to fragment the DNA,
probe extremities are complementary of the restriction pattern, and the hybridized targeted DNA is

replicated by circularization (Figure 10, 2b).

104-1068
(S0 mb)

10'-10
(0.1-5 mb)

1-10*
(1 kb-10mb

Figure 10 (from (Mertes et al., 2011)): Overview of the different targeted enrichment
techniques.

The third group of enrichment methods is based on PCR amplification of the target
sequences either by multiplex PCR (multiple reactions in one tube) or multiple simplex PCRs

reactions (multiple tubes with single reactions). Fluidigm technologies use the multiplex PCR
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method and allow up to 480 PCR amplicons in one container (Figure 10, 3b). RainDance
technologies use microfluidic devices to generate microdroplets containing primers and others
containing fragmented gDNA and PCR reagents, which are fused together as a single droplet in

which one specific PCR reaction takes place (Figure 10, 3c).

Any of those above methods can be used to target particular regions of interest. However,
the different methods differ in enrichment specificity (proportion of sequences in-targets versus
sequences off-targets), coverage homogeneity across all targeted regions, coverage homogeneity
across different samples (i.e. reproducibility of the method), enrichment capacity (maximum size of
total target regions), and associated time and costs of sample preparation. The method of

enrichment has to be carefully adapted to the overall finality of a project.

The terminology of ‘exome’ was first proposed in 2009, following a study reporting the
exome sequencing of 12 humans (Ng ef al., 2009), including 4 with Freeman-Sheldon syndrome
and with known molecular diagnosis. This was the first proof of concept of using exome sequencing
in a few unrelated affected individuals to unravel the genetic cause of a Mendelian disorder. A year
later, a first study confirmed this proof of concept by uncovering the genetic cause of Miller
syndrome, which was confirmed concomitantly by full genome sequencing (Ng et al., 2010; Roach
et al., 2010). That was approximately the time I started my PhD. Since then, mutations in
presumably a few hundred genes have been identified as the primary cause of genetic disorders

using that same exome sequencing approach.

In parallel to exome sequencing, many teams developed projects of smaller-scale, first
targeting and screening genes located in candidate regions for novel gene discovery (e.g. in
deafness or Clericuzio-type poikiloderma with neutropenia (Rehman et al., 2010; Volpi et al.,
2010)), then targeting and screening a set of genes implicated in disorders of a same family in large
cohorts of patients (e.g. (Brownstein et al., 2011; Simpson ef al., 2011)). When I started my PhD
targeted sequencing projects had been exclusively published for the first approach, i.e. positional

cloning.

NGS technologies have been widely used ever since for both molecular and clinical
diagnosis (mainly through targeted sequencing) and novel gene discovery (mainly trough exome

sequencing), becoming a two-in-one tool.
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V- Problematic, aims of the project

In the early 2010s, as seen previously next generation sequencing technologies were
promising a new era of massive and ‘affordable’ generating and analyzing DNA sequences. The
first exome allowing to uncover the genetic cause of a Mendelian disorder reported in 2010 opened

the way to many more (see Figure 11; (Ng et al., 2010)).
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Figure 11: Evolution of the number of studies using next-generation sequencing and exome
sequencing applications over time.

In this context, when I started my PhD in 2010, the goal was to make the most of those high-
throughput sequencing technologies to develop an approach that would incorporate them in routine,
in diagnostic settings. Specifically, in the context of highly genetically heterogeneous disorders the
need was real for patients that had very few chances of otherwise getting molecular diagnostic.
Such heterogeneity had been the topic of intense gene discovery is those disorders but was mostly a
burden for developing efficient diagnostic strategies for the patients, by limiting considerably the
diagnostic offer. A majority of patients was left without molecular diagnosis. Indeed, in highly
genetically heterogeneous disorders the systematic screening of all coding exons from all involved

genes by Sanger sequencing is simply prohibitive and would be a herculean task.

Through the study of three different disorders (or group of disorders) of increasing degree of
complexity, we aimed at developing an alternative approach based on targeted high-throughput
sequencing, which allows to screen simultaneously — and in a large number of patients — all coding

regions from a set of genes by the technique of DNA enrichment. The three disorders of focus were
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Bardet-Biedl syndrome, leukodystrophies and intellectual disability. All three harbor variable
degree of genetic heterogeneity, proportion of patients that are diagnosed with mutations in known
genes (i.e. correlated to the number of genes that are still left to uncover), and prevalence of the

disease among the population (see Table 4).

As a proof of concept, the approach was first to be initiated and optimized on Bardet-Biedl
syndrome, since the diagnostic laboratory of Strasbourg University Hospital along with the
laboratory of Pr Dollfus is one of the reference centers for this disorder. Bardet-Biedl syndrome is a
rare autosomal recessive disorder, which belongs to the family of ciliopathies and is relatively
genetically heterogeneous: mutations have been reported in 19 different genes in patients. About
60% of the patients remain without molecular diagnosis when applying the current diagnostic
method.

Once the approach would be optimized, the goal was to translate it on an even more
genetically heterogeneous disorder: intellectual disability. Intellectual disability is a common
neurodevelopmental disorder, highly genetically heterogeneous with over 300 genes that have been
reported so far. A large majority of patients remain without molecular diagnosis subsequently to the

current diagnostic strategy including array-CGH, fragile-X and a few single gene testing.

Lastly, we also aimed at applying a similar approach on leukodystrophies, which may be considered
as a subclass of syndromic ID of mostly severe forms. About 50 genes have been implicated in

leukodystrophies so far, and over 65% of the patients remain without molecular diagnosis.

4 broposed Estimated
Pathology Incidence prop contribution in

genes .

patients

Bardet-Biedl 1/100°000 | 19 70-80%
Syndrome
Leukodystrophies 1/7°600 ~50 ?
Intellectual disability | 1-3/100 >300 ?

Table 4: Studied pathologies and associated properties revealing and increasing degree of
complexity

The first aim of developing such approach was primarily directed towards improving the
medical care of patients when applicable and proposing genetic counseling to families. Apart from
that, we also expected our studies to give us more insights into the genetics of each of those three
disorders by providing unbiased means to assess the contribution of each individual gene in the
disease and maybe highlight some recurrent genes, and redefining the clinical spectrum associated

with mutations in some particular genes.
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In this section, I detail the general approach that we developed and implemented on three groups of
disorders of interest: Bardet-Biedl syndrome and related ciliopathies (see Results — Part I),
intellectual disability (see Results — Part II) and leukodystrophies (see Results — Part I1I).

I- Targeted sequencing

As overviewed in the general introduction, next-generation or high-throughput sequencing
(NGS, HTS) seemed to be the ideal diagnostic tool to tackle the genetic heterogeneity in the
monogenic forms of above-mentioned disorders. We chose to develop a strategy based on targeted
sequencing of specific genes of interest. Indeed, although exome sequencing appears more
exhaustive and applicable in a more universal manner whatever the disorder of interest, it remained
significantly expensive when we originally started (in 2010) and would have allowed a much lower

throughput of patients screened.

1. Gene selection and design

Every targeted sequencing project starts with the (complex) task of selecting the genes to
include in the study. This step depends on the disorder of concern, but also mainly on the
limitations related to the total size of targeted regions, restricted both by manufacturing price
thresholds and by the power of the sequencing machine that will define the maximal number of
patients to multiplex in a single sequencing lane. Once the list of genes of interest is complete, the
next question to answer is what portion of the genes do we want to target: full genes, regulatory
regions, all exons (including 5’UTR and 3’UTR), protein-coding exons only,... This much depends
on the question to be answered: if one expects to face with large deletions and wants to map the
breakpoints, then full genes would be useful. If mutations were already reported in the 5’UTR or
3’UTR regions then it could be of high value to add such regions as well. Otherwise, protein-coding
regions (including intron/exon junctions) can be sufficient since most variants responsible for

Mendelian disorders are known to disrupt protein-coding sequences.

The genomic positions of each coding exon (including alternative ones) were retrieved for
each gene of interest through the UCSC table browser. Once a file containing all genomic positions
in a bed format was generated, it was processed through a script to automatically add 20-bp within
the introns for each region. Regions that were in close proximity (<150-pb away) were fused in a
single region, and those that were of a size <150-bp were extended on both sides to reach the
minimal size of 150-bp. Once this processed file was definitive, it was submitted to the web-service
provided by Agilent (previously eArray https://earray.chem.agilent.com/earray/, now SureDesign
https://earray.chem.agilent.com/suredesign/). The tiling frequency used was of 5x (i.e. number of

independent probes covering each nucleotide of a targeted region; a probe being considered as an
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orphan if it is >100-bp away from any neighboring probe). For the ‘intellectual disability’ design,
we manually designed 120-mer baits for the regions that were left with no baits (mostly due to
multimapping). Finally, for each design since there is a well-known burden of GC-content
impacting on the hybridization efficiency the number of probe replicates was customized according
to their GC-content (max. replicates for the group %GC>70, then lower replicates for the group
70>%GC>65, then lower replicates for the group 65>%GC>60, and then minimum replicates for
the rest). The number of probe replicates was also increased for the group of orphan baits, 1* exon

baits, and the one of custom baits for initially uncovered regions.

2. DNA samples quality control

Upon DNA samples arrival (extracted either from peripheral blood using QIASymphony
from Qiagen® or saliva extracts using Oragene kits from DNAgenotek®), their integrity was
checked on a 1%-agarose gel by electrophoresis. Quantification and further quality checking were

performed using Nanodrop® (A260/280 ratios > 1.8; Asg0/230 ratios > 1.7, concentration >30ng/uL).

3. Library preparation

DNA samples (3-4 pg) were randomly fragmented to achieve a 200-400-bp distribution of
the fragments using a Covaris E220 (duty cycle: 10%, intensity: 5, cycles per burst: 200, time:
300s). Sonication profiles were checked on a DNA-1000 chip using a Bioanalyzer (Agilent
Technologies). Sequencing adapters were ligated on 500 ng of sheared DNA using the SPRIworks
Fragment Library System I (Beckman Coulter; further size selection: 200-400-bp when using the
GAIIX sequencer, 400-600-bp when using the HiSeq2500). Libraries were amplified by PCR
(#cycles: 4 to 6) and quality was checked on a Bioanalyzer. The enrichment step was performed on
individual DNAs using the in-solution SureSelect Target Enrichment System XT (Agilent) on
500 ng of DNA-prepped library. Multiplexing adaptors (SureSelect Target Enrichment System XT
kit, Agilent) were added when performing the last PCR amplification step (#cycles: 12 to 14).

For the leukodystrophies and BBS projects, we added the multiplexing adapters along with
the sequencing adapters directly when using the SPRIworks Fragment Library System I (Beckman
Coulter). Even though the enrichment efficiency and general depth of coverage in targeted regions
were lowered than compared to the post-capture multiplexing protocol (i.e. more reads located off-
target), generated sequencing data was still passing our quality criteria. This allowed pooling two
DNA samples within equimolar amount prior to the enrichment step, increasing by two-fold the
number of samples that could theoretically be processed with this protocol (e.g. for one enrichment
kit of 96 reactions, 192 could be processed with our custom protocol). Conversely, for the

intellectual disability project both methods were compared again but the pre-capture multiplexing

36



Global Material & Methods

protocol was proven to diminish dramatically the capture efficiency due to the larger size of target
(1 Mb for the ID panel versus 188 kb for BBS and 281 kb for the leukodystrophies), leading to

unsatisfying depth of coverage in some targeted regions.

4. Sequencing

8 pM of final mixed libraries were hybridized per one sequencing lane of the flowcell, which
was then introduced in the cBot platform to perform cluster amplification. Sequencing runs of 72-
bp single-read were then performed on a GAIIx (Illumina, until 2011) or of 110-bp paired-end on a
HiSeq2500 (Illumina, 2011-2014).
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II- Bioinformatic pipeline

The bioinformatic analysis can be divided into two major steps: the first one that allows
going from the image acquisition and analysis to a list of variants detected in the sample when
compared to a reference genome, and the subsequent step that takes this list of variants as an input,
and allows annotating extensively those variants in order to facilitate the prioritization and ranking

of candidate mutations.
1. Raw bioinformatic pipeline

This pipeline was developed by bioinformaticians of the IGBMC sequencing platform,

mainly Stéphanie Le Gras, and Michaé€l Dumas.

Image analysis and base calling are performed using the pipeline provided by Illumina:
Real-Time Analysis (RTA) v1.9. Barcode sequences and low-quality called-bases are trimmed from
the reads, and low-quality reads are discarded. The remaining sequences are aligned on the human
reference genome hgl19/GRCh37 using BWA v.0.5.9 (Burrows-Wheeler 10/01/12 Aligner). Reads
that mapped at more than one location and duplicate reads (same start and end positions, same
strand) that could reflect PCR-duplicates are removed. Reads are then locally re-aligned, to improve

the alignment quality (especially for indels).
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Figure 12: Improved version v2 of the bioinformatic pipeline for read mapping and variant
calling (released in August, 2013) .
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GATK: Genome Analysis Toolkit; SNPs: single nucleotide polymorphisms, indels: small insertion/deletions.
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In the initial version of the pipeline, variant calling was performed using a single variant
caller: Samtools pileup v0.1.7-4. The pipeline was improved (especially for the indel calling) by
using in parallel four different variant callers (see Figure 12). An additional step of variant calling
on multiple samples was also added, that performs the call on the data across multiple samples,
increasing the probability to detect recurrent variants that are of low frequency (i.e. <15% of the
total reads) in some samples and would be otherwise missed. It is of particular importance to detect
sequencing artifacts that are present in multiple samples, or when performing trio-exome
sequencing: when screening for de novo mutations, most candidate are in fact true positive, present
at low-frequency in one parent but that was missed by the pipeline. This strategy allows reducing
such false-positive de novo calls. The annotation of the detected variants is finally performed using

Sequence Variant Analyzer (SVA).

2. Copy number variants/Structural variants detection pipeline

In parallel, a specific pipeline is run to detect larger events spanning from >50-bp to several
hundred of kb (i.e. spanning several exons): deletions, duplications, translocations, inversions,
insertion of repeated elements, etc. To achieve this, we used a depth-of-coverage comparison
method. Once all samples processed in the same sequencing lane are normalized, the depth-of-
coverage in non-overlapping windows of 20 nucleotides is compared between one sample and eight
others selected randomly, using the Bioconductor package DE-seq. The fold change is then
computed between the average depth of coverage the eight samples and the depth of coverage of the
sample. When taking the log2 ratio of this fold change, hemizygous/homozygous deletions will be
characterized by a high values >>1, heterozygous deletions by a value close to 1, heterozygous
duplications by values close to -0.6 and triplications or double duplications (4 copies) by a value
close to -1. Candidate SVs were recovered when log2ratio was either >0.8 or <-0.5, and if adjusted
p-values were <0.1 (Benjamini and Hochberg adjustment procedure for multiple testing; (Benjamini
and Hochberg, 1995)).

3. Variant annotation

Once the list of variant is generated, an extensive annotation is performed via the tool
VaRank that was developed in-house by Cécile Pizot, Véronique Geoffroy and Jean Muller. This
tool uses the Alamut-HT (Alamut-high throughput, Interactive Biosoftware) program to retrieve
several pieces of information: putative effect of the variant at the protein level (Sift, Polyphen2,
Mutation Taster), putative impact at the DNA level (splice site prediction scores: NNSplice,
MaxEntScan, HumanSplicingFinder, other local splice effects), conservation cues (DNA level:

phyloP and PhastCons, protein level: Grantham score), frequency of the variant in several generic
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databases (dbSNP, 1000 genomes, Exome Variant Server). Importantly Alamut is compliant with

the HGVS mutation nomenclature allowing an accurate nomenclature of variations

(http://www.hgvs.org/mutnomen/). Lastly, VaRank also computes the frequency of each variant
among the cohort of sequenced patients affected with a same disease, and indicates its allelic state

in other patients.

4. Bioinformatic tools and databases

Properties of most bioinformatic tools and databases used are summarized in Table 5.

Impact at the DNA level
PhyloP and PhastCons

Both are methods to determine the level of conservation of a specific nucleotide and are
freely provided for the entire human genome in the UCSC browser. PhyloP is based on the multiple
alignments of 46 species, considering not only single nucleotide conservation but also the one of
neighboring residues (Pollard ez al., 2010). The output value is a probability value, reflecting the
confidence that the nucleotide belongs to a conserved region. Conversely, PhastCons is based on the
conservation of the single nucleotide only, completely ignoring the neighboring effects (Siepel et
al., 2005). The output value ranges from -14.1 to 6.4, with positive values reflecting conservation
(slower evolution of the site than expected under neutral drift) while negative values reflect fast-

evolving sites (acceleration of the evolution: faster than expected).

Impact at the mRNA level: splicing prediction software
MaxEntScan, NNSplice, HumanSplicingFinder

Alamut provides five widely used splicing prediction software: the three detailed in this
section plus GeneSplicer and SpliceSiteFinder-like. In VaRank, only three of them are used due to
the observation that when performing a principal component analysis, we can observe that
GeneSplicer and SpliceSiteFinder-like give highly redundant results to the three others due to
similar underlying computational methods (see Figure 13). In order not to bias the results, they
were not included in VaRank. MaxEntScan is based on the ‘maximum entropy distribution’
principle, whose parameters were estimated from available known signal sequences (Yeo and
Burge, 2004). NNSplice is the improved version of Genie, with only genes with constraint
consensus splice sites were considered in the training set (GT’ for donor splice sites, AG’ for
acceptor splice sites; (Reese et al., 1997)). Lastly, HumanSplicingFinder is based on position

weight matrices assessing the strength of 5° and 3’ splice sites and branch points, and was trained
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with a dataset of 83 intronic and 35 exonic variants resulting in splicing defects (Desmet et al.,
2009). All three software give a score result reflecting the relative strength of acceptor/donor splice
sites.

Figure 13: Principal component analysis performed on splicing predictions of 5 splicing
prediction software in order to discriminate software with redundant results.

The analysis shows correlated results for Human Splicing Finder (HSF) and SpliceSiteFinder-like (SSF) on
one hand (top panel), and for GeneSplicer and NNSplice on the other hand (low panel). MaxEntScan
although giving results within the same trend as GS and NNSplice cannot be considered as fully redundant
with those. source: Master’s Thesis, Cécile Pizot.

Based on literature, we consider splice sites do be putatively affected when there is a decrease of
over 10% in the strength of the splice site compared to the wild type in at least two prediction

software (Houdayer et al., 2012).

Impact at the protein level

Several attributes are considered to assess the pathogenicity of a missense variant: pairwise
comparison of physicochemical characteristics of the wild-type versus the substituting residue,
evolutionary constraints at the affected residue, comparison of the substituting residue and the
evolutionary tolerated aminoacids in other species, and structural considerations. Depending on the

prediction software, one or several of those attributes are used.
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Regarding the evolutionary constrains, the pathogenicity can be assessed via two rules that

are universally accepted (Tavtigian et al., 2008):

- Missense variations affecting residues that are evolutionarily constrained are often pathogenic,

whereas those falling at positions that are not constrained are often neutral or have minimal impact.

- Missense variations that are not observed among the cross-species range of variations at the
affected position are often pathogenic, whereas substitutions falling within the cross-species range

of variations are often neutral or have minimal impact.

Sift

Sift is a prediction software for the pathogenicity of missense variants (Ng and Henikoff,
2003; Kumar et al., 2009). It is based only on protein alignments of highly similar sequences
(>90%), with the following assumption: the more conserved the aminoacid position, the more
important its function in the protein. Output score ranges from 0 to 1, variants with output scores
below 0.05 are considered deleterious. A median info value is also given in the input (range: [0 ;
4.32]), reflecting the diversity of the sequences used in the alignment (the higher the more closely
related the full set of sequences, hence the lower the confidence in the result since all positions will

be highly conserved).

PolyPhen-2

PolyPhen-2 is the natural evolution of PolyPhen, predicting the impact of a missense variant
on the structure and function of a protein using multiple alignments of homologous sequences, but
also functional annotations and structural information when available (Adzhubei et al., 2010). It
uses the UniProtKB/Swiss-Prot database to see whether a specific protein feature might be affected
by the variation. If a 3D structure is available, it checks whether the substitution site is in spatial
contact with one of these critical features. Two different training datasets have been developed
(HumDiv and HumVar). The HumDiv model (the one we used) is trained with all damaging alleles
causing human Mendelian diseases reported in the UniProtKB database, together with differences
between human proteins and their closely related mammalian homologs presumably innocuous. For
each variation, PolyPhen-2 calculates a Bayesian probability that the mutation is damaging and
gives an associate estimate of false-positive rates (FPR, i.e. chances that the mutation is classified as
damaging when it is not). The HumDiv model uses the 5%/10% FPR cutoff to classify variants as
probably/possibly damaging.
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Integrated tools: all at once
Mutation Taster

Mutation Taster is an integrated tool that combines predictions for any alteration at the
nucleotide level: nucleotide substitutions but also indels (Schwarz ef al., 2010). It uses as training
set of over 390,000 known disease mutations from HGMD (Human Gene Mutation Database) and
over 6,800,000 innocuous SNPs and indel polymorphisms from the 1,000 Genomes Project to
predict the disease potential of any alteration. It is basically split into three Bayesian models: silent
alteration (‘without aae’), single amino-acid substitution/insertion/deletion (‘simple aae’) or larger
amino-acid sequence modification (‘complex aae’). The output score is a probability value,
reflecting the confidence level in the following prediction assumption (polymorphism or disease

causing).

With the output score, it provides a plethora of information: conservation score based on
PhyloP and PhastCons, splice site prediction using NNSplice, aminoacid conservation level using
homologues of 10 other species, whether a protein feature is impacted (using the SwissProt protein
features), the resulting length of the altered protein with corresponding position of the stop codon,
the NMD probability (if the termination codon occurs >50 nucleotides upstream of the final

intron/exon junction), the length of the CDS, etc.

Variant databases
dbSNP

dbSNP is one of the oldest polymorphism databases. It is freely available, provided by
NCBI and aimed at serving as a central repository for both single nucleotide variations (SNV) and
short indel polymorphisms to help discriminating them from pathogenic variations, in human but
also in other model organisms (http://www.ncbi.nlm.nih.gov/SNP/). Alamut and as a result VaRank
uses one of the most recent dbSNP build 137 (January, 2013). However, a major concern emerged
with the latest versions of dbSNP: since anyone can now submit variants uncovered within NGS
data, a lot of true potentially mutations (i.e. false-positive polymorphisms) lie in those datasets,
which was not the case in the former versions. Moreover, the newly added field ‘clinical
significance’ is supposed to help discriminating the real SNPs to the true mutations present in the
databases, but is not curated properly. Several true mutations are not annotated as pathogenic while
innocuous polymorphisms may be annotated as pathogenic (e.g. variant c.1292G>A, p.Arg431His

in the autosomal recessive ID gene PRODH, whose MAF = 8.16% in exome variant server).

43



Global Material & Methods

Tool Use Range scores Pathogenicity criteria
Sift Missense prediction [0;1] <0.05: deleterious
<5% FPR: probably
. . i damaging; 5%<FPR<10%:
Polyphen2 (HumDiv) | Missense prediction None possibly damaging, >10%
FPR: benign
0:1] Value close to 1 (i.e. high
Mutation Taster Any .nu.cleotlde change (probability conﬁdepce or‘l the prediction)
prediction along with a ‘disease
value) D, o
causing’ prediction
MaxEntScan Splice site prediction [0 12.] (st‘rength >10% decrease
of splice site)
. . -y [0 1] (strength | _ o
NNSplice Splice site prediction of splice site) >10% decrease
[0; 100]
HumanSplicingFinder | Splice site prediction (strength of >10% decrease
splice site)
PhyloP Nucleotide [-14.1 ; 6.4] >
conservation
: [0 1]
PhastCons Nucleotide (probability >0.9
conservation
value)
Grantham Amino-acid biophysical | ., 5, >100
difference for missense

Table S: Summary of annotation tool incorporated through VaRank, and associated threshold
for considering a variant as potentially pathogenic.

1000 Genomes

The 1,000 genomes project released at the end of 2012 an integrated map of genetic
variations from over 1,000 genomes (http://www.1000genomes.org/, phase I release). The ultimate
aim is to provide the genome of about 2,500 people from about 25 populations worldwide. During

our analysis, the low frequency of candidate mutations in this genomic data is also verified.

Exome Variant Server

Exome variant server (EVS; http://evs.gs.washington.edu/EVS/) is another variant database,
provided freely online by the National Health Lung and Blood Institute (NHLBI). It regroups the
variant data from 6,503 exomes of individual with European American or African American origin.
Since individuals were gathered for cardiac, lung and metabolic phenotypes, they can be considered
as controls with respect to cognitive function (especially when considering that they had to sign

consent forms prior their enrollment in the study). This repository does not include only allelic
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frequencies of associated variants but also provides genotypes of the individuals, which is of
particular relevance when studying X-linked disorders. It contains additional information such as
coverage data, conservation scores (GERP, PhastCons), predictions for missense variants
(PolyPhen-2), whether it was reported as a hit in GWAS, the clinical link if any, etc. Most our
results are filtered using those data, requiring a variant to be either absent of with low frequency in

such database.
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[11- Data analysis

Before starting analyzing the data, one needs to set up a hypothesis concerning the type of
genetic disorder of concern. In the most simple single-gene disorders, the phenotype is caused by
mutations (located on one or both alleles) in a single nuclear or mitochondrial gene. In polygenic
disorders, the additive effect of mutations dispersed in several genes is responsible for the
phenotype. Such hypothesis is hard to prove. Lastly, in multifactorial disorders, the combination of
environmental factors with one or several predisposing genetic risks leads to the disease phenotype.
Of note, chromosomal anomalies affecting several genes can fall in either categories, depending if a
single gene is the driver of the disease phenotype or not. In our case, we were mainly focusing on
mutations with substantial effect with full penetrance, aka monogenic disorders (without however
ruling out the polygenic hypothesis, since it seems reasonable for neurodevelopmental disorders,

and triallelism has been proposed in Bardet-Biedl syndrome).

1. Variant prioritization

Once this extensively annotated list of variants (SNVs and indels) is generated, it has to be
filtered down to highlight the best candidate as responsible for the phenotype of the patient. Our
primary filtering criteria is based on the quality of the variant: the corresponding base has to be
covered by at least 10 independent sequences/sequencing reads, in which the variant shall be seen in
a minimum of 15% of all such sequences. A variant is considered as presumably heterozygous if
reported in 15 to 80% of all sequences, homozygous if in over than 80% (such assumption shall not

prevent manual checking of the variant to verify the coherence with sequencing data).

Then, variants are filtered out if there are overrepresented (inconsistently with the frequency of the
disease) in the Exome Variant Server (e.g. for ID, a maximum of 1 heterozygous carrier or
hemizygous male for autosomal dominant/X-linked disorders, and 50 carriers for autosomal
recessive disorders, even stricter parameters for leukodystrophies or BBS that are less frequent in

the population).

Finally, the variants that are too frequent in the cohort of sequenced patients (incompatible
with the frequency of the most recurrent mutation in the disease) are also filtered out. Within all
remaining variants, the ones that are predicted pathogenic by prediction software (Sift and
PolyPhen-2 for missense variants, two out of the three splicing prediction software for putative
splice variants) are kept as candidate for further analysis. Among those, the first step is to manually

check the quality of the variant (i.e. shall not be observed in other patients, see below).

Then, the allelic state of the variant is confronted with the mode of inheritance associated with the

affected gene. If a single heterozygous mutation is detected in a gene associated with recessive
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mode of inheritance, the entire gene is checked manually in IGV to ensure that no other potentially
pathogenic event was missed by both the SNVs/indels and the CNVs/SVs pipelines.

For putative CNVs/SVs, all candidate regions are checked manually to exclude false
positive calls, and those that appear as true positives are processed to the validation step if they fit
with the associated mode of inheritance of the affected gene. The manual checking allows verifying
the allelic frequency of other SNPs in the region to see if they match with the putative event (e.g. all
SNPs shall appear as homozygous in a region that is proposed to be deleted at the heterozygous
state, conversely in a putative duplicated region all SNPs shall have an allelic frequency of about
33%/66%). It also allows checking whether the size of the proposed abnormality is underestimated

or not (e.g. do the neighboring exons appear affected?).

2. Data visualization

Once interesting candidates are identified, the quality of such variants is always manually
checked in a genome browser such as IGV). This essential step is the equivalent of the necessary
checking of electropherograms for Sanger sequencing. This gives a general overview of the
sequencing quality in the region, and tells whether this is also observed in other patients of the
cohort (see Figure 14).
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Figure 14: Visualization of sequencing data (zoomed on ALMS]1, exon #8) in IGV for three
different BBS patients.

One grey arrow represents one read of 72-bp. Nucleotide and corresponding aminoacid sequences are
indicated for the zoomed region. Purple vertical bars indicate the insertion of several nucleotides. In this
case, the CTC insertion (c.1577 1579dup, p.Pro526Dup) is present in three different patients, diminishing its
credibility for being pathogenic.
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[V- Validation, diagnosis

If both the allelic state of the candidate variant and the associated mode of inheritance
coincide, the wvariant is validated by Sanger sequencing (for SNVs, indels, large
homozygous/hemizygous deletions), or qPCR (for large heterozygous deletions/duplications or
homozygous duplications). Putative splicing mutations were confirmed by RT-PCR on patients’
fibroblasts when available. The clinical data of the patient is screened, and extensive literature
search is performed on the affected gene. Subsequent co-segregation analyses were performed on
family members as extensively as possible. Finally, the variant was considered as a certainly
pathogenic mutation when it co-segregated with the disease status in the family and either: 1- was
truncating (nonsense, frameshift, splice site mutation, large deletions/duplications/etc), 2- was a
missense that had been already convincingly reported or 3- was a new missense but that we further
confirmed by functional studies. All the other missense variants with potentially pathogenic effect
according to predictions were transiently considered as potentially pathogenic, waiting to be further

confirmed as mutations or excluded (by additional co-segregation analysis of functional studies).

All certainly-pathogenic mutations were then reported to the diagnostic laboratory of Strasbourg
University Hospital, to ascertain official diagnosis reports to the clinicians that then relayed the

information to the patients and their families.
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BARDET-BIEDL SYNDROME
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[- Introduction - Cilia, this omnipresent organelle

1. Definition

Cilia were first described in the 19" century — if not earlier — coinciding with the
descriptions of eukaryotic cell structure (Zimmerman, 1898). Later observations were facilitated by
the development of electron microscopy. However, the utility of cilia was debatable for long,
widely thought to be just an evolutionary vestige. Cilium arose early in the eukaryotic evolution,
and was lost from several groups leaving it a dispensable organelle for some species (Cavalier-
Smith, 2002) while necessary protuberance with essential motile and sensory functions in others.
Cilia are found in specific cell types in invertebrates (mostly sensory neurons, (Wheatley et al.,
1996)) while almost ubiquitously present in vertebrate cells. It is undistinguishable in structure and
composition from the flagellum, abundant in sperm and unicellular eukaryotes whose role is
primarily cell motility. In epithelial cells, motile cilia act in symphony to orchestrate extracellular
fluid movement (Sleigh, 1974). Primary cilia usually project as single immotile organelles from
nearly all cell surfaces (Wheatley et al., 1996), whereas motile cilia are most frequently
concentrated in clusters on multi-ciliated cells (e.g. trachea cells). The role of primary — or non-
motile — cilia is however more obscure, but it would act as a sensor for physiological, chemical and
mechanical cues (light, odor and fluid flow in vertebrates, osmolarity changes, chemo-
attractants/repellants and sound in invertebrates; (Evans et al., 2006)). Cilia overall appear to play a

crucial role in regulating vertebrate development and homeostasis.

2. Structure

Cilia are essentially composed of an association of microtubules forming the cytoskeletal
structure called ‘axoneme’, and surrounded by a plasma membrane extending from the cell surface
into the extracellular space but with a distinct repertoire of membrane and channel proteins. The
axoneme is a highly structured backbone, composed of 9 microtubule doublets circling a central
core containing (motile cilia, possess dynein arms) or not (primary cilia, lack dynein arms) a tenth
microtubule doublet. There exist a few exceptions of non-motile 9+2 (kinocilium of hair cells) or
motile 9+0 (nodal cilia in the embryo) cilia in human (see Figure 15; (Fliegauf et al., 2007)).
Ciliary motility is accomplished by dynein motor activity (motor complexes which produce the
force needed for bending) transiting from one microtubule doublet to another. The cilium emerges
from and is anchored to the basal body, containing 9 microtubule triplets and serves as a nucleation
site for the growth of the axoneme microtubules. This microtubule-organization center (MTOC)
derives from the older pair of centrioles. The transition zone is essentially composed of transition

fibers, and marks the junction of the basal body and the axoneme. It is proposed to function as a
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diffusion barrier, regulating the entry of molecules towards or onwards the cilium. Most

intraflagellar transport (IFT) and cargo proteins have been shown to accumulate in this zone.

0+2 -t
motile cilium sensory cilium

9+0

Figure 15 (from (Bisgrove and Yost, 2006)): 9+0 and 9+2 axoneme structure.

Cross-section of the 9+2 and 9+0 cilium. Cilia are broadly divided into 2 types based on the presence or
absence of a central pair of microtubule singlets in the axoneme. Inner and outer dynein arms, which are
usually associated to 9+2 cilia, can be present in either type of cilium and ensure ciliary motility.

3. Ciliary biogenesis

Ciliogenesis is synchronized with the cell cycle and occurs primarily during the GO-G1
phase. Cilia assembly begins with the nucleation and growth of the axonemes from the template that
are basal bodies, which are formed from modified centrioles. Their assembly is thus highly
influenced by the maturation and orientation of the basal body (Ishikawa and Marshall, 2011). Cilia
growth starts emerging from the transition zone, but further elongation is restricted to the distal
extremity of the cilia involving the recruitment of building blocks (proteins and metabolites)
mediated through the bidirectional transit of two IFT complexes (IFT-B and IFT-A) to and from the
cilia (Ishikawa and Marshall, 2011). Some protein complexes act as molecular motors for the
transportation of those IFT macromolecular rafts, such as kinesin-2 involved in anterograde
movement (from the basal body to the tip of the cilium) as opposed to cytoplasmic dynein-2
involved in retrograde transport (from the tip to the basal body, summarized in Figure 16;
(Rosenbaum and Witman, 2002)). The axoneme elongation and the ciliary membrane development
occur concurrently independently from the cell body, and this process is called compartmentalized
ciliogenesis (Avidor-Reiss et al., 2004). Primary cilia are dynamically assembled and disassembled

throughout cell cycle.
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Figure 16 (from (Hildebrandt ez al., 2011)): Ciliary structure and components.

The cilium is a hair-like protuberance at the cell surface of nearly all vertebrate cells, which consists of a
microtubule-based axoneme covered by a specialized plasma membrane. It is assembled from the basal
body, or mother centrioles. Transition fibers act as a filter for molecules passing into or out of the cilium.
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Axonemal and membrane components are transported in raft macromolecular particles (complexes A and B)
by means of [FT along the axoneme toward the tip of the cilium by kinesin-2. Retrograde transport occurs by
means of the motor protein cytoplasmic dynein.

4. Cilia: preponderant modulators of key signaling pathways

Shh

Primary cilia act as a signaling and transducing platform ensuring the regulation of both
upstream and downstream elements of the Hedgehog (Hh) cascade, a key regulator of proper
embryonic development. The main targets of Hh signaling are the glioma (GLI) transcription
factors GLI1-3. In the absence of Hh, patched-1 sequesters smoothened which is predominantly on
intracellular vesicles, and GLI3 is constantly cleaved into the GLI3 repressor form (GLI3R) at the
ciliary tip (reviewed in (Hui and Angers, 2011)). GLI3R is then transported via dynein down the
axoneme to the nucleus, binding Hh regulatory elements and blocking the transcription of
downstream targets (Haycraft et al, 2005). In the presence of Sonic Hedgehog (Shh, the best-
known ligand for the Hh pathway), smoothened is released by patched-1, and is transported via IFT
cargo at the tip of the cilium. There, it interacts with several GLI proteins preventing its proteolysis
into GLI3R and promoting the formation of a GLI transcription activator (GLI3A). The active
GLI3A form is subsequently transported to the nucleus down the axoneme where it activates Hh-

dependent transcription.

Wnt

Primary cilia also participate in the regulation of both canonical and non-canonical
pathways, respectively implicated in general regulation of gene transcription and planar cell polarity
(PCP) pathway regulating cell cytoskeleton. Some proteins located at the transition zone such as the
jouberin (implicated in Joubert Syndrome) were shown to prevent the phosphorylation-dependent
degradation of -catenin and mediate its translocation to the nucleus upon WNT binding, activating
transcription of WNT target genes. Such stabilization is mediated by the binding of WNT to its
frizzled receptor, causing the activation of cytoplasmic Disheveled that in turn inhibits the complex
promoting -catenin degradation. Other ciliary proteins are involved in the sequestration of both 3-
catenin and jouberin at the tip of the cilium allowing to modulate the Wnt pathway responsiveness
(Lancaster ef al., 2011). In PCP, in the presence of fluid flow, intracellular calcium release through
the cilium promotes the expression of inversin (NPHP2), which acts as a molecular switch between
canonical and non-canonical Wnt pathways. Wnt binds to frizzled, recruiting and activating
Disheveled at the plasma membrane, resulting in cytoskeleton regulation and remodeling through
RhoA and Rho-kinase activation (Habas et al., 2003).
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5. Implication in disease: ‘ciliopathies’

Ciliopathies regroup disorders associated with genetic mutations occurring in genes
encoding for ciliary-related proteins, resulting in abnormal function or structure of the cilia. All
those disorders affect a protein of the ciliary proteome, (over 1,000 polypeptides identified to date;
(Gherman et al., 2006; Inglis et al., 2006)) and include polycystic kidney disease (PKD),
nephronophthisis (NPHP), Alstrom Syndrome (ALMS), Joubert syndrome (JBTS), Meckel
syndrome (MKS), Senior-Loken syndrome (SLSN) or Leber congenital amaurosis (LCA). Due to
the ubiquitous presence of cilia in vertebrate (and hence human) cells (see Figure 17), ciliary
dysfunction may manifest via a large range of phenotypes, from organ-specific to broadly
pleiotropic disorders. Such features generally include retinal degeneration, renal anomalies and
cerebral defects, and less consistently diabetes, liver diseases, obesity and skeletal dysplasias
(Table 6).

Ciliary Function Disease phenotype

Nodal flow Heterotaxy (Nonaka ef al., 1998; Yost, 2003)
Photoreception Retinal Degeneration (Li et al., 1996; Liu et al., 2004)
Odorant reception Anosmia (Kulaga et al., 2004)

Mechanosensation Polycystic kidney disease (Nauli et al., 2003)

GLI repressor formation Polydactyly, neural patterning defects (Liu et al., 2005)

Neural patterning defects (Huangfu et al., 2003; Liu et al., 2004;

GLI activator formation Corbit et al., 2005)

Neural tube closure defects (Ross et al., 2005; Simons et al., 2005;

Convergent extension Kyttala et al., 2006: Park et al., 2006)

Table 6 (from (Singla and Reiter, 2006)): Defects in ciliary functions cause several human
diseases.

Defects in motile cilia

The first cilia-related disorder to be reported was associated to defects of motile cilia,
through the study of infertile individuals with immotile sperm whose flagellum exhibited absence of
dynein-arms (Afzelius, 1976; Eliasson et al., 1977). This condition belonged to the large family of
primary ciliary dyskinesia (CILD), a highly genetically heterogeneous group of disorders (CILD 1-
28 to date) characterized in patients by respiratory defects, infertility, anosmia and uneven situs
inversus. Rare manifestations include hydrocephalus, retinal degeneration and cystic kidney
disease. Clinical features in CILD perfectly reflect the distribution of motile ciliated cells
throughout affected organs and tissues. Ciliary defects in the respiratory tract result in impaired
mucociliary transport manifesting as repetitive respiratory infections. Male infertility is caused by
loss of ciliary movement in the efferent duct or loss of sperm flagellar motility leading to failure of
immature sperm to reach the vas deferens. Situs inversus or heterotaxy results from absence of

nodal ciliary laminar leftward flow during embryogenesis required for normal visceral left/right
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patterning, hence leaving random chances for definitive (normal or reversed) symmetry (El Zein et
al., 2003). Lastly, hydrocephalus was proposed to result from defective laminar flow of
cerebrospinal fluid in the brain ventricles and through the cerebral aqueduct, owing to loss of

ependymal cilia motility (Eley et al., 2005).

Defects in immotile cilia

Contrary to disorders affecting primarily motile cilia, defects in non-motile (or sensory or
primary) cilia lead to a wider range of manifestations: cystic kidney diseases, liver fibrosis,
anosmia, retinal degeneration, obesity, diabetes, skeletal anomalies, hearing loss, cognitive defects

and hypogonadism.

The underlying mechanisms linking cystic kidney diseases (from polycystic disease, renal
medullary cystic diseases, to cystic renal dysplasias) to primary cilia are still poorly understood.
Some proteins defective in such disorders are located at renal primary cilia and were shown to
mediate planar cell polarity (PCP) ensuring planar organization of epithelium and correct mitotic
spindle orientation and hence normal diameter of tubular structures such as renal ducts by aligning
mitotic orientation of proliferating cells (Masyuk et al., 2008). One hypothesis is that loss of PCP
signaling would lead to renal cystogenesis.

Cholangiocyte cilia regulate bile formation via mechano, osmo and chemosensory cues.
Structural defects of such cilia and/or of their transduction signaling result in decrease intracellular
calcium and increased cAMP, causing cholangiocyte hyperproliferation, abnormal cell matrix

interactions and altered fluid secretion/absorption that eventually lead to hepatic cystogenesis.

Anosmia can be explained by the trapping of some olfactory proteins in dendrites and cell
bodies of olfactory receptor neurons, a thinner olfactory ciliary layer and unstable microtubules,
resulting in at most shortened axonemal cilia preventing efficient transduction signal of sensed

olfactory stimuli (Kulaga ef al., 2004).

Retinal dystrophy is caused by degeneration of retinal photoreceptors. Maintenance of
photoreceptors integrity depends on continuous IFT, ensuring the transit of essential molecules
(arrestin, transducin, opsin) from the inner segment via the connecting cilium to the outer segment,
containing the membrane stacks itself containing the photo-pigment. Reduced anterograde transport
of rthodopsin across connecting cilium of photoreceptors link to rhodopsin accumulation in the cell
body, engendering cell death (Nishimura ef al., 2004). In ciliopathies, several photoreceptor
structural defects have been reported, from absence of outer segments, disorganized outer segments

to simple photoreceptor degeneration without obvious abnormalities in their morphology.

Leptin is a protein expressed in adipocytes, proportionally to fat mass, acting in the CNS to

promote weight loss by reducing food intake and increasing energy expenditure. Surprisingly,
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hyperleptinemia was reported in most patients with Bardet-Biedl syndrome (Rahmouni et al.,
2008), but with associated leptin resistance caused by the inability of leptin to activate the

downstream intracellular machinery associated with its receptor (Bates ef al., 2003).

It was shown that disregulated Hh pathway (particularly increased Hh signaling through
overexpression of GLI2) leads to impaired non-ciliated b-cells function and massive insulin
secretion resulting in glucose intolerance in transgenic mice (Landsman et al., 2011). Altered Hh
pathway is most probably at the origin of the diabetes reported in some patients, but when
concomitant might as well be the direct outcome of obesity, suggested to be the primary cause of

type 2 diabetes.

Hedgehog pathway is one of the key regulatory networks involved in animal development
(Jiang and Hui, 2008). In vertebrates, in the case of embryonic limb bud development, Shh is
expressed in the posterior limb bud mesenchyme and plays a preponderant role in anteroposterior
patterning of the limbs (Benazet and Zeller, 2009). Loss-of-function mutations to SHH result in
digit loss, while mutations in GLI3 cause polydactyly (McGlinn and Tabin, 2006). Defective ciliary
proteins result in Shh cascade response (especially impaired processing of GLI3), directly

impacting on mammalian development (Zhang et al., 2012).

Hearing require integrity of sensory hair cells of the inner ear that carry multiple actin-based
stereocilia and one single tubulin-based kinocilium. Auditory stimuli are thought to be transduced
via mechanically gated ion channels converting vibrations into electrical signals by depolarization
of the hair cell (Kim et al., 2003). In affected patients, the defective ciliary proteins may prevent

such depolarization.

Some manifestations include malformed external genitalia such as micropenis, undescended
testes and hypospadias in males, a recapitulated phenotype in Shh-null mice (Haraguchi et al.,
2001), demonstrating that Shh also acts to pattern genital development. Genital and limb
phenotypes seen in some ciliopathies may share a similar etiology caused by aberrant Shh signaling.
Reduced fertility is also reported in females with CILD, possibly due to a defective transport of the
egg traditionally ensured by a complex interaction between ovarian duct ciliated epithelium, muscle

contractions and flow of tubal secretions.

As cilia play a crucial role in cell-cycle regulation that is responsible for the coordination of
cancer-related signaling molecules (GLI proteins), altered ciliary functions may lead to repressed or

stimulated tumorigenesis depending on the context (Han et al., 2009; Wong et al., 2009).

Cilia dysfunction and neurodevelopmental disorders

Neurological manifestations are often observed in patients affected with some types of ciliopathies,

suggesting an important role of cilia in brain functioning and/or development. First reports of
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primary neuronal cilia dated back to 50 years ago. The role of primary cilia in SHH signaling
appears to be one of the most plausible explanations for cerebral manifestations, due to its
preponderant involvement in neuronal specification and cerebellar growth and patterning. Mice
presenting with defective primary cilia in cells of the developing CNS exhibit decreased SHH
signaling coupled with cerebellar hypoplasia and defects in foliation (Chizhikov et al., 2007;
Spassky et al., 2008)
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Airways
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l . . .
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Kidney Bile duct Pancreas Bone/cartilage
Renal cilia Cholangiocyte cilia Pancreatic duct cilia Osteocyte/ P’tmm'eceplc:r
chondrocyte cilia connecting cilia

Figure 17 (from (Fliegauf et al., 2007)): Ciliary dysfunction in human disease: why are those
organs/tissues affected?

Distribution of all types of ciliated cells within vertebrate organs and tissues. Motile monocilia (9+0
axoneme) are found at the embryonic node, multiple motile cilia (9+2 axoneme) are located on respiratory
epithelial cells, brain ependymal cells and epithelial cells lining the fallopian tubes. The sperm flagellum (co-
stained with antibodies against the dynein heavy chain in red) represents a single elongated motile cilium
(9+2). Non-motile monocilia (9+0) extend from the surface of most quiescent cells of the body (e.g.
monocilia of the tubular epithelia of the kidney, of the bile duct and pancreatic ducts, etc). Non-motile 9+2
cilia are found in the inner ear. Axonemes were stained in red or green using the cilia-specific a—tubulin
marker. Nuclei were stained using Hoechst or DAPI.
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Primary cilia also participate in the regulation of the canonical Wnt signaling cascade that
plays a major role in neurodevelopment (Salinas, 2012). Deregulation of the Wnt pathway
preventing the B-catenin translocation to the nucleus in mice was shown to be associated with
cerebellar hypoplasia and midline fusion defects, resuming the phenotype observed in Joubert
patients. Finally, primary cilia play also a role in adult neurogenesis (for instance in synapse
formation in adult-born hippocampal neurons (Kumamoto et al., 2012) proposing that they are
required for the correct integration of such adult-born neurons into existing brain circuitry, to

eventually become undistinguishable from neurons born during embryogenesis.
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II- Bardet-Biedl Syndrome

1. Origins

Bardet-Biedl Syndrome was initially described in 1866, by John Laurence and Robert Moon
subsequently to the observation of one family whose affected members presented with retinal
dystrophy, obesity, intellectual disability (formerly called ‘mental retardation), hypogonadism and
spastic paraplegia (Laurence and Moon, 1995). This condition was then considered as identical as
the one reported in the 1920’s by Dr Georges Bardet (Bardet, 1920) and Artur Biedl (Biedl, 1922)
with an additional polydactyly, and was re-attributed the name of Laurence-Biedl or Laurence-
Moon-Biedl Syndrome (Solis-Cohen, 1925). However, the later observation of an extremely rare
co-occurrence of spastic paraplegia and obesity in Laurence-Biedl Syndrome led to a final scission

of both entities, leaving as Bardet-Biedl Syndrome the most frequent manifestation.

2. Etiology

Bardet-Biedl Syndrome (BBS) is a rare autosomal recessive genetic disorder, whose
incidence may vary depending on the genetic background of the population of concern. Indeed, it is
very rare in populations with highly mixed genetic background and low levels of consanguinity,
such as in northern Europe where its incidence is estimated at 1:150,000 births. It is however much
more frequent in less mixed population, such as either regions of higher rates of consanguinity
(Bedouins: from Kuwait 1:12,000 births), or geographically constraint populations with low
migration patterns (Newfoundland: 1:15,000 births).

3. Physiopathology

BBS proteins have been early shown to locate within primary (non-motile) cilia, mainly in
basal bodies or centrosomes and are involved either in ciliary structure or function. The first protein
bringing such evidence was TTC8/BBS8, since among the affected patients carrying mutations in
this gene one proband presented with situs inversus (Ansley et al., 2003). Also, it was demonstrated
to localize in centrioles. BBS proteins can be classified in 2 subcategories: the first one comprises
BBSI1, BBS2, BBS4, BBSS5, BBS7, BBS8 and BBS9 that assemble together to form the BBSome
(Nachury et al., 2007), the second includes BBS6, BBS10 and BBS12 that share high similarity and
belong to family of chaperonins (Seo et al., 2010). The BBS chaperonin complex mediates the
formation of the BBSome (Seo ef al., 2010), which in turn ensures trafficking along the axoneme of

the cilium and is required for ciliogenesis (Nachury et al., 2007). One particular study demonstrated
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that BBS7 and BBS8 both mediated the association of two IFT cargo proteins (kinesin and OSM-3)
to ensure the correct rate and function of global IFT transportation (Ou et al., 2005). The latest BBS
protein identified to date is one IFT protein, IFT27 (Aldahmesh et al., 2014).

4. Genetic heterogeneity

The first gene identified as responsible for BBS when mutated was MKKS/BBS6 in 2000
(Katsanis et al., 2000; Slavotinek ef al., 2000) a few month after being shown to be responsible for
McKusick-Kaufman Syndrome, a more severe ciliopathy (Stone et al., 2000). Most of the first
genes were identified following a combination of linkage analyses, homozygosity mapping and
haplotype reconstructions in large consanguineous families (see Table 7), or by positional cloning.
With the rapid expansion and evolution of bioinformatics, others were identified either by
comparative genomics (selecting candidate genes according to homology to other BBS proteins, or
link to ciliary function), or by direct Sanger sequencing following the identification of their
implication in other ciliopathies. The very last BBS genes recently identified were proposed
subsequently to exome sequencing. The identification of up to 19 BBS genes now fully
demonstrates the extensive genetic heterogeneity of this disorder.

The contribution of each locus in the pathology is highly variable, the most recurrent
mutated genes being BBS10, BBSI, BBS2 and BBSI2 (Table 7). Mutations in BBSI or BBSI( are
reported in almost 50% of the patients. Interestingly, most genes recently identified as implicated in
BBS (BBS11, BBS13-BBS19) have only be found in one or a few BBS families suggesting there are
minor contributors to the disease. The allelic frequency of some recurrent mutations is also variable
across populations: the most recurrent mutations among European patients are located in BBSI
(c.1169T>G, p.Met390Arg) and BBSI10 (c.271dup, p.Cys91fsLeu*95), yet the one in BBS! is not
observed in families of Arabic origin suggesting it arose later in the human diaspora (Mykytyn et
al., 2003; Katsanis, 2004; Stoetzel et al., 2006). Altogether, mutations in known BBS genes account
for only 80% of the patients, suggesting there are some other genes to uncover. Even though the
mode of inheritance commonly proposed is autosomal recessive, a few studies suggested an
oligogenic mode of transmission, with the report of a potential 31 pathogenic allele in a second
BBS gene in a few families (Katsanis et al., 2001; Katsanis et al., 2002; Badano et al., 2003b;
Beales et al., 2003; Katsanis, 2004; Badano et al., 2006; Zaghloul et al., 2010). However, in spite of
the emergence of NGS, no further supporting evidence was reported over the last decade (Hichri et
al., 2005; Muller et al., 2010).
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. Contribution
Gene Gene size bp in BBS Meth.o d Of. References
(CDS) . identification
patients
BBS1 22,966 (1,782) | 22% Linkage candidate, CG | (Mykytyn et al., 2002)
BBS2 35,750 (2,166) | 7% Linkage candidate, (Nishimura ef al., 2001)
positional cloning
BBS3/ o Comparative genomics, | (Chiang et al., 2004; Fan
ARLG 33,779 (361) | 1% PC et al., 2004)
BBS4 52,292 (1,560) | 5% Positional cloning (Mykytyn et al., 2001)
BBS5 27,160 (1,026) | 3% ggmparat”e EENOTCS, 1 (11 e al., 2004)
BBS6/ Positional cloning, (Katsanis et al., 2000;
MKKS 29,034 (1,713) | 4% Linkage candidate, Slavotinek et al., 2000;
ciliopathy gene Stone et al., 2000)
BBS7 46,008 (2,148) | 2% Comparative genomics | (Badano et al., 2003a)
?ngi/ 53,358 (1,518) | 2% Positional cloning, CG | (Ansley et al., 2003)
BBSY9/ 479,529 0 Linkage candidate, .
PTHBI (2,559) 2% comparative genomics (Nishimura et al., 2005)
BBS10 3,957 (2,172) | 21% Linkage candidate (Stoetzel et al., 2006)
’;gf]\%/z 13,999 (1,962) | <0.5% Linkage candidate (Chiang et al., 2006)
BBSI2 12,242 (2,133) | 8% Linkage candidate, (Stoetzel et al., 2007)
comparative genomics
BBS13/ o Linkage candidate, (Kyttala et al., 2006;
MKS1 14,170 (1,680) | <1% ciliopathy gene Leitch et al., 2008)
(den Hollander et al.,
BBS14/ o Positional cloning, 2006; Sayer et al., 2006;
CEP290 93,204 (7,440) | <0.5% ciliopathy gene Valente et al., 2006;
Leitch et al., 2008)
%SZ%/P ?26 1’6391)7 <0.5% Molecular Function (Kim et al., 2010)
BBS16/ 224,161 1% Ciliopathy gene, Exome | (Otto et al., 2010;
SDCCAGS | (12,510) ’ sequencing, Schaefer et al., 2011)
BBS17/ o Exome sequencing, .
17TFLI 15,816 (900) | <1% molecular function (Marion et al., 2012)
BBS18/ o Exome sequencing, .
BBIPI 20,637 (312) <0.5% molecular function (Scheidecker et al., 2014)
BBS19/ 1,104 o Exome sequencing,
IFT27 (561) <0.5% linkage candidate (Aldahmesh et al., 2014)

Table 7: BBS genes and associated method used for their identification
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Clinical manifestations

BBS belongs to the family of ciliopathies, and hence is a multisystemic disorder affecting
multiple organs in patients. The main affected ciliated organs are retina and kidney, but others such
as limbs, brain and heart may also be concerned. There is a large inter and intrafamilial phenotypic
variability in patients, and that is why, early on some critical differential diagnostic criteria had to
be drawn in order to discriminate BBS patients from other with related syndromic ciliopathies. Such
criteria, originally proposed by Beales in 1999 are still used as an international reference for the
diagnosis of BBS (Beales et al., 1999). Subsequently to the study of 109 BBS patients, some
features were shown to be more (retinal dystrophy, polydactyly) or less (renal anomalies, cognitive
impairment) consistently present in patients, leading to the establishment of diagnostic rules to
follow: presence in patient of either 4 major or 3 major and 2 minor features (see below) in order to
be BBS diagnosed (Table 8).

Major Features Minor Features

Rod-cone dystrophy Strabismus/cataracts/astigmatism
Polydactyly Brachydactyly/syndactyly
Obesity

Learning disability Speech disorder/delay

Developmental delay

Hypogonadism (in males)

Renal anomalies Polyuria/polydipsia (nephrogenic diabetes insipidus)

Diabetes mellitus

Hepatic fibrosis

Mild spasticity (especially lower limbs)

Ataxia/poor coordination/imbalance

Dental crowding/hypodontia/small roots/high arched palate

Left ventricular hypertrophy/congenital heart disease

Table 8: Beales’ criteria for the diagnosis of Bardet-Biedl Syndrome. From (Beales et al.,
1999).

The expansion of our understanding of the disorder has led to the addition of previously
unmentioned traits but that are consistent with ciliary defects (e.g. anosmia, hearing defects) while
questioning others such as intellectual disability that is now generally considered as mild cognitive

impairment or learning disabilities.
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5. Absence of genotype to phenotype correlations

Such genetic heterogeneity is also reported in most other ciliopathies (Alstrdém syndrome
being the exception, with only one gene reported so far), and a consequent genetic overlap is
observed between such disorders (Figure 18). Many genes have been shown as implicated in two or
more different ciliopathy disorders. One of the best illustrations is CEP290, centrosomal ciliary
protein, first reported as defective in patients with Joubert and Senior-Loken syndromes (Sayer et
al., 2006; Valente et al., 2006). A few months later, mutations in the encoding gene are reported in
patients with LCA (den Hollander ef al., 2006), then in patients with MKS (Baala et al., 2007) and
eventually in patients with BBS (Leitch et al., 2008). However, no precise genotype-to-phenotype
correlations could be drawn (Coppieters et al., 2010). Other examples show that hypomorphic
mutations in NPHP3 cause NPHP, whereas loss-of-function mutations result in the much more
severe phenotype of MKS.

NPHP
NPHP2, NPHP4-5,
NPHP7, NPHPS,
NPHP13, NPHP15,

NPHP16

Figure 18: Distribution of ciliopathy genes among six major ciliopathy disorders,
demonstrating extensive genetic overlap between such conditions.

ALMS: Alstrom syndrome, BBS: Bardet-Biedl Syndrome, JBTS: Joubert syndrome, MKS: Meckel-Grubler
syndrome, MKKS: McKusick-Kaufmann syndrome, NPHP: nephronophthisis. The CEP290 is the most
central gene, which was found mutated in patients with any of five different ciliopathy disorders (MKS,
BBS, JBTS, NPHP, but also in SLSN, not represented in this graph).

In BBS itself, although extensively genetically heterogeneous no major genotype to
phenotype correlation emerged that would allow to guide the molecular analysis towards one
particular gene, despite extensive studies on the topic. One study proposed the association of milder
severe retinal impairment in BBS/ patients (Daniels et al., 2012). Patients carrying mutations in the
chaperonin BBS genes (BBS6, BBS10, BBS12) appear to develop more severe renal disease (Imhoff

et al., 2011). We also recently reported two proposed genotype-phenotype correlations: BBSI16
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mutations were found in patients with specifically severe early-onset renal disease and absence of
polydactyly ((Schaefer et al., 2011), confirmed by (Billingsley et al., 2012)), and BBS17 mutations
were found in patients with atypical and specific mesoaxial insertional polydactyly in patients
(Schaefer et al., 2013). However, only two families with BBS77 mutations have been reported so far
limiting the significance of this correlation, so the identification of additional families is needed to
confirm this indication. Finally, no clear correlations were established between the nature of the
mutation itself (missense versus null mutations) and the severity of the phenotype in BBS patients
(Daniels et al., 2012).

6. Phenotypic overlap and differential diagnosis

BBS, as a ciliopathy and one of the most pleiotropic one, shares also a number of clinical
characteristics and can be confounded with other syndromes in patients (Figure 19). The most
overlapping syndromes are ALMS, JBTS, and MKS syndromes. ALMS (whose associated clinical
traits are retinal dystrophy, obesity and diabetes) can be discriminated from BBS by the additional
report of sensorineural hearing loss and cardiomyopathy in patients while absence of polydactyly
and learning disabilities. JBTS clinical features include retinal dystrophy, renal defects and
cognitive impairment, but additional specific cerebellar defects (‘molar tooth sign’), respiratory

abnormalities that are not reported in BBS patients, and no polydactyly

Figure 19 (from (Mockel et al., 2011)): Main disorders belonging to the family of ciliopathy,
highlighting the extensive phenotypic overlap in patients, from multiple to isolated-organ
dysfunction.
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Lastly, MKS (which also largely genetically overlaps with BBS locus) is a much more
severe syndrome, lethal in the perinatal period, characterized by cystic kidney disease and
polydactyly but additional severe CNS defects (occipital encephalocele and/or hydrocephalus),
hepatic fibrosis, and cleft palate. Other ciliopathy affect specifically one particular organ and
therefore are less prone to be misdiagnosed with BBS, such as NPHP or PKD (essentially cystic
kidney diseases), or LCA (retinal dystrophy pathology).

7. Routine diagnostic offer for BBS patients

At the time this work was initiated, the diagnostic strategy for BBS in France (the diagnostic
laboratory of Strasbourg University Hospital being the reference center for this disease) was
restricted to direct sequencing of two PCR amplicons containing the most recurrent BBS mutations
in BBSI (c.1169T>G, p.Met390Arg) and BBS10 (c.271dup, p.Cys91fsLeu*95), plus screening of
the entire BBS12 coding sequence (see Figure 20).

If a single heterozygous mutation was detected, then the entire coding sequence of the gene
was screened in search of the second allele. If no mutations were detected and the parents of the
proband were related (i.e. consanguineous conception), SNPs analysis followed by homozygosity
mapping was proposed on proband and another relative, to identify putative BBS genes located in
regions of homozygosity shared between affected individuals. If parents were non-consanguineous,
or if no known BBS gene fell within such homozygosity regions, the molecular analysis was
stopped. Over 60% of all BBS patients were left without molecular diagnosis with this strategy,
while it is the first step for patients’ relatives towards genetic counseling. In other countries, an
array was developed to screen for previously reported mutations in various BBS genes (Pereiro et
al., 2011).
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Figure 20: Decisional tree for the molecular diagnosis of BBS in Strasbourg until 2012

67



Results - Part [
Targeted-Sequencing for the diagnosis of Bardet-Biedl Syndrome

68



Results - Part [
Targeted-Sequencing for the diagnosis of Bardet-Biedl Syndrome

I1I- Results

Paper 1I: Targeted high-throughput sequencing for diagnosis of genetically
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ORIGINAL ARTICLE

Targeted high-throughput sequencing for diagnosis
of genetically heterogeneous diseases: efficient
mutation detection in Bardet-Biedl and Alstrom

Syndromes

Claire Redin," Stéphanie Le Gras,? Qussema Mhamdi,® Véronique Geoffroy,*
Corinne Stoetzel,> Marie-Claire Vincent,® Pietro Chiurazzi,” Didier Lacombe,®
Ines Ouertani,® Florence Petit,® Marianne Till,'® Alain Verloes,"" Bernard Jost,
Habiba Bouhamed Chaabouni,® Helene Dolifus,>'? Jean-Louis Mandel,"%®

Jean Muller'®

ABSTRACT

Background Bardet-Biedl syndrome (BBS) is

a pleiotropic recessive disorder that belongs to the
rapidly growing family of ciliopathies. It shares
phenotypic traits with other ciliopathies, such as Alstrém
syndrome (ALMS), nephronophthisis (NPHP) or Joubert
syndrome. BBS mutations have been detected in 16
different genes (BBS7-BBS16) without clear genotype-
to-phenotype correlation. This extensive genetic
heterogeneity is a major concern for molecular diagnosis
and genetic counselling. While various strategies have
been recently proposed to optimise mutation detection,
they either fail to detect mutations in a majority of
patients or are time consuming and costly.

Method We tested a targeted exon-capture strategy
coupled with multiplexing and high-throughput
sequencing on 52 patients: 14 with known mutations as
proof-of-principle and 38 with no previously detected
mutation. Thirty genes were targeted in total including
the 16 BBS genes, the 12 known NPHP genes, the single
ALMS gene ALMST and the proposed modifier
CCDC28B.

Results This strategy allowed the reliable detection of
causative mutations (including homozygous/
heterozygous exon deletions) in 68% of BBS patients
without previous molecular diagnosis and in all proof-of-
principle samples. Three probands carried homozygous
truncating mutations in ALMST confirming the major
phenotypic overlap between both disorders. The
efficiency of detecting mutations in patients was
positively correlated with their compliance with the
classical BBS phenotype (mutations were identified in
81% of ‘classical’ BBS patients) suggesting that only

a few true BBS genes remain to be identified. We
illustrate some interpretation problems encountered due
to the multiplicity of identified variants.

Conclusion This strategy is highly efficient and cost
effective for diseases with high genetic heterogeneity,
and guarantees a quality of coverage in coding
sequences of target genes suited for diagnosis purposes.

INTRODUCTION

Bardet-Biedl syndrome (BBS; OMIM# 209900) is
a pleiotropic recessive disorder with high non-allelic
genetic heterogeneity. Its incidence varies from an
estimated 1:160000 in northern Europe to
1:13500—17000 in Bedouins and Newfound-
landers, respectively.! BBS belongs to the large and
growing family of ciliopathies and, therefore, shares
phenotypic traits with Joubert (JBTS), Alstrom
(ALMS) and Meckel (MKS) syndromes." ? Differ-
ential clinical diagnosis may thus be difficult,
especially in young probands who do not yet show
some later onset-specific manifestations.®> * In
particular, recent reports highlight a significant
clinical overlap between BBS and ALMS.® °

The main phenotypic features of BBS comprise
retinal dystrophy, polydactyly, obesity, mild devel-
opmental delay, polycystic kidneys and hypogeni-
talism. Other minor features can also be observed
in patients, such as cardiac abnormalities, other
digit or eye anomalies, diabetes, hypertension,
hearing defects, anosmia.® Up to now, mutations
have been detected in 16 different genes (BBS1-
BBS16), but no clear genotype-to-phenotype corre-
lation could be observed, besides the suggested
exception of BBS16.°

Alstrom  syndrome (OMIM  #203800) was
reported to be much less prevalent than BBS, with
an estimated incidence of 1:1000000. Its pheno-
typic features overlap with those of BBS in early
infancy and include: cone-rod dystrophy, obesity,
type 2 diabetes mellitus, hearing loss but also
hypertriglyceridemia, dilated cardiomyopathy, and
progressive pulmonary, hepatic, or renal dysfunc-
tion.” To date, only one gene (ALMS1) has been
identified, but recent reports showed some families
with suggestive ALMS-carrying mutations in BBS
genes.® ° The large size of ALVIS1 coding sequence
appears to have impaired widespread diagnostic
testing of ALMS.

Exhaustive conventional Sanger sequencing for
BBS diagnosis is prohibitively expensive because of
the large number of genes involved, and so also for
ALMS due to the large size of ALASY coding
sequence (12 kb, 24 exons; table 1). Alternative
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Table 1 Genes included in the targeted enrichment strategy and their associated disorders
Official gene Other disease-related # Exons # Total exons Size of coding Gene Targeted
symbol BBS# NPHP# symbols in consensus in all isoforms exons (bp) size (bp) region size
BBS1* BBS1 - — 17 17 1782 22966 23 285*
BBS2 BBS2 — — 17 17 2166 35750 3801
ARL6 BBS3 - RP55 8 1" 561 337719 2123
BBS4* BBS4 — LCA 16 18 1560 52292 52611*
BBS5 BBS5 - - 12 17 1026 27160 3997
MKKS BBS6 - — 6 7 1713 29034 3326
BBS7 BBS7 — - 19 20 2148 46008 5308
TTC8 BBS8 — RP51 15 16 1518 53358 3137
BBS9 BBS9 — — 23 24 2559 476529 5196
BBS10 BBS10 - - 2 2 2172 3957 3941
TRIM32 BBS11 — LGMD2H; STM 2 2 1962 13999 4077
BBS12 BBS12 — — 2 3 2133 12242 3829
MKS1 BBS13 — MKS1 18 20 1680 14170 3745
CEP290 BBS14 NPHP6 MKS4; JBTS5; LCA10; SLSN6 54 55 7440 93204 10510
WDPCP BBS15 — — 18 19 2469 467317 4405
SDCCAG8 BBS16 NPHP10 SLSN7 18 21 2141 244087 3599
ALMS1 - ALMS; LCA 23 24 12510 224161 13682
NPHP1 NPHP1 JBTS4; SLSN1 20 22 2202 81726 3264
INVS NPHP2 — 17 19 3198 201916 4103
NPHP3 NPHP3 MKS7; RHPD 27 27 3993 41823 5328
NPHP4 NPHP4 SLSN4 30 30 4281 129662 5693
1QCB1 NPHP5 SLSN5 15 15 1797 65317 2585
GLIS2 NPHP7 — 8 8 1575 1374 2175
RPGRIP1L NPHP8 MKS5; JBTS7; CS 27 21 3708 103954 5243
NEK8 NPHP9 — 15 15 2079 13953 3096
TMEM67 NPHP11 MKS3; JBTS6; CS 28 30 2745 64389 4797
TTC21B NPHP12 JBTS11; ATD4 29 29 3951 79894 5414
TMEM216 — — MKS2; JBTS2 5 5 447 6504 1795
AHI1 — — JBTS3 27 29 3591 213794 5175
CCDC28B — — — 6 6 603 4790 1079
Total 483 545 79781 2865109 200319

*Sequence of the entire gene (coding/non-coding exons, introns) was targeted.

ALMS, Alstrém syndrome; ATD, asphyxiating thoracic dystrophy; BBS, Bardet-Biedl syndrome; CS, COACH syndrome; JBTS, Joubert syndrome; LCA, Leber congenital amaurosis; LGMD, limb-
girdle muscular dystrophy; MKKS, McKusick-Kaufman syndrome; MKS, Meckel-Gruber syndrome; NPHP, nephronophthisis; RHPD, renal-hepatic-pancreatic dysplasia; RP, retinitis pigmentosa;

SLSN, Senior-Loken syndrome; STM, sarcotubular myopathy.

cost-conscious strategies have been proposed for BBS diagnosis,
such as: initial screening of recurrent mutations and frequently
mutated genes (BBS1, BBS10, BBS12) combined with homozy-
gosity mapping for consanguineous families'® '; or primer
extension arrays to test a series of known BBS mutations.’
Another approach recently proposed is the pooling of patients’
DNAs with subsequent PCR-amplification and massive parallel
resequencing of BBS1-12 coding exons, followed by heteroduplex
screening to identify the mutation carrier'? Such a method
presents some limitations as it will miss exon deletions and may
not be suited for diagnostic purposes. Considering the clinical
overlap with other ciliopathies, another approach would be to
test, systematically and simultaneously, all corresponding genes
for such overlapping syndromes, which would be particularly
relevant for patients with atypical or incomplete clinical
phenotypes. We describe here the results of such an approach,
based on a targeted exon capture of 30 genes coupled to
next-generation sequencing (NGS).

SUBJECTS AND METHODS

Detailed protocols are available in Supplementary Methods.

Subjects
DNA samples from 52 unrelated patients were collected. Most
patients had been addressed to the diagnostic laboratory, or to

2 of 11

the National Reference Center for rare ophtalmogenetic diseases
in Strasbourg. Eleven DNA samples stemmed from Tunisian
patients included in an independent BBS epidemiology study.

The proof-of-principle cohort included 14 non-Tunisian patients
with a confirmed BBS molecular diagnosis (identified prior to
this study by Sanger sequencing). Twenty-six out of the 38
patients without known mutations, and recruited in Strasbourg,
had been initially screened for BBS1 and BBS10 recurrent
mutations, plus the entire coding sequence of BBS12.

For all patients, a written consent for genetic testing was
obtained, either from adult probands or from the legal
representative in case of minors.

Library preparation, targeted capture and sequencing
DNA samples were prepared and controlled following standard
procedures.

The capture design was performed with eArray following the
manufacturer’s instructions (Agilent).

DNAs (3 ng) were sheared mechanically using Covaris E220
(duty cycle: 10%; intensity: 5; cycles per burst: 200; time: 300 s).

For the proof-of-principle experiment, sequencing adaptors were
added on 500 ng of sheared DNA using the SPRIworks Fragment
Library System I (Beckman Coulter). After amplification and
quality assessments, targeted capture was performed on indi-
vidual samples using the in-solution SureSelect Target Enrichment
System (Agilent) on 500 ng of DNA-prepped library. Additional
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steps of washing, purification and elution were performed, and
multiplexing adaptors (TruSeq Illumina DNA indexes) were
added by PCR during the post-capture amplification step.

For all following experiments, multiplexing adapters were
added simultaneously to sequencing adapters using the SPRI-
works system. Equimolar amounts of two tagged libraries were
then pooled prior to the capture reaction. All other following
steps prior to sequencing remained identical. A 72-bp single-read
sequencing was performed on a Genome Analyser IIx (GAIIx,
[lumina).

Bioinformatic pipeline

Read mapping and variant calling were performed following
standard procedures. Variant filtering was performed using
VaRank, an in-house software which collects variant-specific
information to rank them according to their predicted
pathogenicity (figure 1, Supplementary Methods).

Copy-number variation (CNV) detection method

CNVs were identified using a depth-of-coverage method.'® ' For
each patient, read counts in non-overlapping windows of 20
nucleotides were computed, normalised and then compared
randomly with eight other samples from the same experiment
(considered as replicates) using the Bioconductor package DEseq
(initially designed for RNA-seq data).'” Candidate regions for

Variant Annotation -
Read mapping

(BWA v.0.5.9)
N

Variant calling (Samtools) and
annotation (SVA, dbSNP134)

Mean input =173 SNVs/indels
(2 splice, 1 inframe indel, 18 missenses,
17 synonymous, 135 intronic)

Variant Filtering and Ranking (VaRank)

Removal of SNPs: SNVs/indels in dbSNP 134,
validated with 22 methods.

=150 variants left
(6 missenses, 7 synonymous, 1 inframe, 1 splice, 135 intronic)

Truncating (frameshifts, nonsenses, essential splice 0-2
sites, large rearrangements) or known mutations
Pathogenicity of missense variants 0-3

(Sift , Polyphen2, Mutation T@ster)

Pathogenicity of synonymous variants 0-1
(HSF, MaxEntScan, NNSplice, Mutation T@ster)

Pathogenicity of intronic variants 0-1
(HSF, MaxEntScan, NNSplice, Mutation T@ster)

I

Manual screening of all genes
(IGV) 1
No mutation identified.
Phenotype examination, exome candidate?

=0-7

Homozygous/compound
heterozygous mutation.
Validation by direct sequencing

Figure 1  Global flowchart of the bioinformatic pipeline implemented for
mutation detection. Software acronyms: BWA, Burrows-Wheeler
Aligner; SVA, Sequence Variant Analyser; SIFT; Polyphen2; HSF, Human
Splicing Finder; MaxEntScan, Maximum Entropy Scanning; NNSplice;
Mutation Taster; IGV, Integrative Genome Viewer.
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CNVs were retrieved when log2 ratios (controls/sample) were
either =0.84 (fold change >1.8, potential deletion) or =—0.51
(fold change <0.7, potential duplication), and if p values
adjusted for multiple testing (Benjamini and Hochberg
procedure)'® were smaller than 0.1.

Statistical methods
Confidence intervals were computed for proportion estimates
and indicated in brackets. Fisher’s exact test was computed to
compare distributions of small populations. Subsequent p value
is given at =0.05.

RESULTS AND DISCUSSION

Targeted regions: design strategy

Our primary goal was to develop an efficient mutation-screening
strategy for the diagnosis of patients with phenotypes evocative
of BBS, or of clinically overlapping ciliopathies. We chose a target
enrichment approach coupled with NGS in order to focus the
sequencing on genomic regions of interest. We targeted all exons
(including 5 and 3" UTRs) of the 16 known BBS genes (table 1).
Because of the known clinical overlap, we also included coding
exons of ALNIS1, and of all 12 known nephronophthisis genes
(NPHP1-12), since retinal degeneration can often be observed in
this kidney-specific disease.” '/ Coding sequences of AHI1/JBTS3,
TMEM216/MKS2/]BTS2, and of the proposed BBS-modifier
CCDC28B/MGC1203, were also targeted.'® Because some of
these genes are associated with multiple phenotypes, our design
includes 6 MKS, 7 JBTS and 4 Senior-Loken syndrome (SLSN)
genes (see table 1).

With this first design, we wanted to investigate whether
including intronic sequences could favour both, the detection
and sizing of exon deletions. We therefore included baits-
targeting intronic sequences of BBS1 and BBS4. This choice was
dictated by two observations: an apparent excess of patients
heterozygous for the BBSI-recurrent mutation M390R with
no second mutation detected,'’ and multiple reports of BBS4
exon deletions in patients. ' ¥ A maximal threshold of 200 kb
for cumulated targeted regions was set because of the
manufacturer’s pricing limits.

Presence of repeated sequences precluded bait tiling in 19.7%
of initially targeted regions. This concerned, almost exclusively,
introns of BBS1 and BBS4, besides a small number of 3'UTRs,
and only 128 bp of protein coding regions (within first exons of
ALMS1 and NPHP3; table S1).

Proof-of-principle and technical results

In our proof-of-principle experiment, we selected 16 DNA samples,
of which 14 were with known BBS mutations. In this first trial,
after barcoding the target-enriched libraries, we sequenced pools
of four or eight libraries per lane of a GAIIx (see Supplementary
Methods). This proof-of-principle analysis was carried blind, that
is, without knowledge of implicated BBS genes and their asso-
ciated mutations. A constellation of all mutation types
(missenses, nonsenses, splice mutations, large deletions and
complex rearrangements) at different allelic dosage was tested
(figure S1). All 14 previously identified mutations, including two
heterozygous BBS1-deletions (figure 2A), were detected in their
correct heterozygous/homozygous state (table S2). In particular,
in patient AKE12, we could detect an abnormal local drop of
coverage in BBS12 due to a rare mutation type (insertion of an
Alu sequence, figure S1A) although the exact nature of the
mutation could only be determined by Sanger sequencing. A
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Figure 2 Detection of large deletions A
in three patients using a depth-of-

coverage method. Black peaks:
normalized depth of coverage from
patients’ DNA samples. Empty peaks:
normalized mean depth of coverage
across samples from the same
sequencing lane. Grey squares: bait-

fL1 1)

Read depth
0 40 80 120

B
«
.

Ll

e

}= L II;

A A
ﬁ
- —
"
"

covered regions. Black peaks:
normalized depth of coverage from
patients” DNA samples. Empty peaks:
normalized mean depth of coverage
across samples from the same it

Log2 ratio

v

sequencing lane. Grey squares: bait- T

ER | l[th |

i I 1

covered regions. Highlighted squares: 66280000 66285000 66290000 66295000 66300000

deleted regions. Gene representation: chromosome 11

black squares: exons, dashed lines:

introns. Genomic positions are given B ALG42

according to the human reference s &4 .

genome hg19/ GRCh37. (A) 2 211

Heterozygous deletion of BBS1 (exon g =

#10, 11) in AMV5 patient. S 94

Corresponding Log2 ratios between o I |

both depths of coverage (normalised __D = : .

mean and AMV5 patient) further BBS3 =+ - + } + t =

highlight the presence of the deletion. ! | | !
97485000 97495000 97505000 97515000

(B) Homozygous deletion of BBS3 (exon

#1, 2a, 2b, 3) in ALG42 patient. (C)
Homozygous deletion of BBS4 (exon C
#4, 5, 6) in P3 patient. (A and C):

chromosome 3

P3

targeting intronic sequences allows
restricting the deletion breakpoints. (B)
and C): Log, ratios between both
depths of coverage (normalised mean
and corresponding patients) could also
allow detecting both deletions but are

Read depth

2% 0 40 80 120
4

n } 1 I i} 114
o L

T T L L

not shown (supplementary figure S2).
72980000

similar drop in coverage was observed for a second patient,
AHX91, with another complex mutation detected previously by
Sanger sequencing (insertion/inversion in BBS5).

In this first experiment, we almost systematically reached the
maximal theoretical coverage of 144x illustrated by a mean
coverage of 127*4x after removal of duplicate reads (table 2).
Due to this global saturating coverage when considering unique
reads, we used all reads, including duplicates, when applying our
depth-based method for the detection of CNVs.

These promising depth-of-coverage results (table 2, table S3)
encouraged us to further increase the number of pooled samples.
In the next experiments we used a single capture reaction for
two barcoded libraries, allowing both cost and bench-time
savings, and pooled 12 libraries per sequencing lane (maximum
number of barcodes proposed at that time by Illumina).

This new protocol was performed on a second cohort of 36
patients with unknown mutations. Sequencing resulted in

72990000

I I | I I
73000000 73010000 73020000 73030000

chromosome 15

a mean coverage of 78*17X (283%153x before discarding
duplicate reads) with 91.4%26.4% of targeted regions being
covered more than 40x (table 2). This relative drop of coverage
appears to be a consequence of a lower capture efficiency that
might be due to: (1) an input amount of individual library
reduced by half, due to the pre-capture pooling and (2) the
addition of barcodes before capture, leading to less efficient
blocking and unspecific hybridisation. The resulting coverage
still guarantees a reliable detection of variants and of their
homozygous/heterozygous state.

A small proportion of targeted regions was weakly covered in
some patients (ie, depth <10x after duplicates filtering), with
very few of them in a systematic way in other patients (table
S4). This only concerned 0.63£0.68% of protein coding regions,
and mostly included intronic GC-rich sequences (GC content:
68.325% vs 40.2210% across all targeted regions), or some first
exons (tables S3 and S4).

Table 2 Sequencing statistics of both coverage (in captured regions) and capture efficiency
Mean coverage (Xx)

Reads in targeted regions

Targeted regions Targeted regions Targeted regions

Before filters After filters with 5X coverage with 40X coverage with 80x coverage Before filters After filters
Pool of 4* 2208+416 1303 100+0% 99.9+0% 98.3+0.6% 76+2% 35+5%
Pool of 8* 1024151 125+3 99.920.3% 99.7+0.3% 96.9+0.9% 74+5% 40:6%
Pool of 12t 283+153 718+17 99.60.4% 91.4+6.4% 48.7+28% 25+9% 14+4%

*First set of experiment. The capture-enrichment step was done individually, on untagged DNA libraries.
1Second set of experiment. The capture-enrichment step was realised on equimolar pools of 2 barcoded DNA libraries.

4 of 11 Redin C, Le Gras S, Mhamdi O, et al. J Med Genet (2012). doi:10.1136/jmedgenet-2012-100875



Downloaded from jmg.bmj.com on July 26, 2012 - Published by group.bmj.com

Variant filtering: importance of databases and frequency data
In targeted regions, we detected, on average, 170 variants (Single
Nucleotide Variants (SNVs) and indels) per patient. All were
systematically analysed for putative effect on protein structure
and splice sites using VaRank (figure 1, Supplementary
Methods). About 130 of these variants were recorded in
dbSNP134 (table S5), but only 20 were validated with at least
two independent methods and, therefore, filtered out. Indeed, in
the context of a rare recessive disorder, some true mutations can
be present at very low frequency in a heterozygous state in
controls.

Potential pathogenicity of the remaining 150 variants was
assessed using bioinformatic tools and considering their allele
frequency in a European-American population, as reported in the
Exome Variant Server database (EVSdD). This yielded from zero
to six interesting variants per sample, among which were
obvious truncating or known mutations in some patients.

The new ‘clinical significance’ field introduced in dbSNP134
has to be considered with caution since established mutations
can now be reported in the database but are not systematically
flagged as pathogenic (example: 15179363897, p.R138H) muta-
tion in BBSS). Conversely, we detected some false-positive
annotations: rs4784677 (p.N70S) in BBS2—initially reported as
a third allele according to the triallelic hypothesis—?" is flagged
as pathogenic, but is too frequent to be a fully penetrant
mutation (0.77% in EVSdDb). Filters have to be carefully adapted
to the disorder of interest, and to the constantly evolving
updates of databases.

Detection of exon deletions

One advantage of NGS-based strategies, as opposed to Sanger
sequencing, is the opportunity to detect—in addition to SNVs
and small indels—CNVs affecting one or more exons (figure 2
and S2). In the proof-of-principle experiment, two heterozygous
deletions could be detected in BBSY. Among the unknown
samples, two homozygous deletions in BBS3/ARL6 and BBS4
were identified. To our knowledge, we provide here the first
report of large deletions in BBS1 and BBS3/ARLé, while several
deletions affecting BBS4 have been previously observed.* ! 17
Since we also targeted intronic sequences of BBS1 and BBS4, we
were able to narrow the boundaries of subsequent detected
deletions (figure 2). For patient AMVS5, by using coordinates of
affected exons, the estimated size of BBS7 deletion would be
between 466 and 4707 bp, while with our design, we could
restrict it to 1862—3841 bp (figure 2A, table S2). In patient P3,
we could similarly reduce the assessed size of the BBS4 deletion
from 4626—12975bp based on exon positions down to
9376—10469 bp (figure 2C, table 3A). Lastly, since the BBS3/
ARL6 deletion in patient ALG42 encompasses the first three
exons of the gene (figure 2B), we tested whether it may extend
and affect EPHAG located upstream, encoding an ephrin receptor.
Direct PCR testing excluded such extended deletion (data not
shown).

Thanks to this method, in the six patients in whom we
detected a single heterozygous potentially pathogenic mutation,
we can ascertain that no heterozygous deletion is present in
trans, or at least none encompassing exonic sequences.

Distribution of detected BBS mutations in the 38 unknown
patients

Of the 38 samples with unknown BBS mutations (36+2 from
the proof-of-principle experiment) we detected clearly pathogenic
biallelic mutations in 26 cases (68.4%; table 3A). To our
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knowledge, seventeen of these mutations have not been reported
previously, indicating that the BBS mutation spectrum is far
from being saturated in spite of numerous BBS mutation
reports. Homozygous mutations were found in 88% (23/26) of
mutated patients, coherent with the large number of consan-
guineous probands included in the cohort (75%; 25/33). In two
patients of consanguineous origin, the BBS mutation was
located outside the homozygous regions detected by prior SNP
array analysis and would, therefore, have been missed using
a homozygosity mapping strategy (patients AGL23, AKX44;
table 3A).

Among the remaining 12 patients with no biallelic mutations
identified (table 3B), one patient (AHR2) had a heterozygous
clearly pathogenic splicing mutation in BBS3. Five patients had
heterozygous missenses predicted to be damaging by SIFT,
Polyphen2 and/or Mutation T@ster (AIY87, AIX45, AMO77,
AMA28, AHL86) with the latter two carrying such variants in
two different genes. One consanguineous Melanesian patient,
AKE98, presented with classical BBS-inclusion features,
including polydactyly. He carried two homozygous variants
which initially appeared as potentially pathogenic: a distal
frameshift in INVS/NPHP2 predicted to add 14 amino-acids to
the C-terminus of the longer protein isoform, and a non-
reported missense P2679L affecting a conserved residue in
ALMS1 (figure S3). Subsequent segregation analysis ruled out
their implication in the disease since both variants were
heterozygous in a similarly affected brother.

In five patients, no potentially pathogenic variant could be
identified in any of the 30 targeted genes. These patients are
thus candidate for exome sequencing which might either help in
identifying novel genes or in reconsidering the clinical diagnosis.

Mutation load in BBS and other targeted genes: importance of
ALMS1

The mutation load among BBS genes in our cohort appears
consistent with previous reports.” ' Observed occurrences for
BBS1 (7/38, 18.4%) and BBS2 mutations (5/38, 13.2%), the most
frequently mutated genes in our study, are similar to the
respective reported figures of 16.9% and 12%.” Considering
frequently mutated genes, our study was strongly biased against
BBS1, BBS10 and BBS12, since two-thirds of the patients” DNAs
were previously tested negative for BBS1 and BBS10 recurrent
mutations, plus all BBS12 protein coding sequence. This explains
the total absence of BBS12 mutations in our cohort, and the
relatively low contribution of BBS10 (5/38, 13.2%) as compared
with the literature (=20%).” ' The contribution of other BBS
genes was low, with frequently only one proband involved.

We did not find any mutation in the ‘new’ BBS genes
(BBS13—16) suggesting that, cumulatively, they have a small
contribution to the total mutation load. BBS13/MKS1 was
indeed shown to be mostly implicated in MKS since only one
BBS patient was reported with two heterozygous mutations
p.-[C492W]; [F371del] others carried only heterozygous
missenses, sometimes in addition to homozygous truncating
BBS1 mutations.?! Likewise, for BBS14/CEP290, a homozygous
truncating mutation (p.E1903*) was found in a single BBS
patient,?’ while other mutations are much more often impli-
cated in Joubert, Senior Loken, Leber Congenital Amaurosis or
Meckel syndromes. Similar observations can be made for BBS15/
WDPCP and BBS16/SDCCAGS.”® ** Like in all other studies of
BBS cohorts, no mutation was identified in BBS71/TRIM32
raising the question of its real implication in BBS: only one
homozygous missense mutation was described in a single

5 of 11



11409

G/8001-10z-19usbpawil/ge L L°0L:10p “(2102) 1889 payy [ *[e 18 '() IPWBY 'S Sei9 87 ') uIpay

Table 3

a single or no clear pathogenic variant in one gene. Mutations are described according to the latest nomenclature conventions described in HGVS

Identified mutations and other potentially pathogenic variants in the 38 patients with previously unknown genotype. A) Patients with two clearly pathogenic variants in one gene; B) Patients with

Mutation, as predicted

Sanger by (among SIFT, Frequency of BBS
validation/ PPhen2 & Mutation Additional potentially additional variants  Geographic inclusion
Patient#  Principal mutations (p.) Principal mutations (c.) segregation T@ster) pathogenic variants in EVSdb origin Inbred criteria
A)
BBS1
ALO47  p.[R160Q]; [R160Q] c.[479G—A]; [479G— A] SV PP, MT - Turkey Yes (BBS1, BBS4) No
P1 p.7;? c.[1473+4A—G]; [1473+4A—G] SV+S MT (Ex14 splice site - Tunisia Yes* Yes
altered]
P9 p.?;? c.[1110G—A]; [1110G— A] SV+S MT (Ex11 splice site AHI1/JBTS3: p.[R830W]; [=] 2.83% Tunisia Yes* No
altered]
AMK19  p.?7 ; [M390R] c.[951+1G—A]; [1169T—G] SV+S MT (Ex10 splice site TTC21B/NPHP12: p.[R713I]; NF, 0.23% NA NA No
altered]; S (=), BBST: p.[D412G]; [=]
P12 p.[A14Lfs*28] ; c.[39del]; [39del] SV+S MT — Tunisia Yes* Yes
[A14Lfs*28]
P11 p.[R146*]; [R146%] c.[436C—T]; [436C—T] SV+S MT CCDC28B: Ex2 splice site 2.07% Tunisia Yes* Yes
altered (F110F]; [=]
AlO57 p.[E224K]; [E224K] c.[670G— A]; [670G— A] NY S, PP NPHP3: p.[R1074H]; 0.01%, 3.07% Morocco Yes (BBS1, BBS3, No
(=), ALMS1: p.[S2102L]; [=] NPHP5, JBTS2)
BBS2
P2 p.?2;? c.[345+5G — A]; [345+5G—A] SV+S (Ex2 splice site — Tunisia Yes* Yes
altered]
AGL23  p.[H665Tfs*11]; c.[1992del]; [1992del] SV+S§ MT TTC21B/NPHP12: p.[R616C]; [=] 0.31% India Yes (ALMS1, NPHP1, No
[H665Tfs*11] NPHP3, NPHP6, NPHP8]
P7 p.[R189*]; [R189%] c.[565C—T]; [565C—T] SV+S MT NPHP4: p.[R674H]; [R674H] NF Tunisia Yes* Yes
AKX44  p.[R272%]; [R272%] c.[814C—T]; [814C—T] SV MT SDCCAG8/BBS16: p.[Q505E]; [=] NF Algeria Yes (BBS7, BBS12, Yes
NPHP8)
ALG76  p.[L209P]; [L209P] c.[626T—C]; [626T —C] SV+S S, PP, MT - Turkey Yes (BBS2, NPHP8) Yes
BBS3/ARL6
ALG42  p.[del Ex1-3]; c.[(?_—30)_(123+7?))del; SV+S - — Turkey Yes (ALMS1, BBS3, Yes
[del Ex1-3] [(?_—30)_(123+7)]del BBS4, BBS9, BBS14,
NPHP2, NPHP3)
BBS4
P3 p.[del Ex4-5-6] ; c.[(157—7)_(405+7)del]; SV+S — BBS5: p.[N184S]; [=] 0.57% Tunisia Yes* Yes
[del Ex4-5-6] [(157—7)_(405+7)del]
(9.[24029..24285]
(33661..34498))del];
9.[24029..24285]
(33661..34498))del]
BBS5
P13 p.[L50R]; [L50R] c.[149T —G]; [149T—G] SV+S S, PP, MT - Tunisia Yes* Yes
ALG5 p.[R138H]; [R138H] c.[413G—A]; [413G—A] SV+S S, PP, MT — France No No
BBS6/MKKS
P10 p.?,;? c.[1272+1G—A]; [1272+1G—A] SV+S MT (Ex5 splice site NPHP4: p.[R959Q]; [=] NF Tunisia Yes* Yes
altered)
BBS8/TTC8
P14 p?;? c.[329+1G—A]; [329+1G—A] SV +S MT (Ex4 splice site AHI1/JBTS3: p.[R830W]; [=] 2.83% Tunisia Yes* Yes
altered]
Continued
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Table 3 Continued

Mutation, as predicted

Sanger by (among SIFT, Frequency of BBS
validation/  PPhen2 & Mutation Additional potentially additional variants  Geographic inclusion
Patient#  Principal mutations (p.) Principal mutations (c.) segregation T@ster) pathogenic variants in EVSdb origin Inbred criteria
BBS10
P8 p.[S396Lfs*6]; c.[1171_1181dupGCATTTATACC]; SV+S MT Tunisia Yes* Yes
[S396Lfs*6] [1171—1181dupGCATTTATACC]
JSL p.[V707*]; [R95S] ¢.[2119—2120delGT]; [285A—T] SV +S MT; S, PP, MT NA NA NA
BBH64  p.[T483Nfs*8]; [?] c.[1448—1452delCTCAA]; [?] S MT CCDC28B: Ex2 splice site 2.07% NA No No
altered (F110F) ; (=]
AVMR64  p.[L414S]; [L414S] c.[1241T—C]; [1241T—C] NY S, PP CCDC28B: Ex2 splice site 2.07% NA NA Yes
altered (F110F) ; (=]
AKR68  p.[L414S]; [L414S] c.[1241T—C]; [1241T—C] NY S, PP CEP290/BBS14: NF NA Yes (BBS10, JBTS3) No
p.[K1870Nfs*4]; [=]
ALMS1
AIA84  p.[E1114Rfs*9); c.[3340del]; [3340del] NY MT Turkey Yes (ALMS1, BBS14) Yes
(E1114Rfs*9]
AKO26  p.[R3629*]; ¢.[10885C—T]; [10885C—T] SV + S MT WDPCP/BBS15: p.[V329M]; 0.13%, 1.65% France Yes (ALMS1, BBS12) Yes
[R3629%] (=), AHI1/JBTS3: p.[R548H]; [=]
ALB64  p.[S577*]; [S577%] ¢.[1730C—GJ; [1730C— G] SV +S MT 1QCB1/NPHP5: p.[E481K]; [=] 0.17% Portugal Yes (BBS7, BBS12, No
BBS14, ALMS1)
Mutation, as predicted by BBS
Potential Potential Frequency in (among SIFT, PPhen2 & Geographic inclusion
Patient# Gene mutations (p.) mutations (c.) EVSdb mutation T@ster) origin Consanguinity criteria
B)
AHR2 BBS3/ARL6 p.[D179N]; [=] ¢.[535G—A]; [=] NF MT (Ex8 splice site altered] Reunion Yes. BBS3, JBTS3 No
AlY87 BBS9 p.[P641S]; [=] c.[1921C—T]; [=] NF S, PP, MT NA Yes: BBS5, ALMS1, NPHP12, No
NPHP5, BBS14
AKE98 ALMS1 p.[P2679L]; [P2679L] ¢.[8036C—TJ; NF S, P Melanesia Yes: BBS12, BBS9, CEP290, Yes
[8036C—T] NPHP1, MKS1
NPHP4 p.[V1228G]; [=] ¢.[3683T—GJ; [=] 0.10% S, P
NPHP3 p.[A519G]; [=] ¢.[1556C —G]; [=] NF P, MT
INVS/NPHP2 p.[IN1061Kfs*20]; ¢.[3176_3177insA[; NF -
[N1061Kfs*20] [3176_3177insA]
AlX45 TMEMG67/ NPHP11 p.[Y486C]; [=] c.[1457A—G]; [=] 0.01% P, MT NA Yes Yes
AMA28 MKKS/BBS6 p.[A242S]; [=] ¢.[724G—T]; [=] 0.58% S, P France No Yes
NPHP1 p.[E569G]; [=] ¢.[1706A— G]; [=] NF S, P, MT
AMO77 TTC21B/ NPHP12 p.[R863W]; [=] c.[2587C—T]; [=] 0.23% S, P, MT NA NA Yes
AHL86 AHI1/JBTS3 p.[R830W]; [=] c.[2488C—T]; [=] 2.83% S, P, MT NA NA No
INVS/NPHP2 p.[T122P]; [=] c.[364A—CJ; [=] NF S, P, MT
ALAGO Caucasian No Yes
AKT96 France No No
AMT10 France No Yes
AIF95 NA No No
AKK32 France No No

*Patients from consanguineous families, but not genotyped on affymetrix SNP arrays. In bold: previously reported mutations in other studies. Mutation prediction software equivalents: possibly/probably damaging (polyphen2), damaging (SIFT), disease causing
(mutation taster). Ex, exon; S, SIFT; PP, PolyPhen2; MT, mutation T@ster.
(?): The exact nature of the second heterogeneous mutation could not be identified by high-throughput sequencing. An abnormal loss of coverage is observed at the very end of BBS70. The exact nature of this apparently complex mutation is still under investigation
by direct sequencing, but appears to involve an alu insertion coupled with a duplication/inversion. Amino acid conservation of non-reported missense mutations is shown in supplementary figure S4. SV: Sanger validation; S: segregation validated.

Consanguinity was documented by clinicians, and in most cases, BBS patients from consanguineous families were genotyped on Affymetrix 250k SNP arrays. When so, BBS and other targeted genes located within homozygous regions are thus indicated in ( ).
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consanguineous family, while several other mutations were
identified in recessive forms of limb girdle muscular dystrophy.**

One noteworthy result is the finding of homozygous trun-
cating ALAMS1 mutations in 3/38 patients (AIA84, AKO26,
ALB64; 7.9%). In particular, the nonsense found in AKO26
patient p.R3629* seems to be a recurrent ALAS1 mutation,
since already reported in five other ALMS patients.””~*" The
phenotypic overlap between BBS and ALMS seems to be larger
than previously thought, as recently suggested with examples of
Alstrom patients with mutations in BBS genes,” and the reverse
situation, such as in our study, of ALMS1 mutations in patient
with suspected BBS.?

Lastly, no clearly pathogenic mutation was found in any
NPHP or JBTS genes in the cohort.

Correlation between mutation detection efficiency and clinical

phenotype

Comparison of clinical phenotype between patients with two
clearly pathogenic mutated alleles (n=26) and those with either
a single possible pathogenic variant or no suspicious variant
detected (n=12) showed a clear correlation between the number
of major BBS clinical features and the probability of detecting
two BBS mutated alleles in patients (figure 3). Biallelic muta-
tions were detected in 81% (CI (60% to 92%)) of patients
meeting BBS inclusion criteria. In particular, in Tunisian patients
recruited upon strict clinical criteria, mutations were found in
11/11 cases and in seven different BBS genes, ruling out
a potential founder effect. On the contrary, for some of the 12
patients without clear mutations, BBS was only one suspected

A

Number of patients
10 B Detected Mutations

g D No Detected Mutations

6

=5 4 3 2 1
Number of Major BBS-specific clinical features

Number of patients
20 B Detected Mutations

15 D No Detected Mutations

10

5

0

MeetBBS
inclusion criteria

Do not MeetBBS
inclusion criteria

Figure 3 Compliance with classical BBS phenotype is positively
correlated to the efficiency to detect principal mutations in BBS genes.
(A) The number of BBS diagnostic major inclusion criteria® in patients is
correlated to an efficient detection of BBS mutations. (B) Efficiency of
detecting mutation in patients fulfilling BBS the phenotypic inclusion
criteria or not. BBS inclusion criteria presenting with three major
features plus at least two minors, or presenting with four major features
and more.® Primary criteria include: rod-cone dystrophy, polydactyly,
obesity, learning disabilities, hypogonadism and renal anomalies.
Secondary features comprise speech delay, other eye anomalies,
brachydactyly or syndactyly, ataxia, diabetes, developmental delay,
dental anomalies, cardiac anomalies and hepatic fibrosis.®
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diagnosis among others. Furthermore, our initial selection of
patients without recurrent mutations in BBS1 or BBS10, and
without any mutation in BBS12 may have enriched our cohort
in patients with non-typical BBS phenotypes. The current
widely quoted estimation that known BBS genes account for
only 70—75% of the total mutation load in BBS patients may
thus be underestimated if considering only patients with strictly
defined BBS phenotype.

The distribution of BBS inclusion features appears different
between patients with two BBS mutations, two ALAS1 muta-
tions or no biallelic mutation identified (table 4). Patients with no
detected mutation presented with significantly less polydactyly,
a major BBS clinical sign: only 25% versus 70% in patients with
detected BBS mutations (p=0.029*). The other clinical features
seem to follow the trend of classical BBS patients.

Regarding ALAS1-mutated probands, 2/3 had been sent for
suspected BBS (Prader-Willi or ALMS were also considered for
AIA84 and AKO26, respectively) and satisfied BBS diagnostic
criteria; the last one (ALB64) was addressed for syndromic
retinal dystrophy (table 4).° AIA84 presents a classical BBS with
retinal dystrophy, obesity, cognitive defects, hypogonadism and
brachydactyly. AKO26 presents an atypical BBS with the same
features along with abnormal severe deafness, specific for ALMS.
Lastly, ALB64 presents a typical ALMS with severe deafness and
retinal dystrophy. None of them presented with polydactyly. As
previously suggested,® both, the absence of polydactyly and the
prevalence of deafness in ALAIS1-mutated patients, are keys for
genotype-phenotype discrimination between ALMS and BBS
mutated patients.

Assessment of oligogenism in BBS

The presence and potential effect of triallelism or oligogenism
in BBS has been widely discussed and appears
controversial (*® 2% 2 2% 53732 'In our approach, the simulta-
neous sequencing of all 16 BBS genes, and of 14 other genes
involved in overlapping ciliopathies, allows the systematic
detection of most additional potentially pathogenic variants in
those genes and, consequently, an unbiased assessment of
oligogenism.

Out of the 52 patients analysed, we found only one hetero-
zygous truncating mutation (p.K1870Nfs*4) as a third allele in
BBS14/CEP290 in patient AKR68 who carries a pathogenic
missense mutation in BBS10. Such a frequency is in fact in the
range of what to expect by chance. We previously calculated the
probability of carrying a true BBS-pathogenic mutation to be
about 1:50.%" Since we also included in our design other ciliop-
athy genes, the probability to carry a pathogenic mutation in
one of the 30 genes is rather between 1:20 and 1:30 (calculation
based on each disease incidence and reported contributions of
targeted genes in the mutation load). Potentially, pathogenic
heterozygous missenses (not previously reported in patients or
in the EVSdb) were also found in eight patients (three of the
proof-of-principle, table S2; five of the ‘unknown’ cohort, table 3).
Such variants might act as modifiers, but it is unlikely that they
are required for full expression of a classical BBS phenotype.
Conversely, in some patients where a single clearly pathogenic
mutation was found, variants in other genes of the same
pathway (especially those encoding proteins of the same
complex, such as the BBSome or the BBS-chaperonin
complex)® ** might contribute to the disease state in a digenic
mode of inheritance proposed in few BBS families.?® % 3

Potential case of triallelism is illustrated by patient AIZ62, who
is compound heterozygous or a nonsense p.E191* and a missense
p-A242S in BBS6/MKKS. The pathogenicity of A242S variant has
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Table 4 Report of major BBS clinical features in the 38 patients without previously known molecular diagnosis, with or without detected mutations

Retinitis Mild intellectual
pigmentosa Obesity Polydactyly Brachydactyly Hypogonadism Cystic kidney disabilities
2 BBS mutations 95.65% (22/23) 86.96% (20/23) 69.57% (16/23) 43.48% (10/23) 39.13% (9/23) 21.74% (5/23) 73.91% (17/23)
2 ALMS1 mutations 3/3 1/3 (AIA84) 0/3 2/3 (AIA84, AK0O26) 2/3 (AIA84, AKO26) 1/3 (ALB64) 2/3 (AIA84, AKO26)
0 or 1 mutation 81.82% (9/11) 81.82% (9/11) 25.00% (3/12) 33.33% (4/12) 41.67% (5/12) 50% (5/10) 81.82% (9/11)

ALMS1 patients: AIA84 was addressed to Strasbourg Diagnostic Laboratory for Bardet—Bied or Prader-Willi syndromes, AKO26 for suggestive BBS or ALMS with abnormal cognitive defects
and ALB64 for a syndromic retinal dystrophy or suggested ALMS. Patients with a proposed Alstrém syndrome presented with early deafness: at 5 (ALB64) or 6 (AKO26) years of age.

been a subject of discussion.*’ "7 Analysis in zebrafish indicated
that it affects BBS6/MKKS function and suggested a dominant
negative effect.*” EVSdb allows to infer its frequency at 0.59% (CI
(0.43 to 0.80%)), higher than the most frequent BBS mutation,
M390R in BBS1 (0.24%, CI (0.15 to 0.39%)). A242S cannot thus
be a highly penetrant mutation since it should then be found
more frequently in patients than the M390R mutation, which is
not the case. In patient AIZ62, a third heterozygous variant was
identified in BBS12 (p.Q620R, residue conserved in mammals, but
not in more distant vertebrates) thus affecting another subunit of
the BBS-chaperonin complex.®® We suggest that A242S is
a hypomorphic allele that may lead to a phenotype when in trans,
with a complete null mutation, and could be further potentiated
by a hypomorphic allele affecting another subunit of the same
complex. Segregation analysis in AIZ62 family could not be
performed to test this hypothesis.

Lastly, we looked in our cohort for the allelic frequency of the
previously proposed BBS-modifier variant ¢.330C—T in
CCDC28B/MGC1203,'® and found a frequency of 3.85% (CI
(1.56 to 9.47%)), which is not significantly different (p=0.17)
from the 2.07% (CI (1.76 to 2.43%)) observed in EVSdb.

CONCLUSIONS

The extensive non-allelic genetic heterogeneity of Bardet-Bied]
syndrome has been a major problem for molecular diagnostic
and genetic counselling applications. Various strategies have
been proposed in recent years to optimise mutation
detection,” '°7'? but have either low sensitivity or are too time
consuming and expensive in diagnostic settings. This problem is
shared by other disease entities, such as cardiomyopathies,
hearing loss, Usher syndrome or Charcot-Marie tooth neuropa-
thies. Those NGS-based alternative strategies can be divided in
whole genome/exome sequencing,*’~*® or targeted sequencing,
either by using multiplex PCR,'? multiple singleplex PCR**~%°
or capture enrichment approaches.

We implemented an in-solution targeted capture strategy for
the 16 known BBS genes and 14 other genes implicated in
ciliopathies that share overlapping clinical features with BBS. We
show here that this is very efficient since in a single sequencing
lane of an Illumina GAIIx one can simultaneously analyse more
than 99.4% of targeted protein coding sequences of these genes
in 12 patients, with sufficient coverage to guarantee reliable
detection of heterozygous variants, small indels and exon dele-
tions. In a week-long run, one could thus potentially analyse 96
patients. Investigation of 36 patients could be completed in
about 3 weeks when including sample preparation and initial
bioinformatic analysis. Data analysis and further mutation
validation takes a longer time for cases where only variants of
uncertain pathogenicity are present. We estimated the overall
consumable costs in our settings at about $600. This can be even
further decreased by using the latest more powerful sequencers,
allowing analysis of larger pools of barcoded samples while
keeping a high depth of coverage. Indeed, we recently sequenced
a new cohort of 24 patients (using 12 capture reactions) in

Redin C, Le Gras S, Mhamdi O, et al. J Med Genet (2012). doi:10.1136/jmedgenet-2012-100875

a single lane of an Illumina HiSeq2000 with even higher
coverage than the one obtained in previous experiments with
the GAIlx (data not shown). While exome sequencing is clearly
more exhaustive, in terms of gene coverage in current imple-
mentations, 20—30% of targeted exons are not sufficiently
covered for diagnostic accuracy, that is, to ensure low rates of
false-positive/false-negative findings and reliable detection of
heterozygous mutations or exon deletions. Moreover, the
informatics resources needed for exome/genome sequencing data
analysis and storage are considerably more important than for
targeted sequencing, and can often be a limitation.

This strategy, however, presents some limited pitfalls. Few
protein coding regions were not well covered, either because
of failure in bait design (presence of repeat motifs) or poor
capture efficiency (mostly GC-rich sequences and first exons).
Then, our protocol with initial barcoding of libraries followed
by capture on pooled samples may be cost effective, but at
present, limits the capture efficiency and needs further
optimisation, especially if applied to larger gene sets. Finally, like
for all targeted exon strategies, deep intronic mutations will be
missed. The alternative to targeting entire genes would still miss
a high proportion of intronic regions containing repetitive
sequences, and would also disproportionately increase the
number of rare variants to analyse with splice-prediction
bioinformatic tools that are currently not highly reliable. For
genes expressed in leucocytes or fibroblasts, another alternative
would be selected RNA sequencing (enriched in cognate gene
transcripts).

While similar capture strategies have been recently developed
for other diseases, most of them included a much smaller cohort,
and reported only proof-of-principle analysis,* ~*° with the
exception of Walsh er al.”® Multiplex PCR approaches may have
the potential of covering exons more exhaustively,* given that
primer design is more flexible than hybridisation bait tiling, but
is limited to smaller gene panels than for exon capture. PCR
pooling without barcoding has been used for BBS and NPHP,'? **
a strategy which may be cost effective for analysing large
numbers of samples in epidemiological studies, but appears
unsuited for diagnosis where a key preoccupation is to limit
false-positive/negative rates.

Regarding the specific case of BBS, our study suggests that
when strict clinical criteria are complied with, the frequency of
detected mutations is higher than the generally quoted 70%
figure.” ' There may thus be only few strict BBS genes
remaining to be identified, especially considering that with most
strategies, with the exception of whole-gene sequencing, one
will miss deep intronic pathogenic mutations. Additional genes
to be discovered may correspond rather to variant BBS-like
phenotypes than to strictly defined BBS. Indeed, for patients
with BBS16/SDCCAGS8 mutations, genotype-phenotype anal-
ysis showed for the first time a clear departure from the typical
BBS phenotype with absence of polydactyly and systematic and
severe renal manifestations (usually present in only 30% of BBS
patients).” @ Our finding of ALMS1 mutations in three patients
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Web resources

The URLs for online tools and data presented herein are:
OMIM: http://www.omim/org/

e-Array (Agilent Technologies): https://earray.chem.agilent.com/
earray/

UCSC: http://genome.ucsc.edu/

SVA: www.svaproject.org/

dbSNP: http://www.ncbi.nlm.nih.gov/projects/SNP/

Mutation Nomenclature: http://www.hgvs.org/mutnomen/recs.html
Exome Variant Server, NHLBI Exome Sequencing Project (ESP):
http://evs.gs.washington.edu/EVS/

Integrative Genomics Viewer (IGV): http://www.broadinstitute.org/
igv/

Polyphen 2: http://genetics.bwh.harvard.edu/pph2/

Sift Human Protein: http://sift.jcvi.org/www/SIFT_enst_submit.html
Mutation taster: http://www.mutationtaster.org/

confirms the major clinical overlap with BBS. Finally, we found
no evidence for triallelism in our cohort of BBS patients.
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Clinical and genetic characterization of
Bardet—Biedl syndrome in Tunisia: defining
a strategy for molecular diagnosis

M’hamdi O., Redin C., Stoetzel C., Ouertani 1., Chaabouni M., Maazoul
F., M’rad R., Mandel J.L., Dollfus H., Muller J., Chaabouni H. Clinical
and genetic characterization of Bardet—Biedl syndrome in Tunisia:
defining a strategy for molecular diagnosis.

Clin Genet 2014: 85: 172—177. © John Wiley & Sons A/S. Published by
John Wiley & Sons Ltd, 2013

Bardet—Biedl syndrome (BBS, OMIM 209900) is a rare genetic disorder
characterized by obesity, retinitis pigmentosa, post axial polydactyly,
cognitive impairment, renal anomalies and hypogonadism. The aim of this
study is to provide a comprehensive clinical and molecular analysis of a
cohort of 11 Tunisian BBS consanguineous families in order to give
insight into clinical and genetic spectrum and the genotype—phenotype
correlations. Molecular analysis using combined sequence capture and
high-throughput sequencing of 30 ciliopathies genes revealed 11 mutations
in 11 studied families. Five mutations were novel and six were previously
described. Novel mutations included c.1110G>A and c.39delA
(p.G13fs*41) in BBSI, c.115+5G>A in BBS2, c.12724+1G>A in BBS6,
c.1181_1182insGCATTTATACC in BBSI0 (p.S396Lfs*6). Described
mutations included c¢.436C>T (p.R146*) and c.1473+4A>G in BBSI,
¢.565C> (p.R189%*) in BBS2, deletion of exons 4—6 in BBS4, ¢.149T>G
(p-L50R) in BBS5, and c.4594+1G>A in BBSS8; most frequent mutations
were described in BBSI (4/11, 37%) and BBS2 (2/11, 18%) genes. No
phenotype—genotype correlation was evidenced. This data expands the
mutations profile of BBS genes in Tunisia and suggests a divergence of
the genetic spectrum comparing Tunisian and other populations.
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Bardet—Biedl syndrome (BBS) is a pleiotropic autoso-
mal recessive disorder characterized by a wide spectrum
of clinical signs including progressive retinal degener-
ation, polydactyly, obesity, learning difficulties, renal
tract and genital anomalies as well as other less frequent
features such as anosmia or Hirschprung disease. Clin-
ical diagnosis is established if at least four major fea-
tures, or three major and two minor features are present
(1). The phenotype spectrum of BBS is variable; some
manifestations could appear during childhood. BBS is
considered as a rare disorder, its prevalence in Tunisia
has been estimated to be 1:156,000 (2), and the current
prevalence in North America and Europe ranges from
1:140,000 to 1:160,000 live births. Populations with
a high rate of consanguinity or from isolated regions
were characterized by a high frequency of BBS such
as for Koweit (1:17,000) or Newfoundland (1:13,000)
(3, 4). BBS is a genetically heterogeneous disorder.
Till date, 17 genes have been described (BBSI—-17).
Seven BBS proteins (BBS1, 2, 4, 5, 7, 8 and 9) form a
stable complex BBSome (5, 6). Oligogenic inheritance
has been described in some BBS families (7-9). Muta-
tions in BBS1—17 account for 70—80% of affected BBS
families (10).

The spectrum of BBS genes mutations in North
Africa and the Arab world remains uncertain as only
a few molecular studies were reported in these regions.
The aim of this report is to provide a comprehensive
clinical and molecular analysis of a cohort of 11
consanguineous Tunisian BBS families, to ascertain
the phenotype—genotype correlation, and to delineate
a strategy for the clinical implementation of molecular
diagnosis of Tunisian BBS patients.

Materials and methods

Patients were recruited by the Department of Con-
genital and Hereditary Disorders at Charles Nicolle
Hospital Tunis, Tunisia. Diagnosis of BBS was made
when four of the major features, or three primary
and two secondary features were present. All BBS
Tunisian patients had thorough clinical evaluation
that included personal and family histories, physical
traits and dysmorphology examination, anthropometric
measurements, ophthalmologic evaluation, psychiatric
examination, blood glucose, liver and renal function
tests. Peripheral blood was collected in EDTA (ethylene
diamine tetraacetic acid) tubes from all the affected
and unaffected members who were clinically evaluated.
Informed consent was obtained from all patients, their
families and control group.

Molecular analysis

All patients included in this study were tested for
the two recurrent known mutations M390R in BBS/
and CO91Lfs* in BBSIO by direct sequencing. No
mutations were revealed. All patients were analyzed
in the second step using the targeted exon capture
strategy coupled with high-throughput sequencing as

Clinical and genetic characterization of BBS

described by Redin et al. (11). A total of 30 genes were
targeted including 12 NPHP genes, 16 BBS genes, the
ALMSI gene and the CCDC28B gene. Only principal
mutations were confirmed by direct sequencing on ABI
3130 (Applied Biosystems, Foster City, CA) for the
patients and their parents for segregation analysis. The
novel variants not described in the Human Genetics
Mutation  Database  (http://www.hgmd.cf.ac.uk/ac)
were verified using the 1000 Genome Database
(http://browser.1000genomes.org/index.html) and by
sequencing of the control group consisting of 96
unrelated individuals of Tunisian origin.

Bioinformatics tools

Different softwares were used for molecular
results analysis: HUMAN SpPLICING FINDER Vv.2.3.
(http://www.umd.be/HSF/) and SPLICE SITE PRE-

DICTION (http://fruitfly.org/seq_tools/splice.html)
were used for analysis of splicing mutations;
POLYPHEN?2 (http://genetics.bwh.harvard.edu/pph)

and sIFT (http://sift.jevi.org/) were used to perform in
silico prediction of the functional impact of missense
mutations.

Results
Clinical characterization of BBS families

A cohort of 11 Tunisian consanguineous families with
15 affected members was included in this study.
The patients’ ages ranged between 4 and 36 years.
All patients studied here were from consanguineous
families. The pedigrees in all affected members are
consistent with the autosomal recessive mode of
inheritance. The phenotype spectrum in our cohort
BBS families was broader than the classic package as
renal abnormalities have been added as new cardinal
feature for the clinical diagnosis of BBS (1). All
patients showed signs of retinal dystrophy, obesity was
present in 93.33%, intellectual disabilities were noted
in 80% and renal anomalies were present in 26.66%.
Clinical analysis revealed a low degree of interfamilial
variability (Table 1). Except family BB-S-F12, where
two affected members had different clinical features,
one patient had all principle features of BBS, whereas
her sister had renal cysts with mild mental retardation
and nystagmus.

Molecular characterization of BBS in Tunisian families

Molecular analysis revealed 11 different mutations
in BBSI, BBS2, BBS4, BBS5, BBS6, BBSS and
BBSI0 genes, five of them were novel and six
were previously described. Identified mutations were
summarized in the Table 2. Figure 1 showed the
multiple sequences alignment of the missense muta-
tion L50R identified in BBS5 gene. The following
results expand the genetic spectrum of BBS genes in
Tunisia.
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Table 1. Clinical features of 15 Tunisian patients belonging to 11 families

Age Renal Dental Visual Hearing Other
Patient ID Gender  (years) Obesity RP  Polydactyly — Hypogenitalism anomalies MR  anomalies  impairment out of RP loss features
BBS-F1-A F 5 + + + + - - + + - Neonatal hypotonia
BBS-F2-A M 6 + + + + - + — NA — Anemia HTA
BBS-F3-A F 4.5 + + + + - — + NA — Facial palsy
BBS-F7-A F 8 + + + - - + - - - -
BBS-F8-A M 15 + + + + - + + - - -
BBS-F8-B F 11 + + - + +Dialysis + + + - —
BBS-F9-A F 21 + + — — — + + — — Diabetes mellitus
BBS-F9-B F 29 + + + - — - - + - —
BBS-F10-A F 7 + + + + - + + - - -
BBS-F11-A F 32 + + — + NA + NA + - —
BBS-F11-B F 40 + + — — NA + - + - -
BBS-F12-A F 14 — — — — PKD + dialysis + + - —
BBS-F12-B M 4 + + + + + + - - - -
BBS-F13-A F 11 + + + - - + + + - -
BBS-F14-A M 4 + + + + + - + - — HTA

F, female; HC, head circumference; HTA, arterial hypertension; M, male; MR, mental retardation; NA, not available; PKD, polycystic kidney disease; RP, retinitis pigmentosa; +, present;

—, absent.
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Table 2. BBS genes mutations and other variants identified in Tunisian BBS patients

Status in parents

Principal Predicted Status in  Additional identified ~ Status in
Gene  Family Patient ID mutations effect Father Mother patient alleles patient sIFT prediction POLYPHEN2
BBS1 BBS-F9 BBS-F9-A ¢.1110G>A (exon 11) Splice mutation Htz Htz Hmz - - - -
BBS-F9-B c.1110G>A (exon 11) Splice mutation Htz Htz Hmz - - - -
BBS-F12 BBS-F12-A c.39delA (exon 1) p.A14Lfs*28 Htz Htz Hmz BBS3: c.-688A>G Htz - -
BBS-F12-B c.39delA (exon 1) p.A14Lfs*28 Hiz Htz Hmz BBS3: c.-683A>G Htz - -
BBS-F1 BBS-F1-A C.1473+4A>G (exon 14) Splice mutation Htz Htz Hmz NPHP1: p.G154S Htz Tolerated Benign
BBS-F11 BBS-F11-A €.448C>T (exon 5) p.R146* Htz Htz Hmz - - - -
BBS-F11-B C.448C>T (exon 5) p.R146* Htz Htz Hmz - - - -
BBS-F11-C €.448C>T (exon 5) p.R146* Htz Htz Hmz - - - -
BBS2 BBS-F7 BBS-F7-A c.565C>T (exon 5) p.R189* Htz Htz Hmz MARKS3: p.R674H Htz Damaging Probably damaging
BBS-F2 BBS-F2-A €.3454+5G>A (exon 2) Splice mutation Htz Htz Hmz  BBS7:c.-1503delC Htz - -
BBS13: ¢.*1004delC Htz - -
BBS4 BBS-F3 BBS-F3-A Deletion Ex4-5-6 Htz Htz Hmz BBS5: p.N184S Htz Damaging Probably damaging
BBS5 BBS-F13 BBS-F13-A €.149T>G (exon 3) p.L50R Htz Htz Hmz / / Damaging Probably damaging
BBS16: p.R464K Htz Tolerated  Possibly damaging
BBS6: ¢.-3436C>T Htz - -
BBS15:¢.-1012C>T  Htz - -
BBS6 BBS-F10BBS-F10-A €.1272+1G>A (exon 5) Splice mutation Htz Htz Hmz NPHP4: p.R959Q Htz Damaging Probably damaging
BBS9: ¢.*336A>G Htz - -
BBS8 BBS-F14 BBS-F14-A €.459+1G>A (exon 4) Splice mutation Htz Htz Hmz AHI1: p.R830W Htz Damaging Probably damaging
TMEMZ216: c.*558G>A Htz - -
BBS10 BBS-F8 BBS-F8-A c.[1171_1181dupGCATTTATACC] (exon2) p.S396Lfs*6  Htz Htz Hmz BBS7: ¢.*729del C Htz - -
AHIT: c.*27C>T Htz - -

BBS, Bardet-Biedl syndrome; Hmz, homozygous; Htz, heterozygous.
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Homo
Bos
Mus
Rattus
Xenopus

Danio

Fig. 1. Multiple sequences alignment covering the pathogenic mis-
sense mutation L50R identified in BBS5 gene in the family BBS-F13.
Homo, human; Rattus, rat; Mus, mouse; Bos, cow; Xenopus, Xenopus
tropicalis; Danio, zebrafish. *, position of the missense mutation.

Heterozygous variants detection and triallelism
inheritance

Interestingly others variants were detected in 30 ana-
lyzed genes in our BBS patients. For all 11 studied
families, novel homozygous and heterozygous variants
were identified. The high quality of the high-throughput
sequencing technology did uncover an important num-
ber of variants in 16 BBS genes and the other 14 cil-
iopathies analyzed genes. Most variants were heterozy-
gous in coding, non-coding and regulatory regions.
The majority were non-coding (100/116 or 86%) with
exception of nine UTR variants (BBS3 c.-688A>G,
BBS6 c¢.-3436C>T, BBS7 c.*729del C, c.-1503delC,
BBS9 ¢.*336A>G, BBS13 c.*1004delC, BBSI5c.-
1012C>T, TMEM216 c.*558G>A, AHII ¢.*27C>T).
One interesting heterozygous variant p.R830W in AHI]
gene was detected in the family BBS-F14 (Table 2).

Discussion

We report the clinical evaluation and molecular anal-
ysis of 11 Tunisian consanguineous BBS families
using the targeted exon-capture strategy coupled with
high-throughput sequencing. Clinical features analysis
revealed that most affected patients shared the classi-
cal features of BBS. Molecular analysis was able to
identify mutations in all families, which is higher than
previous reports (12—14). This further shows that upon
strict inclusion criteria in the current molecular test is
extremely powerful.

In our cohort, BBSI and BBS2 were the most
commonly mutated genes, respectively 36% and 18%,
respectively. BBS4, 5, 6, 8§ and /0 contributed each
one for a single family. These results are partially
inconsistent with European reports where BBS/ and
BBSI10 were the most commonly involved genes in
BBS patients, respectively 21% and 30% (14, 15).

BBS1 gene mutations remain the principal cause of
BBS disease in different populations, whereas we find
divergence for other BBS genes. Actual data revealed
that BBS2 and BBSS genes are more frequently
mutated in Tunisian patients (16, 17), whereas BBS3
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and BBS4 are frequently mutated in Arab Saudi
population (18, 19).

A wider cohort is necessary to confirm the results
obtained in our smaller subset of the Tunisian BBS
patients in order to better characterize the genetic
spectrum of this disorder.

The recognition that BBS is a ciliopathy has extended
the understanding of the role of the BBS genes (20)
as well as the mechanisms of some observed defects.
Several studies showed that BBS proteins play a critical
role in the cilium biogenesis and ciliary signaling
(20-23). Seven BBS conserved proteins (BBS1, 2, 4,
5, 7, 8 and 9) form a stable complex, the BBSome
controlling the vesicular transport to the cilium. BBS7
and BBSS genes played a minor role in mutational
spectrum of BBS in multiethnic population (24).
Molecular analysis of BBS in Tunisian families were
in agreement with previously published studies which
suggested that BBS7 gene were infrequently mutated in
different populations (10, 16, 17, 19).

The genotype analysis in Tunisian BBS studied fam-
ilies revealed that mutation spectrum of BBS genes
involved BBSI-BBSI0 genes. The current studied
cohort was small and was selected on strict clinical cri-
teria. No clear genotype—phenotype correlation could
be observed. We will extend in the future the clinical
and molecular analysis of all Tunisian patients sharing
minimum features of BBS, thus to identify the muta-
tional spectrum in our population.

Two mutations p.R189* (BBS2 gene) in family BBS-
F7 and ¢.4594+1G>A (BBSS gene) in family BBS-F14
were previously identified in four Tunisian families
from different regions of the country (17). Genotyping
analysis showed that these patients shared the same
haplotype suggesting the hypothesis of the founder
mutation for these two mutations in our population.
On the other hand the BBS4 gene mutation identified
in family BBS-F3 was reported in one Algerian BBS
family (10), suggesting the hypothesis of the founder
mutation in North Africa region.

The principal advantage of the recently used
approach in the molecular analysis of Tunisian BBS
patients (17) was the simultaneously analysis of all 16
BBS genes and other 14 genes implicated in overlap-
ping ciliopathies, allowing the detection of all principal
mutations and triallelism. Interestingly, one heterozy-
gous variant p.R830W in AHI] gene was detected in
the family BBS-FI14. This allele was described as a
modifier of retinal degeneration risk in patients with
nephronophthisis (25). Clearly this approach showed
high efficiency in the mutation detection than other
strategies used last year such as screening of all defects
BBS genes by direct sequencing and homozygosity
mapping using single nucleotide polymorphism (SNP)
in consanguineous families. Molecular investigation
and data analysis were more quickly achieved than
other molecular strategies.

In order to fully explore the mutation spectrum in the
Tunisian population and to confirm the founder effect
in some of them, it will be necessary to extend the
molecular analysis to sporadic cases, and by lowering



the inclusion criteria. Herein we present a specific
strategy that could be applied to power mutations
detection in Tunisian BBS patients. In first step, we
suggest the screening of common mutation in BBS/,
the most frequently mutated gene and the founder BBS
mutations in BBS2 and BBSS8 genes. In second step,
we advocate a targeted exon-capture strategy coupled
high-throughput sequencing of 30 ciliopathies genes.
Exon capture coupled with high-throughput sequencing
strategy will be used in the future for diagnosis purpose
of BBS.
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Paper II1: Mutations in SDCCAG8/NPHP10 Cause Bardet-Biedl Syndrome and Are
Associated with Penetrant Renal Disease and Absent Polydactyly.
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Letsch J, Kribs M, Mutter C, Muller J, Stoetzel C, Fischbach M, Marion V, Katsanis N, Dollfus H..
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Aim of the study: Report of 5 BBS families carrying mutations in SDCCAGS8/NPHP10, proposing it
as a novel BBS gene (BBS16). Reporting also one of the only hints for genotype-to-phenotype

correlations in BBS since strikingly no patients present with polydactyly and present with
abnormally severe kidney disease.

Contribution: Minor. Performed the statistical analyses for determining which clinical feature was
significantly different in SDCCAGS8/BBS16 patients compared to other BBS patients. Wrote the
different conclusions accordingly.
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Abstract

The ciliopathies are an expanding group of disorders caused
by mutations in genes implicated in the biogenesis and
function of primary cilia. Bardet-Biedl syndrome (BBS) is a
model ciliopathy characterized by progressive retinal de-
generation, obesity, polydactyly, cognitive impairment, kid-
ney anomalies and hypogonadism. Mutations in SDCCAG8
(NPHP10) were described recently in patients with neph-
ronophthisis and retinal degeneration (Senior-Loken syn-
drome; SLS). Given the phenotypic and genetic overlap be-
tween known ciliopathy genes, we hypothesized that muta-
tions in SDCCAG8 might also contribute alleles to more

severe, multisystemic ciliopathies. We performed genetic
and phenotypic analyses of 2 independent BBS cohorts.
Subsequent to mutation screening, we made a detailed phe-
notypic analysis of 5 families mutated for SDCCAG8 (3 homo-
zygous and 2 compound heterozygous mutations) and con-
ducted statistical analyses across both cohorts to examine
possible phenotype-genotype correlations with mutations
at this locus. All patients with mutations in SDCCAGS8 fulfilled
the diagnostic criteria for BBS (retinal degeneration, obesity,
cognitive defects, renal failure, hypogonadism). Interesting-
ly, none of the patients with primary SDCCAG8 mutations
had polydactyly, a frequent but not obligatory BBS feature.
In contrast, the same patients displayed early-onset renal
failure, obesity, as well as recurrent pulmonary and ENT in-
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fections. Comparison of the phenotypes of these families
with our entire BBS cohort indicated that renal impairment
and absent polydactyly correlated significantly with causal
SDCCAG8 mutations. Thus, SDCCAG8 mutations are sufficient
to cause BBS in 1-2% of our combined cohorts, and define
this gene as the sixteenth BBS locus (BBS16). The absence of
polydactyly and the concomitant, apparently fully penetrant
association with early kidney failure represents the first sig-
nificant genotype-phenotype correlation in BBS that poten-
tially represents an indicator for phenotype-driven priority
screening and informs specific patient management.
Copyright © 2011 S. Karger AG, Basel

The ciliopathies represent a diverse group of clinically
distinct but phenotypically overlapping disorders caused
by mutations in genes involved in the biogenesis or main-
tenance of the primary cilium, a sensory organelle found
in most mammalian cells [Gerdes et al., 2009]. The phe-
notypic range of ciliopathies encompasses both single-or-
gan disorders as well as broad syndromic conditions, and
their range of onset likewise varies from prenatally to ear-
ly childhood. To date, mutations in >30 genes have been
reported to be involved in this spectrum of diseases [Bada-
no et al., 2006]. The ciliopathies are also characterized by
a high degree of genetic heterogeneity, with little evidence
of genotype-phenotype correlations. For example, muta-
tions in 11 genes have been shown to be genetically neces-
sary to cause nephronophthisis (NPHP, or, when present
in conjunction with retinal degeneration, Senior-Loken
syndrome, SLS), while 15 causal genes have been identi-
fied in Bardet-Biedl syndrome (BBS) [Gascue et al., 2011].
BBSis a model ciliopathy exhibiting characteristic pheno-
typic pleiotropy, illustrated by 5 major features: retinitis
pigmentosa (RP), obesity, polydactyly, urogenital abnor-
malities, and cognitive impairment [Beales et al., 1999].
BBS genes have been identified through various strategies
ranging from traditional positional cloning, in some in-
stances associated with comparative genomics [Katsanis
et al., 2000; Slavotinek et al., 2000; Mykytyn et al., 2001,
2002; Nishimura et al., 2001, 2005; Chiang et al., 2004,
2006; Li et al., 2004; Stoetzel et al., 2006, 2007], to homol-
ogy-based approaches [Ansley et al., 2003; Badano et al.,
2003; Fan et al., 2004], evaluation of functional candidates
[Kim et al., 2010] and overlap with other clinically distinct
ciliopathies [Leitch et al., 2008]. The latest reported reti-
norenal ciliopathy gene, SDCCAGS, was identified by im-
plementing an exon capture approach and homozygosity
mapping with subsequent dedicated sequencing in phe-
notypically diverse cohorts that included patients with
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Mutations in SDCCAG8

US SLS cohort: BBS cohorts:
6 families mutated 5 families mutated
(Otto et al.)

French BBS cohort (HD):
3 families

US BBS cohort (NK):
2 families (AR37 and 1063)
(Otto et al.)

Families .2 and 11.22
(Otto et al.)

Family 11.30
(this study)

Fig. 1. Representation of families reported with mutations in
SDCCAGS (H.D.: Helene Dollfus; N.K.: Nicholas Katsanis).

NPHP, including the associated SLS phenotype, as well as
patients with phenotypes consistent with BBS [Otto et al.,
2010]. We describe herein the genetic and phenotypic
analysis of BBS patients from 2 large independent BBS co-
horts (fig. 1). Overall, we identified 5 families fulfilling the
diagnostic criteria for BBS and carrying causal mutations
in SDCCAG8. We provide evidence that mutations in this
locus are sufficient to cause this disorder, rendering
SDCCAGS8/NPHPIO0 the sixteenth BBS gene (BBSI6) and
expanding the notion that mutations in some ciliary genes
can drive the development of diverse clinical phenotypes
[Zaghloul and Katsanis, 2009]. Moreover, we show that in
each cohort, causal SDCCAGS8 mutations lead to absent
polydactyly and fully penetrant renal disease, providing
the first significant genotype-phenotype correlation and
potentially offering predictive value for clinical genetic
testing for any of the known BBS loci.

Patients and Methods

Patients and Related Phenotype

The patients analyzed in this study came from 2 independent
BBS cohorts, 1 investigated in France (H.D.) and 1 in the United
States (N.K.). Inclusion criteria have been defined elsewhere
[Beales et al., 1999]. Informed consent was obtained from all par-
ticipants in the study, in accord with the tenets of the Declaration
of Helsinski.

The French BBS cohort includes more than 400 BBS families
collected since 2002. Twenty of them with no apparent mutation
in BBS1-BBSI4 were selected for a first screen by SNP array anal-
ysis because of consanguinity and/or because of the number
of affected individuals. After the identification of mutations in
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Fig. 2. Mutations reported in SDCCAGS to date. Mutations described in BBS patients are represented above the
gene and mutations identified in SLS patients below. ESE = Exonic splicing enhancer.

SDCCAGS in 3 families (1.2, I1.22 and I1.30), a second series of 40
patients, comprising mostly sporadic cases, was tested.

For the US BBS cohort, a series of 94 unrelated patients with
BBS was tested irrespective of the presence of mutations at other
loci.

Homozygosity Mapping (French Cohort)

Homozygosity mapping results for families 1.2 and I1.22 have
been described elsewhere [Otto et al., 2010]. Family II.30, report-
ed here for the first time, was genotyped with the Affymetrix
GeneChip Human Mapping 250K Nsp Array (Affymetrix, Santa
Clara, Calif., USA). Sample processing and labeling were conduct-
ed according to the manufacturer’s instructions. Genotypes were
called with Genotyping Console (GTC v4.0, Affymetrix).

Sequencing

Genomic DNA was extracted from blood samples according to
the manufacturer’s protocol (Flexigene DNA Kkit, Qiagen). PCR
amplification was performed with 50 ng of genomic DNA tem-
plate. The primers were designed with Primer 3 (http://frodo.wi.
mit.edu/primer3); detailed protocols and primers are available on
request. Bidirectional sequencing of purified PCR products was
performed by the GATC Sequencing Facilities (http://www.gatc-
biotech.com/en/about-us/gatc.html) or in-house on an ABI3730
Sequencer (Applied Biosystems, Santa Clara, Calif., USA).

Results

Homozygosity Mapping (French Cohort)

Results for families 1.2 and I1.22 have been reported
previously [Otto et al., 2010]. In the consanguineous fam-
ily I1.30, we identified large homozygosity segments in-
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cluding 4 regions that contain known ciliopathy genes
(NPHP2/INVS, NPHP6/CEP290, MKSI, and BBS4). How-
ever, we found no mutations by direct sequencing of each
locus. SDCCAG8 was located in one of the smaller homo-
zygosity regions (1.4 Mb) and, given its candidacy, we se-
quenced its coding regions. We identified a homozygous
nonsense mutation in exon 10 (p.R374X, ¢.1120C>T)
(fig. 2) that was absent from 192 ethnically-matched con-
trols and segregated with the disorder under an autoso-
mal recessive mode of inheritance.

Phenotype and Genotype

Family I1.30 represents the fifth BBS family with mu-
tations in SDCCAGS, in addition to the 6 reported SLS
families [Otto et al., 2010] (fig. 1). The genotypic and phe-
notypic data for each family are summarized in table 1.

The first family, 1.2, is a Gypsy consanguineous kin-
ship with 5 affected members found in 2 related sibships.
Affected sibs harbored a homozygous deep intronic mu-
tation (c.740+356C>T) in intron 7 that was predicted to
lead to the loss of an exonic splicing enhancer site, a pre-
diction confirmed by cDNA sequencing [Zhang et al.,
2005; Otto et al., 2010] (fig. 2). Although this family is
classified as classic BBS, they were recruited initially be-
cause of the acute manifestation of chronic renal failure
that was coupled to a variety of respiratory defects: pa-
tient 1.2.21 was dialyzed between the age of 22 and 25
years, at which point the patient underwent a renal trans-
plantation. Moreover, this patient developed subsequent-
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Table 1. Main clinical manifestations and mutations in SDCCAGS for the patients reported in this study

Family
1.2 I1.22 11.30 AR37 1063
Parental consanguinity yes yes yes no no
Ethnic origin Gypsy Europe Turkish North European India
Individual 1221 1222 1223 1224 1225 I1.2221 11.22.22 AR37-02 AR37-05 AR37-07
Gender M F F M M M F F M M F ND
Age, years 37 22 14 8 31 19 15 6 27 22 11 ND
Obesity (BMI) - +(38) +(34) - +(54) +(41) +(31) +(22) +(31) + (30) +(28) +
Cone-rod dystrophy (age) +(29) +(13) +(10) +(6) +(31) +(13) +(9) +(5) + +(13) +(11) +
Chronic renal failure (age) +(22) +(13) +(10) +(6) +(31) +(13) +(13) +(5) +(28) +(22) +(?) ND
Polydactyly - - - - - - - - - - - -
Hypogonadism/hypogenitalism ND ~ ND ND  ND ND ND + ND ND
Developmental delay ND  + + + + + + - - + +
Conductive hearing loss/
recurrent otitis + + ND ND ND ND ND
Respiratory infection + + + + + + ND ND ND ND
Respiratory failure + + - - ND ND ND ND ND ND ND ND
Asthma + + + + ND + + ND ND ND ND ND
Mutation ¢.740+356C>T/c.740+356C>T c.679A>T/c.679A>T ¢.1120C>T/ ¢.696T>G/c.740+1delG c.1444delA/
c.1120C>T c.1627_1630
delGATA
Location of mutation intron 7 exon 7 exon 10 exon 7 exon 12/14
Protein modification loss of ESE site (aberrant ins IVS7) p-K227X/p.K227X  p.R374X/  p.Y232X/splice p.-T4828£sX11/
p-R374X p.D543AfsX23
Familial segregation yes father htz/ father htz/  ND ND
mother ND mother htz

BMI = Body mass index; ¢ = coding DNA; del = deletion; ESE = exonic splicing enhancer; fs = frameshift; htz = heterozygous; IVS = intervening sequence;

ND = not determined; p = protein.

ly respiratory infections, bronchiectasis, and obstructive
chronic respiratory failure, a combination of features
seen uncommonly in BBS.

BBS was diagnosed 2 years later as RP was established
both for him and his 13-year-old sister (1.2.22) (fig. 3A,
fundus). In addition to RP, she exhibited obesity (BMI: 38
kg/m?) (fig. 3A, whole body), mental retardation, and
moderate deafness due to recurrent otitis. Renal failure
was diagnosed and required dialysis and later transplan-
tation. Like her brother, she presented early with regular
respiratory infections and she developed bronchiectasis
of the medium lobus and chronic obstructive respiratory
failure. Although anosmia has been demonstrated in
some 50% of BBS patients [Kulaga et al., 2004], she was
normosmic, while a nasal biopsy showed ciliary normal
beating.

The third affected sib (patient I.2.23) was regularly ad-
mitted to hospital since birth because of respiratory in-
fections and delayed cognitive skills. The recurrent respi-
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ratory and ENT infections led to a chronic obstructive
broncho-pneumopathy and to moderate conductive
hearingloss. A CT scan revealed bronchiectasis. Immune
deficiency, cystic fibrosis and allergy were excluded and
a nasal biopsy showed normal motile cilia. An abdominal
ultrasound showed hyperechogenic kidneys at 1 year of
life; at age 9, kidneys were consistently hyperechogenic,
with enlarged cortex and abnormal cortico-medullary
differentiation. Renal scintigraphy showed mildly im-
paired renal function. RP was subsequently diagnosed,
fulfilling the diagnostic criteria for BBS. One year later,
the patient suffered from terminal renal failure and the
ultrasound showed bilateral renal hypotrophy (55 X 23
mm) that required dialysis and renal transplantation 3
years later. Consistent with BBS, the patient became pro-
gressively obese (BMI: 34 kg/m?). She was evaluated on
the cognitive level by the Wechsler Intelligence Scale for
Children® (WISC®-1V) and showed moderate cognitive
impairment and mental retardation (data not shown).
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Fig. 3. A, B Photographs of patients 1.2.22 (A) and I.2.25 (B) showing the obesity (photograph from head to toe),
normal extremities and retinitis pigmentosa (lower fundus photographs), respectively. C Photographs of pa-
tients 11.22.21 (C1) and I1.22.22 (C2) showing obesity with genu valgum orthopedic complications. D Photo-
graphs of patient I1.30 showing excess of weight and normal extremities.

Her brother (patient I.2.24) was diagnosed with termi-
nal renal failure requiring dialysis at 6 years of age. An
ultrasound revealed small kidneys (60 X 24 mm) with a
complete undifferentiated parenchyma. Ophthalmic ex-
amination identified RP. Mental retardation was also di-
agnosed. Similar to the other affected members of this
family, the patient was also treated regularly for bron-
chial and pulmonary infections and recurrent otitis with
moderate conductive hearing loss.

Patient I.2.25 was the eldest at the time of BBS diagno-
sis. In fact, with the exception of several pulmonary in-
fections and morbid obesity (BMI: 54 kg/m?) (fig. 3B,
whole body), the patient had no other complaint. At the
age of 31 years, he presented with acute respiratory dis-
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tress and edema of the lower limbs. Terminal renal failure
was diagnosed and required dialysis. The ultrasound
showed atrophic kidneys (100 mm of maximum height)
with a thin cortex and a bad cortico-medullary differen-
tiation. The diagnosis of RP was made at the same age,
although the patient, with mild cognitive impairment,
had not noticed that his visual fields were tubular (fig. 3B,
fundus).

The combination of our clinical examination secured
a diagnosis of BBS for this family. All affected sibs met
the criteria for BBS although they all lacked polydactyly,
one of the features of BBS that, in some populations, is
present in >60% of patients [Beales et al., 1999] (fig. 3A,
B, hands and feet; fig. 4).
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Fig. 4. Photographs showing different types of extremities found in Bardet-Biedl syndrome. A Normal extrem-
ities for an SDCCAG8 mutated patient. B Typical brachydactyly found in BBS (here: BBS10-mutated patient)
[Stoetzel et al., 2006]. C Typical polydactyly found in BBS (here: BBSI2-mutated patient) [Stoetzel et al., 2007].

The second family I1.22 is a French consanguineous
family. The affected sibs carried a homozygous nonsense
mutation (p.K227X, ¢.679A>T) in exon 7 of SDCCAGS8
[Otto et al., 2010] (fig. 2). Terminal renal failure was di-
agnosed for patient I1.22.21 at 13 years of age. The kidney
ultrasound was normal, except for several small cysts. Di-
alysis began immediately and he received a renal trans-
plantation. The clinical association of renal disease with
obesity (BMI: 28 kg/m?; +5 SD) (fig. 3C1) and cognitive
impairment led to a suspected diagnosis of BBS, despite
the lack of polydactyly. This patient also had asthma and
recurrent ENT infections with adenoidectomy and myr-
ingotomy at age 2. Follow-up showed a significant in-
crease of obesity, with a BMI of 40 kg/m? at adult age. His
9-year-old sister 11.22.22 had no polydactyly but obesity
with a BMI of 31 kg/m? (+10 SD) (fig. 3C2), cognitive im-
pairment and respiratory/ENT manifestations. For both
of them, an extensive medical investigation also revealed
RP, hypogenitalism (unilateral cryptorchism, small penis
and testicles for the boy and labia minora hypoplasia for
the girl), substantiating the BBS diagnosis. The ultra-
sound of patient I1.22.22 showed kidneys of normal size
but with bilateral cortico-medullary dedifferentiation.
Follow-up detected progressive renal deterioration re-
quiring dialysis, followed by subsequent transplantation.

The family I1.30 proband is a sporadic case of con-
sanguineous Turkish lineage, carrying a homozygous
nonsense mutation (p.R374X, ¢.1120C>T) in SDCCAG8
(identified in this studys; fig. 2). Since the age of 1 month,
she presented recurrent respiratory infections and bron-
chiolitis, leading to the diagnosis of infantile asthma. She
also presented recurrent ENT infections and benefited
from adenoidectomy and myringotomy. Moreover, she
developed early-onset obesity (from month 6) and
weighed 27.6 kg for a height of 111 cm at the age of 4 (BMI:
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22.4kg/m?; +6 SD) (fig. 3D, whole body). At 5 years of age,
she was hospitalized for general deterioration related to
terminal renal failure. She was dialyzed and received a
renal transplant a few months later. The histological renal
evaluation suggested nephronophthisis. RP was diag-
nosed on the ERG, although the ocular fundus was unre-
markable. Although an initial diagnosis of SLS was con-
sistent with her findings (with obesity possibly being co-
incidental), she also had mild mental retardation and
speech delay, which, in spite of the absence of polydac-
tyly (fig. 3D, hand and feet), suggested BBS. She is, to date,
the youngest patient affected in our cohort.

The sequencing of 96 unrelated patients of the US
cohort led to the identification of 2 families with muta-
tions in SDCCAGS. Family AR37 is a non-consanguine-
ous family of North-European descent with 3 affected
sibs and 3 unaffected sibs. Affected sibs harbored 2
compound mutations in exon 7: a nonsense mutation
(p-Y232X, ¢.696T>G) and a splice site mutation (c.740+
1delG) [Otto et al., 2010] (fig. 2).

The 3 sibs were obese, with a BMI of 28 kg/m? (+5 SD)
for the youngest (AR37-07; 11 years old), 30 kg/m? for the
second (AR37-05; 22 years old) and 31 kg/m? for the el-
dest (AR37-02; 27 years old). All of them had RP, diag-
nosed at 13 and 11 years old for AR37-05 and AR37-07,
respectively (data on first diagnosis are not available for
AR37-02). Similar to the patients in the French cohort,
patients AR37-02 and -05 had terminal renal failure di-
agnosed at 28 and 22 years, respectively. The renal ultra-
sound of patient AR37-07 at 12 years showed early renal
disease; the kidney biopsy revealed tubular and glomeru-
lar disease with persistent fetal glomeruli, prompting rig-
orous kidney follow-up. Notably, again reminiscent of the
patients with SDCCAG8 mutations in the French cohort,
none of the 3 affected sibs had polydactyly. One patient
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had hypogenitalism (AR37-05) and one had cognitive
impairment (AR37-07).

Finally, 2 heterozygous deletions causing frameshifts
and inducing a premature stop codon were identified
in exon 12 (p.T482S5fsX11, c.1444delA) and in exon 14
(p.D543AfsX23, c.1627_1630delGATA) in a sporadic case
born from Indian non-consanguineous parents (F1063)
[Otto et al., 2010] (fig. 2). This boy presented terminal re-
nal failure in childhood, RP, and developmental delay,
but no polydactyly. No more clinical data are available as
the family is no longer accessible for follow-up studies.

First Evidence for Gene-Specific Phenotypes in

BBS Patients

Despite the documented clinical variability of BBS, we
were intrigued by the consistent presence of renal disease
with a concomitant absence of polydactyly in all BBS pa-
tients in which SDCCAG8 mutations were sufficient to
explain the disorder. We therefore wondered whether this
pattern was significant in our cohorts. Because the num-
ber of SDCCAGS8-positive patients is modest, we com-
pared: (a) the frequency of the single occurrence of either
renal disease or polydactyly in SDCCAGS patients versus
our cohorts; (b) the recurrence of these phenotypes in sib
pairs with or without SDCCAG8 mutations, and (c) the
frequency of the combined occurrence of renal failure
along with absence of polydactyly in SDCCAGS patients
versus the cohorts.

In the French cohort, the 8 SDCCAG8-positive BBS
patients all shared the same phenotype: renal fail-
ure (8/8), but no polydactyly (8/8), whereas in the 36
SDCCAG8-negative BBS patients only 18/36 had renal
failure, and 15 of them (15/18) showed polydactyly. In the
US cohort, we found a low incidence of renal disease:
12/92 SDCCAG8-negative patients had renal disease ver-
sus 4/4 SDCCAG8-positive, a significant difference (Fish-
er’s exact test: p < 0.0005). These data reveal a significant
difference of phenotype between SDCCAG8-positive pa-
tients and the rest of the BBS cohorts, at both levels of
renal failure feature (p < 0.0089) or absence of polydac-
tyly (p < 0.0042).

Consistent with the above data, in the US cohort the
intrafamilial recurrence of renal disease was absolute in
our 3 SDCCAG8-positive sib pairs, but true only in 2/37
negative sib pairs, an observation that was also signifi-
cant (p < 0.0011) and which strengthened the hypothesis
of renal disease recurrence being higher in SDCCAGS-
positive sib pairs than in negative ones.

Finally, when we asked for the co-occurrence of re-
nal disease and absence of polydactyly, we found an
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even more striking (and significant) difference. Once
again, in the French PHRC 2002 cohort we identified 3
out of the 36 SDCCAG8-negative patients without poly-
dactyly and with renal impairment, whereas 100% of
the SDCCAGS patients with renal failure had no poly-
dactyly (p < 0.0001). Identically, whereas all the US pa-
tients (and sib pairs) were fully concordant with these
phenotypes, we only found 4/92 SDCCAGS8-negative
patients with renal disease and no polydactyly (p <
0.00002) and 0/37 sib pairs (p < 0.0001). The data for
both cohorts only show a significant absence of poly-
dactyly in renal affected SDCCAGS patients as com-
pared to renal affected SDCCAG8-negative patients. In
the French cohort, the co-occurrence of renal failure
and absence of polydactyly in all SDCCAGS8 patients
versus the rest of the BBS cohorts was also found to be
significant (p < 0.000004).

Discussion

The ciliopathies represent useful models to study the
architecture of human genetic disease, especially with re-
gard to the mechanistic underpinnings of genetic hetero-
geneity and the molecular basis of phenotypic variability.
Some exceptions notwithstanding, allelism at single cili-
opathy loci is insufficient to explain phenotypic differ-
ences, an observation attributed in part to the concept of
the variable activity of trans-acting modifiers within the
biological system: the primary cilium [Khanna et al,
2009; Zaghloul and Katsanis, 2010; Davis et al., 2011]. For
example, loss-of-function mutations in the pan-ciliopa-
thy locus CEP290 can cause isolated nephronophthisis
(NPHP6 [Sayer et al., 2006]), SLS (SLSN6 [Sayer et al.,
2006]), Leber congenital amaurosis (LCAIO [den Hol-
lander et al., 2006]), BBS (BBS14 [Leitch et al., 2008]), Jou-
bert syndrome (JBTS5 [Sayer et al., 2006]) and Meckel-
Gruber syndrome (MKS4 [Baala et al., 2007]), with no
evidence for single locus genotype-phenotype correla-
tions.

The data emerging from the novel ciliopathy gene
SDCCAGS suggest similar phenotypic overlap. While
Otto et al. [2010], focusing on a cohort of patients
with retinal-kidney phenotypes, identified mutations in
SDCCAGS primarily in patients with an SLS diagnosis,
we identified independently mutations in the same tran-
script in BBS patients. Given the pattern of variation de-
tected in CEP290, as well as in other ciliopathy loci, we
predict that SDCCAGS8 is an attractive functional/genetic
candidate for other related ciliopathies, most notably
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Meckel-Gruber syndrome and Joubert syndrome. How-
ever, in contrast to significantly divergent phenotypes
seen upon loss of function of other ciliopathy transcripts,
all null alleles in SDCCAG8 are concomitant with early
renal failure and RP. In most cases in our present study,
renal failure was the first symptom of the disease, was
discovered at the terminal stage and typically predated
the diagnosis of BBS. Notably, although renal impair-
ment represents one of the primary features of BBS, its
penetrance ranges from 5 to 82% [Beales et al., 1999; Im-
hoff et al., 2011]. In the cohort described by Beales et al.
[1999], 6 patients (5%) presented chronic renal failure and
4 of them were children. Moreover, although all individ-
uals from a series of 20 BBS patients in Newfoundland
(mean age: 30 years) presented structural and/or func-
tional renal abnormalities, only 3 (15%) experienced ter-
minal renal failure [Harnett et al., 1988]. As such, it is
unusual that both the large US and French BBS cohorts
used in the present study show a statistically significant
and apparently fully penetrant end stage kidney disease
in SDCCAGS patients (100%) as opposed to a low inci-
dence of kidney failure in the SDCCAG8-negative BBS
patients (13 and 8%, respectively).

In addition to the renal phenotype, 10 of 12 SDCCAGS-
BBS patients (83%) presented early-onset obesity. Inter-
estingly, a recent meta-analysis of genome-wide associa-
tion studies for early-onset obesity identified 3 polymor-
phisms in introns 6, 9 and 10 of SDCCAGS in strong pair-
wise linkage disequilibrium [Scherag et al., 2010]. This
association of SDCCAGS variants with pediatric obesity
prior to the discovery of its involvement in BBS mirrors
that of BBS2, BBS4 and BBS6 with the association of their
polymorphisms with childhood and late-onset obesity
reported after their BBS-causing mutations [Benzinou et
al., 2006]. Taken together, these findings suggest that (a)
BBS- and other ciliopathy-causing genes might be strong
candidates for sporadic, genetically complex obesity, and
(b) that the underlying obesity mechanism of BBS might
be relevant to a broader subset of complex obesity.

All patients in the French cohort also presented recur-
rent pulmonary and ENT infections in early childhood,
symptoms also found in Alstréom syndrome (ALMS).
However, the SDCCAGS phenotype can be readily distin-
guished from ALMS as dilated or restrictive cardiomy-
opathy, diabetes and sensorineural component were not
present in any of our patients, while, at the same time,
ALMS patients are not known to have cognitive impair-
ment [Alstrom et al., 1959].

The most striking differential clinical feature in
SDCCAGS8-BBS patients was the absence of polydactyly,
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one of the secondary features of BBS. Polydactyly is pres-
ent in 58-74% of BBS patients [Bell, 1958; Green et al.,
1989] and brachydactyly is often associated [Rudling et
al., 1996]. In the French BBS cohort, polydactyly is sig-
nificantly more common, with 98/110 patients with mu-
tations in BBSI-BBSI12 having at least 1 extra digit, and at
least 4 more families manifesting brachydactyly. This
might represent a peculiarity of the genetic pool from
which our patients are enrolled, or, more likely, might
represent overly stringent criteria for securing a BBS di-
agnosis. Irrespective of the source of this difference, the
high occurrence of polydactyly in the French cohort ren-
ders the absence of this phenotype from all SDCCAGS-
BBS patients even more striking.

BBS, like most ciliopathies, is largely bereft of geno-
type-phenotype correlations. The only previously pro-
posed correlation is the association of BBS3 mutations
with polydactyly of the 4 limbs [Sheffield et al., 1994] or
of the lower limbs [Young et al., 1998]. However, this ob-
servation had not been supported by the description of
additional patients mutated in BBS3 presenting no poly-
dactyly [Ghadami et al., 2000]. Therefore, our data poten-
tially represent the first significant genotype-phenotype
correlation in BBS. We suggest that in absence of polydac-
tyly and brachydactyly in BBS patients SDCCAGS screen-
ing could be important after initial screening for recur-
rent BBS mutations [Muller et al., 2010], especially when
such patients also present acute renal disease and recur-
rent respiratory/ENT infections. Moreover, the biological
underpinning of these differences has the potential to ap-
prehend the mechanism of the development and mainte-
nance of several physiological systems.
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Paper IV: Mesoaxial polydactyly is a major feature in Bardet-Biedl syndrome
patients with LZTFL1 (BBS17) mutations.

Schaefer E, Lauer J, Durand M, Pelletier V, Obringer C, Claussmann A, Braun JJ, Redin C, Mathis
C, Muller J, Schmidt-Mutter C, Flori E, Marion V, Stoetzel C, Dollfus H. Clin Genet. 2013 May.

Aim of the study: Second report of BBS patients with mutations in LZTFL1/BBS17. Although only
two families are reported so far with such mutations, an intriguing feature of atypical polydactyly
(mesoaxial polydactyly) is observed in all patients, while rarely (if not never) in other BBS patients,
proposing another hint for genotype-to-phenotype correlation. This findings need to be confirmed
by additional reports of BBS17 patients.

Contribution: Minor. Performed the statistical analyses for determining whether the mesoaxial
polydactyly could be considered a significantly different feature for LZTFLI1/BBSI7 patients
compared to other BBS patients in spite of the very limited number of patients. Wrote the different

conclusions accordingly.
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Mesoaxial polydactyly is a major feature
in Bardet—Biedl syndrome patients with

LZTFLI (BBS17) mutations

Schaefer E., Lauer J., Durand M., Pelletier V., Obringer C., Claussmann
A., Braun J.-J., Redin C., Mathis C., Muller J., Schmidt-Mutter C., Flori
E., Marion V., Stoetzel C., Dollfus H. Mesoaxial polydactyly is a major
feature in Bardet—Biedl syndrome patients with LZTFLI (BBS17)
mutations.

Clin Genet 2014: 85: 476—481. © John Wiley & Sons A/S. Published by
John Wiley & Sons Ltd, 2013

Ciliopathies are heterogeneous disorders sharing different clinical signs
due to a defect at the level of the primary cilia/centrosome complex.
Postaxial polydactyly is frequently reported in ciliopathies, especially in
Bardet—Biedl syndrome (BBS). Clinical features and genetic results
observed in a pair of dizygotic twins with BBS are reported. The
following manifestations were present: retinitis pigmentosa, bilateral
insertional polydactyly, cognitive impairment and renal dysfunction.
X-rays of the hands confirmed the presence of a 4th mesoaxial extra-digit
with Y-shaped metacarpal bones. The sequencing of LZTFLI identified a
missense mutation (NM_020347.2: p.Leu87Pro; c.260T>C) and a
nonsense mutation (p.Glu260*; ¢.778G>T), establishing a compound
heterozygous status for the twins. A major decrease of LZTFLI transcript
and protein was observed in the patient’s fibroblasts. This is the second
report of LZTFLI mutations in BBS patients confirming LZTFLI as a
BBS gene. Interestingly, the only two families reported in literature thus
far with LZTFLI mutations have in common mesoaxial polydactyly, a
very uncommon feature for BBS. This special subtype of polydactyly in
BBS patients is easily identified on clinical examination and prompts for
priority sequencing of LZTFLI (BBS17).
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Bardet—Biedl syndrome (BBS) is a well-recognized
ciliopathy defined by the following major clinical
features: retinitis pigmentosa, obesity, kidney anoma-
lies, cognitive impairment and polydactyly (1). The
digit anomalies are usually characterized as postax-
ial polydactyly and/or brachydactyly and more rarely
syndactyly. We recently reported on a BBS family
mutated in a novel BBS gene, LZTFLI (BBSI7), for
which mesoaxial polydactyly was a distinct manifesta-
tion (2). Herein, we report the second family mutated
in LZTFLI with similar clinical features of mesoax-
ial polydactyly. This observation suggests a possible
phenotype—genotype correlation for this very rarely
mutated gene.

Materials and methods
Subjects

Two affected female twins aged 36 were referred
for clinical investigations to the BBS national PHRC
(Programme Hospitalier pour la Recherche Clinique)
program held at the reference center for rare genetic
eye disorders at the University Hospital of Strasbourg.
Informed consent and ethical approval [Comité de
Protection des Personnes Est IV (reference: 08/28)]
were obtained according to the French legislation.
Their parents were non-consanguineous and healthy,
as was their eldest brother (Fig. la). A diagnosis of
BBS was made out at childhood as three major clinical
features in accordance with Beales’s criteria were
present: polydactyly, early-onset retinitis pigmentosa
and kidney dysfunction (1).

Sequencing

Genomic DNA was extracted from blood samples
according to the manufacturer’s protocol (Flexigene
DNA kit, Qiagen, Courtaboeuf, France). Oligonu-
cleotide primer sequence details and polymerase chain
reaction (PCR) protocols are available on request. Bidi-
rectional sequencing of purified PCR products has
been performed by the GATC Sequencing Facilities
(http://www.gatcbiotech.com/en/about-us/gatc.html).

Zygosity evaluation

To determine the type of twining (monozygotic or
dizygotic), 15 forensic markers were amplified from
2 ng of genomic DNA according to the manufacturer’s
protocol for the two sisters (PowerPlex® 16 HS System,
Promega, Charbonnieres, France). Detection of ampli-
fied fragments was performed on ABI3500 genetic
analyzer (Applied Biosystems, Santa Clara, CA). The
data were analyzed with GENEMAPPER ID software.
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Real-time PCR determination and Western Blot

Total RNA and proteins were obtained from dermal
fibroblasts following skin biopsy of the affected
individuals. Real-time PCR determination and Western
Blot were performed using the previously described
protocols (2).

Results
Clinical evaluation

Patient 1

The first twin, II.2 (Fig. la), presented at birth with
one postaxial extra-digit on each foot and one postaxial
extra-digit plus one mesoaxial extra-digit on each hand.
The extra-digits were removed at 3 months of life
(initial X-rays are unavailable). Polyuria—polydypsia
episodes occurred since birth and she developed
chronic kidney failure at 4years of age. Kidney
transplantation was performed at the age of 23 years.
As she gained weight easily, a strict diet was advocated
from early childhood. At 8years of age, advanced
retinitis pigmentosa was diagnosed with non-recordable
full-field electroretinogram (ERG) response. Learning
difficulties, associated with slowness, were reported
since childhood. She was directed to a specialized
school at 14years of age. Now aged 36years, her
educational level is equivalent to the elementary school
level and she works in a sheltered environment.

On clinical examination, her height was 152cm
(—1.5 SD) and weight was 56.2kg (40.5 SD) with a
body mass index (BMI) of 24.3 kg/m?. Her vision was
very poor as she could only perceive the difference
between dark and light. On fundus examination, the
retinal dystrophy was very advanced with macular
atrophy as well as extensive retinal degeneration
with widespread atrophic zones and bone-spicules.
Olfactometry testing revealed complete anosmia (score
of 9/40 to the UPSIT® test). Light microscopy analysis
of a nasal biopsy showed abnormal enlarged cilia. The
fourth digit of the hands was shorter than the fifth
and both showed ulnar divergence (Fig. 1d). The X-ray
revealed a synostosis between the third and the fourth
metacarpal bones of both hands (Fig. 1f).

Patient 2

The second twin, I.3 (Fig. la), presented, like her
sister, with six toes on each foot and seven fingers on
each hand. She had polydypsia and polyuria and was
diagnosed to have massively enlarged cystic kidneys
that induced rapid chronic renal failure. She underwent
dialysis for more than 10 years before receiving kidney
transplantation. She followed a very strict hypocaloric
diet during childhood. Retinitis pigmentosa was
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Fig. 1. Segregation of LZTFLI mutations, LZTFL1 expression, clinical and radiological description of the affected twins. (a) Pedigree of the
family: affected twins (IL.2 and II.3) harbored compound heterozygous mutations in LZTFLI : ¢.260T>C; p.Leu87Pro/c.778G>T; p.Glu260*. The
father (I.1) is heterozygote for the missense allele and the mother (1.2) for the nonsense allele. (b) Real-time polymerase chain reaction (PCR)
measurements of LTZFL1 expression in patient’s dermal and control fibroblasts (technical triplicates). (¢) Immunodetection of LTZFLI in protein
extracts from control and patient’s fibroblasts (quantity loaded: 20 lLg) with the membrane stained with Ponceau staining serving as total protein
loading control identifying two bands: one at 35 kDa (arrow) and one at 30 kDa (arrow). (d) Photographs of the hands of Case 1/I1.2. (e) Photographs
of the hands of Case 2/I1.3. (f) X-ray of the hands of Case 1. Left hand: synostosis between the third and the fourth4 metacarpal bones (arrow);
distortion of the fourth metacarpal bone with a head merged with the third metacarpal neck; absence of metacarpal-phalangeal joint; hypotrophy
of the proximal phalanx. Right hand: hypoplasia and fusion between the third and the fourth metacarpal bones (arrow). (g) X-ray of the hands of
Case 2. Left hand: hypoplasia and fusion of the third and fourth metacarpal bones (arrow); abnormal hypoplasic fifth metacarpal bone with defect
of fusion between the body and the basis and development of a new joint between the proximal part of the body and the inter-metacarpal spacing
of fourth and fifth rays. Right hand: fourth metacarpal bone limited to a metacarpal basis developed on the medium and external part of the third
metacarpal bone and articulated with the proximal phalanx of the fourth ray (arrow) resulting in very short fourth finger. (h) X-ray of the feet
of Case 1: absence of malformations. (i) X-ray of the feet of Case 2. Left foot: fusion of third and fourth metatarsal bones at the basis and the
proximal diaphyses (arrow); hypoplasia of fourth metatarsal bone with compensatory hypertrophy of fifth metatarsal bone; fusion of fourth and fifth
proximal phalanges at the bases. Right foot: fusion of third and fourth metatarsal bones at the bases (arrow); hypertrophy of fifth metatarsal bone.
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diagnosed at 8years of age. She was also reported
to have scholastic difficulties and slowness with an
educational level actually equivalent to primary school.
On clinical evaluation, her height was 137.5cm
(—3.75 SD) and her weight was 43.6kg (—2 SD)
with a BMI of 23.1kg/m?. The ophthalmic examina-
tion showed a very poor visual function with only light
perception and advanced retinal dystrophy on fundus
examination. Severe hyposmia (score of 21/40 at the
UPSIT®) was diagnosed but, unlike her sister, mobile
cilia of the nose were abundant with normal mor-
phology. On clinical examination, the fourth digit was
shorter than the fifth (Fig. le). The X-ray showed synos-
tosis of third and the fourth metacarpal bones (Fig. 1g).
On left foot, extreme hypoplasia of the fourth metatarsal
bone with compensative hypertrophy of the fifth
metatarsal bone as well as synostosis of the fourth and
the fifth proximal phalanges were recorded (Fig. 1i).

Molecular and functional analysis

Zygosity analysis

All the 15 STR loci analyzed to determine the zygosity
type were informative. The copy number of the repeat
sequence was identical for 5 loci and different for the
other 10, showing that the twins were dizygotic.

Mutation screening

LZTFLI gene (NM_020347.2) was screened a priori
because of the unusual polydactyly (mesoaxial) noted
in the twins akin to our previous BBS patient who had
mutations in this gene (2). Two mutations were iden-
tified: a missense mutation (p.Leu87Pro; ¢.260T>C)
and a nonsense mutation (p.Glu260*; c.778G>T). Par-
ents were heterozygous for the changes (paternal mt/wt,
maternal mt/wt).The p.Leu87Pro occurred in a well
conserved site of LZTFLI and is predicted to be
damaging with a score of 1.000 by POLY-PHEN-2.
Both mutations are absent from the Exome Variant
Server, 1000 genomes and dbSNP databases. Moreover,
they were not found in 176 healthy controls analyzed
by exome sequencing. Real-time PCR amplifying the
cDNA sequence between the two mutations was per-
formed vs a healthy control. LZTFL1 expression in the
patients was halved (Fig. 1b). The LZTFLI1 protein was
detected at 30 kDa by Western blot in dermal fibroblasts
and not at 35kDa as expected (Fig.1c). We can make
the assumption that the allele carrying the stop muta-
tion leads to the production of a smaller size mRNA
translated into a smaller size protein detected at 30 kDa.
The second allele carrying the missense mutation prob-
ably leads to an abnormal splicing event with an aber-
rant mRNA with no protein translation as predicted by
Human Splicing Finder website (www.umd.be).

Genotype-to-phenotype correlation

BBS is a highly pleiotropic and genetically heteroge-
neous disorder with poor genotype-to-phenotype cor-
relations. The presence of mesoaxial polydactyly in

Mesoaxial polydactyly linked to LZTFLI mutations

subjects with LZTFLI mutations (the family previously
reported (2) and the twins described herein) caught
our attention. During the last 10 years, our laboratory
has had access to well-documented clinical data of
110 patients known to carry mutation in the BBSI to
BBS16 genes; 89% (98/110) of them had at least one
extra-digit. We therefore reviewed hands X-rays for the
presence/absence of mesoaxial polydactyly in 41 BBS
patients from 32 unrelated families of the 110 cases.
None of those had mesoaxial polydactyly. Despite the
limited number of BBS17 -patients, the mesoaxial poly-
dactyly may be associated with LZTFL] -related ciliopa-
thy as it was observed in only BBS/7-families (2/2) and
none of other families with mutations in other BBS
genes (n =32; Fisher’s Exact Test for small size sam-
ples: p <0.01). Although this might just have occurred
by chance, we do think it is a valuable hint to con-
sider. The identification of additional BBSI7-patients
will definitively shed light on that hypothesis.

Discussion

Polydactyly is a frequent and well-recognized skele-
tal feature in ciliopathies (Table 1). In BBS, the
polydactyly is a hallmark diagnostic feature (60%
of patients (1)), mostly described as postaxial with
normal metacarpal structure. To our knowledge,
no BBS patients with mesoaxial polydactyly have
been reported before our first family mutated in
LZTFLI (2). Interestingly, two patients presenting
with McKusick—Kaufman syndrome (a neonatal
ciliopathy with mutation in BBS genes) with mesoaxial
polydactyly have been reported in the literature but
no molecular analysis was possible at the time (8). In
our cohort, 89% of BBS patients presented at least
one extra-digit, reported to be postaxial. Mesoxaxial
polydactyly was only found in the two BBS families
mutated in LZTFLI-BBSI7: the family previously
reported (2) and the twins described herein.

Mesoaxial polydactyly is a diagnostic feature for
another ciliopathy namely Pallister—Hall syndrome
with mutations in GLI3. Mutations in GLI3 can
be found both in isolated polydactylies, postaxial
(types Al/B) or preaxial (type IV), and syndromic
polydactylies (Pallister—Hall syndrome but also Greig
syndrome) (6). GLI3 encodes a protein which belongs
to the C2H2-type zinc finger proteins subclass of the
Gli family, characterized as DNA-binding transcription
factors. GLI-3 has a dual function as an activator and
a repressor of the sonic hedgehog (SHH) pathway and
the activator/repressor ratio gradient specifies limb digit
number and identity (16).

Interactions with many other proteins are involved
in Gli3 trafficking at the level of the primary cilia.
For example, KIF7 localizes to the base of the cilium
and forms a complex with Gli proteins. Mutations
were recently identified in KIF7 in two ciliopathies:
hydrolethalus syndrome and acrocallosal syndrome
both characterized by postaxial polydactyly of the hands
and preaxial polydactyly of the feet (7). In the same
way, OFDI is associated with a progressive loss of SHH

479



08t

Table 1. Types and frequencies of polydactylies in different ciliopathies

Estimated frequency

Syndrome Genes of polydactyly — Type of polydactyly References
Short rib-polydactyly syndromes Postaxial
Type I: Saldino-Noonan Unknown ++
Type II: Majewski DYNC2H1, NEK1 +++
Type lll: Verma-Naumoff IFT80, DYNC2H1 ++
Type IV: Beemer—Langer Unknown +
Type V WDR35 (@ )
EVC EVC, EVC2 +++ Postaxial (©)]
Weyers EVC2 ++ Postaxial )
Jeune syndrome IFT80, DYNC2H1, TTC21B, WDR19 + Postaxial ©))
Joubert syndrome INPP5E, TMEM216, AHIT, NPHP1, CEP290, TMEM67, RPGRIP1L, ARL13B, + (8%) Postaxial most often, preaxial rarely (4)
CC2D2A, CXORF5, TTC21B, KIF7, TCTN1, TMEM237, CEP41, TMIEM138,
C50RF42, TCTN3, ZNF423, TMEM231
Meckel syndrome MKS1, TMEM216, TMEM67, CEP290, RPGRIP1L, CC2D2A, NPHP3, TCTN2, ++ (83%) Postaxial most often, preaxial rarely ()
B9D1, BOD2
Pallister—Hall syndrome GLI3 ++ Postaxial 6)
+++ Mesoaxial
Greig syndrome GLI3 +++ Preaxial or mixed postaxial hands 6)
and preaxial feet
Acrocallosal syndrome KIF7 +++ Postaxial hands and preaxial feet (7)
Hydrolethalus syndrome HLS1-S, KIF7 +++ Postaxial hands and preaxial feet 7)
Bardet-Biedl Syndrome BBS1, BBS2, ARL6, BBS4, BBS5, MKKS, BBS7, TTC8, PTHB1, BBS10, ++ (60%) Postaxial (1)
TRIM32, BBS12, MKS1, CEP290, C20rf86, SDCCAGS, LZTFL1
McKusick—-Kaufman Syndrome MKKS +++ (98%) Postaxial 8)
Oro-facial-digital syndromes
Type | OFD1 + (1-2%) Pre/postaxial hands and preaxial feet )
++ (50%)
Type Il: Mohr syndrome Unknown +++ Pre/postaxial polysyndactyly
Type lll Unknown (b) Postaxial
Type IV: Mohr-Majewski syndrome TCTN3 ++ Pre/postaxial
Type V Unknown (c) Postaxial
Type VI Unknown (one mutation reported in OFD7) ++ Post/mesoaxial hands and preaxial (10)
feet
Type VIII Unknown (@) Pre/postaxial polysyndactyly
Type IX Unknown ++ Preaxial feet
Type X Unknown () Preaxial and oligodactyly
Type Xl Unknown (@) Postaxial
Cranioectodermal dysplasia type 3: Sensenbrenner IFT43 () Postaxial (11)
syndrome
Nephronophtisis type 15 CEP164 () Postaxial (12)
Retinitis pigmentosa
Type 41 PROM1 (@) Postaxial 13)
Type64: CORD16 C80rf37 () Postaxial (14)
Holoprosencephaly GLI2 + Postaxial (15)

+, rare; ++, common; +++, consistently; (a), one family reported; (b), two families reported; (c), only Indian families reported.
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signaling and an impaired processing of Gli3 leading
to loss of digit identity (17). Mutations in OFDI are
mainly described in oral-facial-digital (OFD) syndrome
type 1 for which preaxial polydactyly is reported (9).
One mutation was also found in a patient presenting
with OFD VI and preaxial polydactyly (10). Finally,
tectonic member family 3 (TCTN3) forms a complex
at the ciliary transition zone with TCTN1 and TCTN2,
both of which are also implicated in the transduction
of SHH signaling. Mutations were identified in TCTN3
in OFD IV syndrome but also in Meckel syndrome
and Joubert syndrome for which polydactyly is mostly
postaxial, rarely preaxial (18).

Interestingly, LZTFLI was recently identified as an
important negative regulator of the BBSome ciliary
trafficking and SHH pathway signaling (19). Our
previous work confirmed these data showing a massive
activation of the SHH signaling in the absence of
LZTFL1 (2). The human phenotype we report suggests
that LZTFL1 depletion impacts the development of the
limbs and patterning of the digits through regulation of
SHH pathway.

A mouse model would be of interest to pinpoint
the action of LZTFL1 in vivo on limb patterning. The
relationship between LZTFL1 and the developmental
sequence implicated as well as the identification of
LZTFL1 partners will be of major interest for the
molecular understanding of the syndromes that include
mesoaxial polydactyly.

In conclusion, herein we report a second BBS family
with mutations in LZTFLI (BBSI7) associated with
mesoaxial polydactyly. This finding has to be confirmed
on other cohorts worldwide, but seems to indicate
a possible genotype—phenotype correlation. Thus, the
presence of mesoaxial polydactyly in BBS patients,
diagnosed on a clinical or X-ray basis, seems us to be
an interesting feature to guide the molecular screening
and to sequence directly LZTFLI .
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IV- Transfer in routine to Strasbourg diagnostic laboratory: a one-year

retrospective experience

Subsequently to the initial results, 67 other patients have been analyzed in research settings.
The method was then transferred to the Strasbourg diagnostic laboratory in fall 2012, where it was
integrated as a new routine test. Since the transfer, 47 new patients have been screened. I here
provide the global results integrating all 152 patients (the previous 38 patients from Redin et al, plus
114 additional patients) that have been analyzed through research or diagnostic settings in order to

give general insights about gene contribution and diagnostic efficiency.

1. Overall diagnostic yield in BBS patients

Among all patients screened through the targeted panel, some of them were addressed
specifically for Alstrom (n=13), Joubert (n=4), Meckel (n=2), nephronophthisis (n=1) or
‘ciliopathy’ (n=1) patients and hence are not included in the overall diagnostic yield comprising
patients strictly addressed for Bardet-Biedl syndrome. Out of the 152 patients, 131 were addressed
for BBS and mutations could be identified for 60% of them (i.e. 79/131). This overall diagnostic
yield is slightly lower than the one previously observed (68%) but does not reach significance
(p>0.2). When we compare the proportion of patients meeting Beales’ criteria and the others that do
not (when clinical data was available), we observe that the cohort is roughly even for both
categories: 50 patients that meet Beales’ criteria, 53 that do not, which matches the proportions of
our previous work (21 and 17 patients respectively). This does not explain the overall decrease in

the general diagnostic yield.

g0%
80%
0%
B0%
50%
40%
a0%
20% -
10%

0%

*kk

mDetected
mutation

— Mo mutation
detected

M eet Beales' criteria Do not meet Beales'
criteria
Figure 21: Diagnostic yield in patients is highly correlated to their compliance with strict BBS

diagnostic criteria.

P-values were computed using the classical statistical test for comparison of two proportions.***: p<0.002.
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When we look at the diagnostic yield per category (Beales’ criteria vs not), we observe that
the diagnostic yield among typical BBS patients is still significantly higher than the one in patients
not meeting the diagnostic criteria (78% vs 35% respectively, p<0.002, see Figure 21) and very
similar to the one previously reported (81%). The diagnostic yield among non-typical patients
decreased (from 53% previously to 35% in the entire cohort), but the inclusion of even more highly
atypical patients was encouraged within the past year encouraged by the still awkward 53% of
success in non-typical BBS patients with our initial study. Importantly, we also had a few fetuses
addressed for BBS testing, which do not meet Beales’ criteria since many of them are features
expressing in young childhood. The diagnostic yield from those patients was of 6/9, and no notable
difference could be observed between the ones with mutations and the one without. Most fetuses
were addressed since they presented with polydactyly (9/9), kidney abnormalities such as cystic or
hyperechoic kidneys (7/9), hydrometrocolpos (3/9). Some other individual fetuses had vaginal

atresia, hydramnios or encephalocele.

Finally, no obvious genotype to phenotype correlations could be drawn. However, it is
interesting to note that most BBS2 patients (8/9) and BBSI2 (4/4) comply with Beales’ diagnostic
criteria, which for both appear to be significant (p<0.05; test for comparison of two proportions;
Table 9).

BBS gene | it | Beales erteria | TS
BBS1 7 4 2
BBS2 8 1 0
BBS3 2 2 0
BBS4 2 0 0
BBS5 3 4 0
BBS6 1 2 0
BBS7 2 3 1
BBSS 2 0 2
BBS9 2 1 1
BBS10 5 1 0
BBSI12 4 0 0
ALMS1 1 1 0
Unknown 11 34 3
Total 50 53 9

Table 9: Mutation load of the different BBS genes and ALMS] in our cohort of patients
according to their compliance or not to Beales’ diagnostic criteria.

NB: Patients for which no clinical data was available are not reported here (but are in the overall Table 11).
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2. Excess of BBSI heterozygous patients: towards being solved?

One early report linked to the recurrent BBS/ (c.1169T>G, p.Met390Arg) mutation was that
it was often detected at heterozygous state in BBS patients without a second heterozygous mutation
in the gene on the second allele. One hypothesis was that the second allele carried a large deletion
in trans in BBS1, which was not detectable by Sanger sequencing. Another hypothesis was that the
mutations lied in another BBS gene, and that those patients were simply carrier for this relatively
frequent variant (MAF=0.2% in Exome Variant Server). In one of the targeted sequencing runs, we
included a majority of those heterozygous (c.1169T>G, p.Met390Arg) BBS patients, in order to test
both hypotheses. A few of them indeed carried intragenic deletions on the second BBS/ allele, but
surprisingly most of the others carried the insertion of a repeat element (presumably of Alu type) on
the second BBSI allele (c.1214 1215insAlu, p.?; Figure 22) that had been missed in Sanger
sequencing presumably due to allele dropout. It appears to be somewhat recurrent in BBS patients,
often in trans of the recurrent (c.1169T>G, p.Met390Arg) mutation in BBSI. Lastly, one the patient

was only a carrier of the recurrent BBS/ mutation, and carried biallelic splicing mutations in BBS4.
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Figure 22: Visualization in IGV of three patients heterozygous for the recurrent (¢c.1169T>G,
p-Met390Arg) mutation in BBS1. Two of them also (upper panels) also carry the novel BBS1
recurrent mutation, detectable using targeted high-throughput sequencing.
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3. Overall diagnostic yield in ALMS and other patients

Among the patients that were addressed for other syndromes, except for Alstrdm patients no
mutations could be detected. However, a large proportion of genes had not been included in our
design, mainly focused on BBS. Indeed, only 7/20 of all Joubert syndrome genes and 5/11 of all
Meckel syndrome genes were targeted, which represent less than the half. A somewhat larger
proportion of Senior-Loken syndrome (4/5) and nephronophthisis (10/16) genes were included, but
again the list was not exhaustive. Alstrom syndrome however is not genetically heterogeneous: a
single gene ALMS]I has been reported so far. Nonetheless, the coding sequence of this gene is so
large than no diagnostic laboratory was proposing to screen it by Sanger sequencing in France (23
exons, 12 kb of coding sequences). A substantial number of ALMS-suspected patients were sent to
Strasbourg diagnostic laboratory, and mutations could be found in 12/13 of them, suggesting that it
might indeed be the only gene responsible for ALMS.

4. BBS and ALMS, true overlap or misdiagnosis?

As seen previously, almost all ALMS patients are diagnosed with an ALMS] mutation. Is the
reverse true? Are all patients carrying ALMSI mutations ALMS patients? In our initial study, we
reported two patients carrying ALMS1 mutations that had been addressed for a BBS diagnostic test.
Within the additional patients screened, a third case was reported amounting to a total of 3/131
BBS-suspected patients with ALMSI mutations. Among the patients with strict diagnostic criteria,
that would lead to a frequency of 5% (3/90) of strict BBS patients with ALMSI mutations.

When looking back at phenotype of all three patients, it does not differ from the phenotype
of the other 12 ALMS] patients suggesting they had simply been misdiganosed. When comparing
the patients with ALMS mutations with all patients with BBS mutations, two main clinical features
appear significantly different from both cohorts: polydactyly is reported in 73% of patients with
BBS mutations, as opposed to none with ALMSI] mutations (p<0.002), and deafness is present in
only 2% of patients with BBS mutations, as opposed to 50% with ALMS1 mutations (p<0.002). All
other major criteria (RP, obesity, hypogonadism, ID or learning disabilities and brachydactyly) are
present in similar proportions (at least with no significant difference) within both cohorts (see Table
10). Other additional traits such as scoliosis and diabetes are reported in a fifth of ALMS patients
while in few or none of the patients with BBS mutations may also be a hint to direct patients
towards ALMS. A few (3/14) ALMS patients still may meet Beales’ diagnostic criteria for BBS,
specifically when they present with hypogonadism and renal abnormalities, in addition to the RP
and obesity. Hence, both the absence of polydactyly and presence of deafness shall be taken under
important consideration when discriminating BBS from ALMS patients (already reviewed in
(Marshall et al., 2013)). Also, the ophthalmic condition appears not to be exactly the same in both
disorders.
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Table 10: Frequency of some clinical traits among patients with biallelic mutations detected in
ALMS]I.

5. Deciphering the patients with negative results

In order to determine the phenotypic differences between patients with a mutation detected
in BBS genes from the others, we studied the frequency of the main clinical features among

different populations (see Figure 23).

The overall differences from patients with or without mutations are the frequency of
polydactyly, significantly higher in patients with a detected mutation (73% vs 23%, p<0.002), and
the frequency of ID, significantly higher in patients without detected mutation (31% vs 53%,
p<0.05). Specifically, ID is not one of the main features of BBS: patients are often reported with
mild learning disabilities but rarely with moderate or severe cognitive defects. This explains the
lower diagnostic yield in patients presenting with ID. Also, the overall differences between patients
complying with Beales’ criteria and patients that do not comply with Beales’ criteria are
significantly lower frequencies in polydactyly, hypogonadism, renal abnormalities and learning
disabilities (Figure 23).
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Figure 23: Frequency of BBS clinical features among different classes of patients, depending
on whether a mutation could be identified, and/or whether they comply with Beales’
diagnostic criteria.

A: Patients are separated according to their compliance to Beales’ criteria and whether we were able to find
biallelic mutations or not; the sum of all four categories represents the cohort of patients with available
clinical data; B: Patients are separated only according to their compliance to Beales’ criteria (purple
colors),or to whether we were able to detect mutations or not (red colors): the sum of both purple categories
(or both red categories) represents the cohort of patients with available clinical data; RP: retinitis
pigmentosa; ob: obesity; PD: polydactyly; Hypogon.: hypogonadism; Kidney: renal abnormalities; ID:
intellectual disability; learning dis: learning disabilities; brachy: brachydactyly. P-values were computed
using the classical statistical test for comparison of two proportions. *: p<0.05; **: p<0.01; ***: p<0.002.

6. BBS genes load

Among all 79 BBS-suspected patients with detected mutations in BBS or ALMS genes, the
frequency of mutated genes in decreasing order in the cohort is: BBSI (n=16), BBS2 (n=10), BBS10
and BBS5 (n=8), BBS9 (n=7), BBSI12 and BBS7 (n=6), BBS3 and BBS6 (n=4), BBS4, BBSS and
ALMSI (n=3), and BBSI4 (n=1). Our mutations were integrated into the vast BBS mutations
reported in the literature, in order to get a better estimate of the contribution of mutations in each
BBS gene in patients (Table 11). A total of 405 patients were included in this study (from (Muller
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et al., 2010; Deveault et al., 2011; Imhoff et al., 2011; Abu-Safieh et al., 2012; Aldahmesh et al.,

2014), all initial studies of each gene, and our cohort).

Strasbourg
Gene Literature ﬁ;g:::(ﬂ; _NGS
experience
BBSI 23,7% (n=96) 18% (n=16)
BBS2 7,4% (n=30) 11% (n=10)
BBS3 2,0% (n=8) 4% (n=4)
BBS4 4,4% (n=18) 3% (n=3)
BBS5 4,7% (n=19) 9% (n=8)
BBS6 4,4% (n=18) 4% (n=4)
BBS7 3,0% (n=12) 7% (n=7)
BBSS8 2,0% (n=R) 3% (n=3)
BBS9 3,7% (n=15) 8% (n=7)
BBS10 19,5% (n=79) 9% (n=8)
BBSI1 0,2% (n=1) 0%
BBS12 9,1% (n=37) 7% (n=6)
BBSI13 0,5% (n=2) 0%
BBS14 0,5% (n=2) 1% (n=1)
BBSI15 0,2% (n=1) 0%
BBSI6 1,0% (n=4) 0%
BBS17 0,5% (n=2) NA
BBS18 0,2% (n=1) NA
BBS19 0,2% (n=1) NA
ALMS]1 0,7% (n=3) 3% (n=3)
Unknown | 14,6% (n=59) 12% (n=11)
Total 100% (n=405) | 90

Table 11: Comprehensive report of mutations in BBS genes reported in patients from the

literature.

For our cohort, the number of unknown cases includes only the patients meeting Beales’ diagnostic criteria
in which we did not find any mutations. Indeed, we did not want to include all of our unknown patients,
since most of them did not present a typical BBS phenotype. We believe this could have introduced a bias by
overestimating the proportion of patients that cannot be explained by a mutation in a BBS gene.

When comparing the entire cohort to the Strasbourg NGS cohort, the mutation load appears

to be lower from what was previously reported in the literature for BBS/ and BBSI0, which is

explained by the prior screening for the recurrent mutations (c.1169T>G, p.Met390Arg) in BBSI,

and (c.271dup, p.Cys91fsLeu*95) in BBSI0 in most patients. Also the frequency appears higher in
our cohort for some genes (BBS2, BBSS5, BBS7, and BBS9) but without reaching significance. The
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most frequent BBS genes still remain BBS1, BBS10 and BBS12, all three accounting for over half of
the mutations found in BBS patients.

7. Diagnosis of BBS in Strasbourg in the post-genomics era

Subsequently to the encouraging results obtained using targeted NGS, this approach has now
been incorporated in routine in Strasbourg for the molecular diagnosis of BBS. The initial screening
of BBS1 and BBS10 recurrent mutations is maintained (the novel BBS! recurrent mutation might
also be added once its overall frequency will be assessed), but the screening of BBSI2 is not (not

proficient enough in terms of positive patients subsequently to this screen).

The resulting new decisional tree is presented below (Figure 24).

BBS Patient DNA

l

Initial screening| BBS/: ¢.1169T>G, p.Met390Arg
(~600€) BBS10: ¢.271dup, p.Cys91fsLeu*95

' l |
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Results to Direct sequencing of Targeted
clinician the whole gene NGS
20d mutation No 2nd 2. ] 2 mutations & .0
l mutation TRaon
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— clinician

Figure 24: New decisional tree for the molecular diagnosis of BBS in Strasbourg
incorporating the targeted NGS approach
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V- Discussion

Bardet-Biedl syndrome is a relatively genetically heterogeneous disorder, with mutations
that have been distributed across up to 19 different genes so far, precluding the implementation of
an efficient diagnostic strategy by the classical strategies such as Sanger sequencing. Moreover, it
shares overlapping clinical features with other ciliopathy disorders such as Joubert, Senior-Loken,
Meckel, Alstrom syndrome or nephronophthisis. This phenotypic overlap reflects a genetic overlap,
with many genes shared between those different syndromes. Alstrdém syndrome might be the only
exception, with a single gene reported so far and not shared with another ciliopathy. Nonetheless,
the extensive size of its coding sequence has not facilitated the diagnostic offer, since Sanger

sequencing of its 24 coding exons is not proposed in any French diagnostic laboratory for instance.

We developed a successful alternative method for the diagnosis of Bardet-Biedl and Alstrom
syndromes based on targeted high throughput sequencing. This method can be incorporated
relatively easily in diagnostic settings. Also, even if the acquisition costs of next-generation
sequencing machines are significant, the relatively small size of the target design (200 kb) does not
require an ultra high throughput sequencer in order to be implemented. Smaller throughput
sequencers such as the Life Technologies PGM or the MiSeq from Illumina are perfectly suited for

such applications of small-scale targeted sequencing.

The overall diagnostic yield across all BBS-suspected patients is of 60%, but much higher
(81%) in the strict BBS patients (i.e. fulfilling Beales’ diagnostic criteria) alone. The group of
patients remaining without positive diagnostic is significantly enriched in patients presenting
without polydactyly and with intellectual disability. However, polydactyly is one of the major BBS
clinical features while ID is not. BBS patients generally face learning disabilities or in the worst-
case mild cognitive impairment. The findings of a more severe degree of ID (moderate, severe or
profound) in patients shall be an exclusion criterion for BBS. Hypogonadism, although reported
among the major clinical feature, is reported in only 33% of all patients in whom a mutation is
detected. The typical clinical features harbored by patients with a positive diagnostic are obesity
(86%), retinitis pigmentosa (82%), polydactyly (73%) and learning disabilities (49%). Other
features such as hypogonadism, renal defects, and mild cognitive impairment are reported in about a
third of them.

Where do the mutations of the remaining 20% BBS patients lie? First, we recently identified
a novel apparently recurrent mutation in BBS/ (c.1214 1215insAlu, p.?) that had been previously
missed by Sanger sequencing due to allelic dropout. Patients that remained negative prior to this
discovery shall be screened for this recurrent mutation, often reported in trans with the other
recurrent BBS] mutation. Also, at the time of the design, the most recent BBS genes (BBS17-19)
had not been identified yet. Some chances exist that among the negative patients, a few carry

mutations in those three genes. Since the cohort of negative patients is of significant size, testing
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this hypothesis by screening the three genes with Sanger sequencing would be too expensive and
time-consuming. We propose this could be more easily and rapidly verified by testing all three
genes using the molecular inversion probes system for instance coupled with high throughput
sequencing. Many of the most recent BBS genes (BBS11, BBS13, BBS15, BBS18, BBS19) have not
been replicated so far in BBS patients. BBS/8 and BBS19 having been reported very recently, this
seems fair. Nonetheless, for others and especially BBS/ for which the initial report was published
in 2006, the waiting for replication studies in BBS patients persist. Regarding BBS11/TRIM32,
mutations had initially been reported in patients presenting with limb girdle muscular dystrophy and
other have been reported since (Frosk et al., 2002; Saccone et al., 2008). Interestingly, disruptions
of TRIM32/BBS11 were recently associated to a risk factor in autism spectrum disorders and other
neurodevelopmental disorders (Lionel et al., 2014). Evidences are thus lacking regarding its
implication in BBS, and it would be interesting to perform exome sequencing on the initial family
to see whether other candidate mutations are detected elsewhere. Concerning BBS13/MKS1 and
BBS15/C20rf86, since they were initially reported in other ciliopathies we can legitimately ask
whether the initially reported patients considered as BBS were not simply the tail of the
corresponding ciliopathy spectrum rather than true BBS patients.

An alternative hypothesis is that missing mutations are located in not-yet-discovered BBS genes.
Also, we may have missed mutations located in non-targeted regions (UTRs, deep intronic or
promoter regulatory regions, etc). A recent report from Bachmann ez al. (25" annual meeting of the
German Society of Human Genetics, abstract) favors the second hypothesis by reporting a
diagnostic yield of over 95% in classical BBS patients (including a few mutations in ALMS]),
supporting the idea that not many BBS genes (if any) are left to discover. It would be interesting to
see whether they also identified the novel BBSI mutation (c.1214 1215insAlu, p.?), and if not if it
is present in some of the negative patients. Lastly, the oligogenic hypothesis could explain that we
indeed found some pathogenic heterozygous variants without second mutated alleles, which along
with another heterozygous variant in another gene would lead to the BBS phenotype. We did not
find any evidence in favor of the triallelic model, and neither Bachmann and colleagues. The pure

oligogenic model however — if true — will remain a herculean task to prove.

Concerning Alstrom syndrome, among patients that had been addressed to the diagnostic
laboratory for an ALMS diagnosis the overall diagnostic yield is very high (93%, 95% confidence
interval: 66-98%). A few additional patients that were initially addressed for BBS carried mutations
in ALMSI. When comparing the phenotype of both classes of patients (ALMS versus BBS-
suspected) they do not appear significantly different. We posit that the BBS-suspected patients
carrying ALMSI] mutations had been misdiagnosed. Indeed, BBS and ALMS although
phenotypically overlapping are two distinguishable clinical entities. The ophthalmic defects are not
exactly similar in both syndromes. Also, polydactyly is a major specific feature for BBS always
absent in ALMS patients, while deafness and auditory defects are frequent in ALMS patients but
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rare among BBS patients (rather reported as mild abnormalities of perception). Nonetheless, when
ALMS patients present with retinal dystrophy, obesity, kidney defects and hypogonadism they
might be falsely considered as BBS patients, depending on the area of expertise of the clinicians
(i.e. the differential diagnosis will be more obvious for an ophthalmologist than for a pediatrician
for instance). ALMSI should thus be systematically screened along with the other BBS genes.
Finally, additional ALMS patients need to be screened to assess whether there is truly no other gene
than ALMS]I responsible for Alstrom syndrome, which would remain the exception of a non-

genetically heterogeneous ciliopathy.
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I- Introduction

Intellectual disability refers to a very heterogeneous group of conditions and belongs to the
large family of neurodevelopmental disorders. This section aims at giving a broader background
about intellectual developmental disorders, regarding the associated definitions, classifications, their

epidemiology and their etiology.

1. A bit of History...

Intellectual disability refers to what was previously called Mental Retardation, or a plethora
of other terminologies long before that (such as cretinism, feeblemindedness, idiocy, etc) that were
eventually classified as disrespectful or politically incorrect. The first references to individuals with
cognitive deficits date as far back as long before Christ, from Egyptian, Greeks and Romans
civilizations as evidenced in papyrus or other writing traces. Early on, such individuals were
considered as ‘anger of Gods’, and were abandoned and excluded from the cities (Harris, 2006).
The concept of eugenics (even though the term was introduced in the 19™ century by Francis
Galton) started in antiquity, through a meticulous selection of strong and healthy newborns or a
controlled mating between the elite of man and women in ancient Greece (Prof Jacques Battin,

conference, 7¢me assises de Génétique Humaine et Médicale).

Later on, individuals with mild ID were not discriminated from the others and considered as
socially competent, while more affected ones were placed under protection of families or religious
instances such as monasteries. The first allusion of ID as a disease dates back in the 17" century,
when Dr Willis proposed it originated from structural brain abnormalities that could be congenital

or acquired.

In the 19" century, instruction programs to rehabilitate and reintegrate ID people into
societies started to develop in Europe (under the initiative of the French Dr Seguin) and in North
America (under the lead of the Bostonian Drs Howe and Wilbur), with the spring of private and
State schools dedicated to ‘Idiotic Children’. The first dedicated residential institution was created
in Switzerland in 1841 (Beirne-Smith et al., 2006b).

Eugenics

In the second half of the century, ID individuals started to be massively segregated in self-
sufficient residential institutions, due to the lack of proven efficiency of those instruction programs.
That is about when Galton started to promote the eugenics movement, aiming at controlling
reproduction of individuals with ID. ID individuals appeared as the scapegoats of the societies,

blamed for poverty, illness and criminality. All of which were thought to be heritable traits that
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were encouraged to develop through the improvements of medicine, interfering with natural
selection by engendering ‘regression towards mediocrity’. In response to this, countries such as
Sweden, Norway and Denmark in Northern Europe, or the USA developed forced sterilization laws
for ‘feebleminded’ at the beginning of the 20" century, which were largely supported by medical
literature(Radford, 1991; Beirne-Smith et al., 2006a). Specifically, in Germany under the nazi
regim individuals with ID were initially sterilized (inspired from the American programs of forced
sterilization) and even exterminated. In other countries such as the UK, segregation and massive
custodial institutionalization was applied, less drastic but with nonetheless the same aim at limiting

reproduction.

"Custodial institutions were most importantly the means by which the feebleminded
were removed from a society in which they were perceived as a genetic threat and

placed in isolated environments, completely segregated by gender" (Radford, 1991).

It is important to mention that even though largely supported by the scientific community,
institutionalization and segregation were not accepted at the unanimity, as illustrated by the early
propos held by Dr Howe in the 1870s.

‘The true, sound principles are: separation of idiots from each other; and then
diffusion among the normal population. For these and other reasons it is unwise to
organize establishments for teaching and training idiotic children, upon such principles
as will tend to make them become asylums for life . . . Even idiots have rights which
should be carefully considered! (Howe, 1874)

A hundred years later, Dr Wolf Wolfensberger raised again such disagreement in his work
‘The origin and Nature of Our Institutional Models’ in 1969, which marked the impulsion for the
desegregation movement by governments. Such practices were gradually abolished by the end of
the 19™ century, and replaced by codified rights (including education) for people with disabilities.
Among others, the main motivation for this was the implication of several other non-genetic factors
contributing to ID as shown by extensive twin family studies, partially refuting the arguments for
eugenics (Rainer, 1971). Tendency in the 21% century is now towards deinstitutionalization and
community-based services (reflecting the ideal of Dr Howe and comparses), and reintegration into

societies (reviewed in (Harbour and Maulik, 2010)).

2. Definition(s)

Several definitions have been proposed for ID, or formerly Mental Retardation (MR).
Intellectual disability, or intellectual developmental disorders as called in the DSM-V, is defined by
‘intellectual and adaptative functioning deficits in conceptual, social and practical domains

originating during child development’. Intellectual functioning reflects the ability to learn, reason,
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memorize, and solve problems, while adaptative behavior includes the ability to communicate,

interact socially and cope independently.

The definition provided by the World Health Organization in the ICD-10 is similar, defined
as ‘an arrested or incomplete development of the mind, which is characterized by impairment of
skills manifested during the developmental period, which contribute to the overall level of

intelligence (i.e. cognitive, language, motor and social abilities) .

Although the evaluation of intellectual functioning itself is complicated as intelligence is not
a unitary characteristic but rather integrates a large number of different skills, ID is usually
characterized by using the intelligence quotient (IQ) measure. Classically, individuals with an 1Q

below 70 are considered as presenting with ID. Adaptative functioning is assessed independently.

IQ is the final score of several combined psychometric tests based on reasoning, speed
processing, memory, spatial ability, etc, and only reflects intellectual functioning abilities. Different
1Q tests exist, either consisting of complex tasks involving on cognitive aspect such as reasoning
(e.g. Ravens Progressive Matrices, or batteries of tasks interrogating different cognitive
performances (e.g. the Wechsler Intelligence Scale for Children or WISC). All intelligence tests
have been normalized to follow a normal distribution, with a mean score p of 100 and a standard

deviation G of 15 (i.e., 95% of the population have scores between 70 and 130; see Figure 25).
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Figure 25: Theoretical distribution of IQ scores, which follows the normal distribution, within
the general population.

Although the general tendency is for all intellectual functioning skills to develop to a similar
level in each individual, there can be large discrepancies and especially in people with ID. Some
individuals may present a severe impairment in one area (e.g. speech) while having another area of
much higher skill (e.g. memory) complicating the evaluation. Nonetheless, whatever the
intelligence test, it was shown that all tests appear strongly correlated and give consistent 1Q results
except for ASDs patients that may present frequently with such skill discrepancies (Deary et al.,
2010).
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3. Classifications

ID can be reported in patients with a different degree of severity. Several classification
methods exist to characterize the severity of the cognitive impairment in patients, based either on 1Q
values, the adaptative functioning deficit, or the intensity of medical and personal care required. All
methods lead to a similar classification in four categories.

In the ICD-10, the four classes have been delineating using IQ thresholds criteria (see
Table 12), with varying impairments evolving with age. The proportion of patients within the four
classes of mild, moderate, severe and profound ID is assessed to be 85%, 10%, 3-4%, and 1-2%
respectively (King, 2009). However, some epidemiological studies only divide patients into mild

(IQ 50-70) and severe groups (IQ<50, regrouping the official moderate, severe and profound

classes).
0-5 years 6-20 years 21 years and beyond
Degree of | Matyration and Training and education Social and vocational
ID development adequacy
Generally develop Can learn up to 4ty/5th primary | Partially autonomous.
Mild communicative and social | school grade skills when Capable of acquiring social
(1Q 50-70) skills. May not be reaching the ages of 18 or 19 | and work skills for
distinguishable until years. integration into the work
beginning school. Can integrate into society. force at minimum wage
Can speqk or learn to Difficulty meeting 2™ May bc? able to partially
Moderate | communicate. rimary school erade maintain oneself
(IQ 35-50) | Some difficulties with p Y. 0l & economically in manual work
. academic objectives. o
motor skills. under protected conditions
Marked limitations in Can speqk or learn to Cap pa.rtl.ally contribute to
Severe motor skills communicate. maintaining oneself
(IQ 20-35) Minimal laﬁ Lace abili Can learn elemental self-care | economically under total
guag . and health habits. supervision
Significant delay, minimal Some motor and laneuace
Profound | functional ability in Fully dependant, and need £uag
: development. Can learn very
(I1Q<20) sensorimotor areas. permanent care. .. .
. limited personal care skills.
Needs basic care.

Table 12 (adapted from (Katz and Lazcano-Ponce, 2008)): Classification of different degrees

of ID, with associated hallmarks depending on the age.

4. Epidemiology

ID is one of the most common neurodevelopmental disorder (with Autism Spectrum

Disorders) existing in each socioeconomical class or country, with an overall prevalence of 1-3%
showing an approximate 30% of male excess (Leonard and Wen, 2002; Maulik ef al., 2011). Its
frequency (especially for milder forms) appears to be somewhat higher in lower social classes and

developing countries, revealing the contribution of environmental factors (Leonard and Wen, 2002;
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Emerson and Hatton, 2007). Although epidemiologic studies show discrepant results for the
prevalence of mild ID worldwide (which appears to be highly influenced by environmental factors),
most show consistent estimates for the prevalence of severe ID that is assessed to be of 0.3-0.5%,

supposing a higher contribution of genetic factors in those forms (Durkin, 2002; Ropers, 2010).

5. Etiology of ID

The origins of ID are highly complex, numerous, and heterogeneous. They include genetic
disorders, and acquired disorders that originate from developmental or environmental factors
(Table 13).

I- Genetic Factors

Chromosomal anomalies, submicroscopic CNVs

e.g.. Down Syndrome, 16pll.2 microdeletion/duplication, 22ql1 microdeletion, intragenic
MECRP?2 duplications, etc...

Single gene disorders

XLID genes (OMIM : 102 genes)
e.g. Fragile-X syndrome, Rett syndrome, ARX mutations, etc...

Autosomal dominant genes (OMIM: 141 genes)
e.g.. Pitt-Hopkins syndrome, Smith-Magenis syndrome, mutations in epileptic genes etc...

Autosomal recessive (OMIM: 330 genes)
e.g.. microcephaly genes, lissencephaly genes, etc...

Oligogenism
e.g. CNVs’ and rare variants’ burden

II- Acquired factors

Developmental or Environmental

1- Toxic
e.g.: poisoning, fetal alcohol syndrome, drugs, maternal phenylketonuria

2- Infectious
e.g.: Rubella, cytomegalic inclusion body disease, toxoplasmosis, listeria ...

3- Traumas
e.g.: birth traumas, cerebral hemorrhage, ischemia

4- Sociocultural

Table 13 (adapted from (Katz and Lazcano-Ponce, 2008)): Summarized proposed etiology of
intellectual developmental disorders.
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Whether ID was a heritable trait remained debatable for long. As mentioned in the
previous part, it was first proposed to be heritable by Francis Galton in the 19" century. The
heritability of ID was then largely refuted in the 20" century in favor of environmental factors, to be

eventually proven as a major contributor as suggested by monozygotic twin studies.

1
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together
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MZ twins DZ twins  Non-twins Single parent
sibs & child

Figure 26 (adapted from (Baroff and Olley, 1999)): Familial correlations in general 1Q
depending on whether children are raised within the same environment or not.

(MZ: monozygotic twins, DZ: dizygotic twins)

For instance, as illustrated by the above figure, the correlation of IQ between family
members shows the influence of both genetic and environmental factors on intellectual functioning.
This graph supports a major role for genetic factors in IQ, as illustrated by the 1Q correlation
between monozygotic twins within a similar environment that is close to 1. Nonetheless, it also
shows the substantial influence of environmental factors by the fact that this correlation between
monozygotic twins is lesser than one when they are raised under the same roof, and is even lower
when they are raised separately. The same observation is drawn for dizygotic twins and other
siblings. The fact that monozygotic twins reared apart share a more similar IQ than dizygotic twins
reared together confirms that the genetic background plays a preponderant role in intelligence

bypassing the one of environment.

Genetic causes, which will be detailed in the following section, account for about 40% of all
ID cases and include chromosomal abnormalities (either numerical or structural), and monogenic
disorders caused by point or small DNA alterations. Monogenic disorders responsible for ID can be
associated to an X-linked, an autosomal dominant or an autosomal recessive mode of inheritance.
Lastly, some of those chromosomal abnormalities or DNA alterations are not associated to a full

penetrance of ID and are rather considered as risk factors, or susceptibility loci.
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Acquired causes of ID are thought to represent a smaller proportion of all ID cases (from 1
to 20%, depending on the sources (Curry et al., 1997; van Karnebeek et al., 2005; Rauch et al.,
2006). ID mostly originates from an exogenous insult that occurs during a critical step of embryonic
brain development (either at the pre, peri or postnatal stage) resulting in irreversible cerebral

damages. Acquired causes regroup toxic, infectious and traumatic conditions.

Altogether, the real distribution of IQ in the general population reflects the presence of those
individuals with impaired intellectual functioning, for which IQ follows another normal distribution
with a mean 35 and which primarily includes people with ID of both genetic and acquired causes
(Figure 27).
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Figure 27 (from (Tarjan et al., 1960)): Observed distribution of the 1Q in the population as
opposed to the theoretical normal distribution (Figure 25), showing an additional ‘bump’
curve of mean 35 primarily including individuals with ID of acquired or genetic etiology.
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II- Genetics of intellectual disability

1. Chromosomal aberrations and copy number abnormalities

Chromosomal aberrations play a preponderant role in the etiology of ID, accounting for a
majority of all ID cases. They include numerical abnormalities (supernumerary or missing
chromosomes), large unbalanced or balanced structural variations (duplications, deletions,
translocations, inversions) and submicroscopic CNVs (copy number variants, <5-Mb). About 10-
15% of all ID cases are assessed to originate from large chromosomal anomalies (numerical or
structural) and up to 20% when including submicroscopic CNVs, and are mostly reported in

syndromic patients (Cooper et al., 2011).

Numerical abnormalities

The first chromosomal cause that was identified as responsible for ID was the presence of a
third copy of chromosome 21 in cells of patients with Down syndrome. It was discovered in 1959
by a French team (Marthe Gautier and Jérome Lejeune; (Lejeune et al., 1959)). Down syndrome, or
trisomy 21, is the most frequent genetic cause of ID and accounts for about two thirds of all cases of
ID caused by chromosomal aberrations with a prevalence of 1:750 to 1:800 (Ropers, 2010).
Numerical chromosomal abnormalities of sex chromosomes (e.g. Turner or Klinefelter syndromes)
may include ID as a secondary feature, but not as a major and consistent clinical trait so they are
usually not considered as classical genetic causes of ID. Mosaic aneuploidies (e.g. of chromosome 8

and 9) have also been reported in patients with ID.

Large structural abnormalities and submicroscopic CNVs

A significant proportion of large structural variants (SVs) and submicroscopic CNVs
reported in patients with ID are rare and private and can be dispersed throughout the genome, for
which determining their contribution to the ID phenotype is highly complex. The larger they are,
the higher the probability is for them to be pathogenic. A general burden of SVs and CNVs has
been reported in ID cases as compared to controls, especially of large size (Cooper et al., 2011).
Most of those arise de novo, in favor of a pathogenic role. Several genes responsible for monogenic
forms of ID have been uncovered subsequently to the identification of private reciprocal
translocations/inversions (e.g. MBD5, HUWE]I).

Nonetheless, many submicroscopic CNVs appear to be recurrent in patients with ID and are
associated to specific clinical characteristic (i.e. some specific recognizable features are reported in
patients such as facial dysmorphism or cardiovascular defects (Cooper et al., 2011)). Some of them

include a minimal ‘critical’ region, which is the smallest region that when deleted/duplicated results
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in a characteristic phenotype in patients. This critical region may include one single gene. Point

mutations in that gene may then be reported in patients presenting with a similar phenotype (e.g.

Smith-Magenis syndrome, caused by 17p11.2 deletions or RA// point mutations). Over 60 recurrent

genomic intervals involved in submicroscopic deletions and/or duplications syndromes have been

associated to ID and related neuropsychiatric disorders such as ASDs, schizophrenia and epilepsy

(see Table 14; (Cooper et al., 2011)). Telomeric CNVs are also a recurrent feature, with 12

chromosomes being particularly at risk (Cooper et al., 2011).

Associated HEpniE
CNV Size Del/D enomic ID desree Assoc. | Assoc. | Assoc. | in controls/
locus | (kb) | up 8¢ €€ | to ASD | to SCZ | to EPI | unaffected
disoder
parents
1,350 | Del Mildto 1y |yes  |Yes |cCT,UP
a2l Moderate
q=1. )
Mild to
1,350 | Dup Moderate Yes ND ND CT, UP
Mild to
. 1,500 | Del Moderate Yes Yes ND -
q )
453 to Mild to
1,760 Dup Moderate No ND ND up
Williams- .
2,284 | Del Beuren Is\g\l,lgréo No Yes ND -
7q11.23 Syndrome
2,284 | Dup gglvlgréo Yes | No Yes |-
4770 | pet | Prader-Willi | Mild to
to (mat.) | syndrome severe No ND Yes i
8,147 )Y
15q11- | 4,770 ) - (15q11.2
ql3 to ]()th ) ?rrll%ilonﬁ: z/el‘l}gréo Yes ND Yes deletion:
8,147 | '\Pat) 18y CT)
Dup Mild to Yes Yes Yes
severe
1,930 | Del gg\lflsréo Yes Yes Yes up, CT?
15q13.3 Mild to
1,930 | Dup Moderate Yes Yes No UP, CT
700 | Del Mildto —Fy 00 o Yes | UP,CT
Moderate
16p11.2 Mild to
700 Dup Moderate Yes Yes No CT
17p11.2 | 3,775 | Del Smith- Moderate | No No Yes -
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Magenis to severe
syndrome
Potocki- .
. Mild to
3,775 | Dup Lupski Yes No No -
syndrome Moderate
1,500 Velocardio- )
to Del facial g/el‘l}gréo Yes Yes Yes -
3,000 syndrome
22q11.2
1,500 None to
to Dup mild Yes ND ND UP
3,000
1,000 Phelan- )
to Del McDermid Is\g\l}sréo Yes Yes Yes -
9,000 syndrome
2q133
to | Dup Mildto 1y 0 Ixp  |[ND |-
5000 severe
Del Moderate Yes No Yes -
Xq28 to severe
215- MECP2 Moderate
640 Dup duplication | to severe Yes No Yes )

Table 14: List of most recurrent CNVs associated with ID showing the overlap with other
neuropsychiatric and neurologic disorders.

Adapted from (Morrow, 2010; Cooper et al., 2011; Grayton et al., 2012)

Some of those recurrent CNVs and private SVs show nonetheless a reduced penetrance (i.e.
might be inherited from apparently unaffected parents or reported in other apparently unaffected
relatives, might be reported in other control populations). Their frequency in patients with 1D
appears significantly higher than in controls, and they are thus considered as susceptibility loci or
risk factors.

2. Monogenic forms of ID: XLID

The 30% sex bias reported in ID was long thought to be originating from mutations that
would involve genes located on the X-chromosome, making males more affected with this
condition. Gene discovery research has long been focusing on X-linked ID (XLID), and X-linked
genes through the study of large families with apparent X-linked mode of transmission of the
disease (historically MRX families). Many international consortiums took part in those intense
investigations based on linkage analysis, translocation studies, clinical examination, etc, reuniting
teams mainly from Europe, Australia and the US. This led to the identification of over a hundred

genes supposedly implicated in XLID (Lubs ef al., 2012). XLID is assessed to contribute to up to
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10% of ID cases in males ((Lubs et al., 2012)), which remains insufficient to explain entirely the

observed sex bias.
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Figure 28 (adapted from (Lubs et al., 2012)): Chronological history and evolution of methods
for XLID novel genes discovery

NB: Genes that have been identified since 2011 and are therefore not mentioned in this figure are listed
below (Table 15). For both Figure 28 and Table 15, the following abbreviations are used: Exp-Arr =
expression microarray; MCGH = genomic microarray; X-seq = gene sequencing; Mol-Fu = follow up of a
known molecular pathway; L-can = candidate gene testing within a linkage interval; Chr-rea = positional
cloning based on a chromosome rearrangement; Met-Fu = follow up of a known metabolic pathway.

The first evidence of a genetic abnormality of the X-chromosome leading to ID was the
observation of a chromatid break at the extremity of the long arm the chromosome X, detectable
cytogenetically in two brothers affected with ID in 1966. This was the premise of Fragile-X
syndrome, characterized by moderate to profound ID, speech delay, facial dysmorphic traits (large
ears, long face, and prominent jaw), macroorchidism and behavioral disorders. The corresponding
gene — FMRI, encoding the FMRP protein — was identified later on by positional cloning in 1991.
The most common mutation in patients is the expansion of a trinucleotide repeat in the 5’UTR
region of the gene (>200 repeats), which leads to the creation of the fragile site detectable on
karyotype and cytogenetic analysis. At the molecular level, the expansion mutation leads to the

absence of FMRP preventing the regulation of downstream mRNA targets encoding proteins
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involved in synaptic structure and function. It remains today the second most frequent cause of ID
after Down syndrome, and the first cause of monogenic ID with an assessed incidence of about
0.02%, i.e. at most 1% of all ID cases ((Coffee et al., 2009)).

Gene Approach Year Ref

ALGI3 X-seq, WES 2009, 2012 | (Tarpey et al., 2009; Timal et al., 2012)
SYP X-seq, 2009 (Tarpey et al., 2009)

HDAC6 L-can 2010 (Simon et al., 2010)

CLIC2 X-seq 2012 (Takano et al., 2012)

HDACS X-seq, Mol-fu | 2012 (Deardorff et al., 2012; Harakalova et al., 2012)
KDM6A4 CGH 2012 (Lederer et al., 2012)

WDR45 WES 2012 (Haack et al., 2012)

BCAP31 X-seq 2013 (Cacciagli et al., 2013)

SLC3542 Mol-Fu 2013 (Kodera et al., 2013; Ng et al., 2013)
ZC4H?2 X-seq, L-can 2013 (Hirata et al., 2013)

Table 15: Novel XLID genes, identified within the last two years (OMIM source).

Subsequently to cytogenetic methods, a variety of approaches have been developed to map
additional XLID genes. Familial study with linkage analysis followed by screening of candidate
gene in the linkage region, or translocation studies followed by breakpoint mapping and screening
of the disrupted genes in ID cohorts remained the gold standard for twenty years, as illustrated in
Figure 28. Conversely, the use of know molecular functions or metabolic pathways led to the
discovery of a more modest number of genes. With the later development of NGS, X-exome and
exome sequencing are now the high-throughput preferred methods, which altogether led to the
identification of about a fifth of all XLID genes (Figure 28; Table 15 (Lubs et al., 2012)).
Following large-scale studies of ID cohorts, a few X-linked genes now appear to be somewhat
recurrently mutated such as MECP2, CUL4B, SLC16A42, ILIRAPLI or UPF3B in either syndromic
or non-syndromic forms (e.g. ILIRAPLI) of ID. However, despite the exponential growth in the
number of XLID genes being identified, FMRI remains by far the most recurrently mutated XLID

gene.

A few XLID syndromes

After FMRI, the most frequent gene mutated in patients with XLID is ARX, assessed to
account for about 9% of all X-linked families (Poirier et al, 2006). The Aristaless-related
homeobox gene belongs to the large family of homeodomain transcription factors implicated in
general development, including the brain. Mutations in this gene have been reported in a wide
spectrum of conditions, including West and Partington syndrome, lissencephaly, myoclonic

epilepsy with ID, but also fully non-syndromic ID (Bienvenu et al., 2002; Kitamura et al., 2002;
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Stromme et al., 2002). Lissencephaly/hydranencephaly with abnormal genitalia and non-syndromic

ID seem to be the most frequent ARX-associated phenotypes.

MECP? is the well-known gene that was identified in 1999 as implicated in Rett syndrome
(initially described in 1966), a disorder that affects mostly females (Amir et al., 1999). Rett
syndrome is a severe neurodevelopmental disorder, characterized by an early regression of motor
(e.g. crawling, walking, seating,...) and cognitive skills (e.g. speech) that occurs after a period of
normal development. One of the particular features reported in Rett patients is a stereotypic
movement of the hands, known as ‘hand-flapping’ or ‘hand-washing’. Patients also present with
ataxia, seizures and breathing abnormalities. The episode of regression is usually accompanied by
undernourishment engendering poor growth, weight gain and cranial enlargement resulting in short
stature and microcephaly. However, the clinical features can be highly variable, ranging from
typical Rett syndrome, to Angelman syndrome, and even only mild cognitive impairment
(Imessaoudene et al., 2001; Watson et al., 2001). Even though MECP2 mutations were long
thought to be lethal in males (Hagberg et al., 1983), males were later reported with a distinct
clinical picture of severe epileptic encephalopathy. Interestingly, the nature of mutations reported in
MECP? in patients is highly diverse, ranging from point mutations leading to missense, nonsense or
frameshifts, but also to submicroscopic events such as duplications, deletions or rearrangements.
The presence of low copy repeats in MECP2 seems to make it highly conducive to complex
rearrangements (Carvalho et al., 2009). Most MECP2 cases are sporadic since very severe and
hardly compatible with normal fitness. The few familial cases that have been reported so far are due
to X-inactivation of the X-chromosome carrying the MECP2 mutation in females, or to germline

mosaicism.

CUL4B is another gene that seems to play a preponderant contribution in XLID. It is also
linked to a rather syndromic form of ID, characterized by short stature, hypogonadism, ataxia or
balance disorders and specific dysmorphic features (micro or macrocephaly, hypertelorism,
macroglossia, micrognathia and macrostomia; reviewed in (Cabezas ef al., 2000)). Despite its early
identification in 1993, it was only mapped in 2007 during the course of the large-scale X-
chromosome resequencing study in ID, identifying mutations in 5/250 patients supposing a

relatively elevated recurrence (Wei and Sulik, 1993; Tarpey et al., 2007; Tarpey et al., 2009).
SLCI16A2 is associated to the severe Allan-Herndon-Dudley syndrome (MIM# 300523),

characterized by major neonatal hypotonia, delayed motor skill acquisition, dyskinetic movements,
spastic paraplegia and severe to profound ID. Most patients harbor white matter abnormalities on
MRI. The gene was mapped in 2004, looking for candidates with known molecular function
coherent with the thyroid defects reported in patients while fitting with linkage analyses
(Dumitrescu et al., 2004).
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3. Monogenic forms: autosomal dominant forms of ID

Because the hypothetic transmission of a mutation from affected parents to offspring was
incompatible with the limited fitness associated with ID (and especially with the more severe
forms), the hypothesis of genes implicated in autosomal dominant forms of ID remained neglected
for long apart from several well-known syndromes (e.g. Pitt-Hopkins, Smith-Magenis syndromes,
etc).

It started to be even more seriously considered with the apparent major contribution of de
novo CNVs in ID and related neurodevelopmental disorders. Even if supposedly lower than the de
novo CNV rate, the rate of de novo variations remains quite consequent and leads to 50-100 novel
acquired variations in each newborn genome. Only a few affect protein-coding sequences (i.e. 0 to
2) without necessarily leading to phenotypic consequences. The first successful studies that
confirmed this hypothesis especially in non-syndromic ID performed direct testing of candidate
genes with relevant function (Hamdan et al., 2009a; Hamdan et al., 2009b; Hamdan et al.).
Nonetheless, a hypothesis-driven approach was required and precluded unbiased discovery of
unexpected genes. De novo mutations could not be interrogated genome-wide since the comparison
of parental genomes with the one of the offspring was not realistically feasible by Sanger
sequencing. The arrival of NGS technologies allowed much insight into the de novo hypothesis,
allowing an unbiased comparison of the entire genomes of both parents and offsprings
simultaneously in trio studies. The first trio exome sequencing study was performed in ten families
with ID, proposing DEAFI and DYNCIH]I as novel ID genes but most of all strengthening the
evidence of the contribution of de novo mutations and autosomal dominant inheritance in
neurodevelopmental disorders (Vissers et al., 2010). Two other studies followed in larger cohorts of
patients (total of 151 trios) further supporting this hypothesis, and proposed a few genes to be more
recurrently affected by de novo mutations in sporadic cases such as SCN24, STXBPI, SYNGAPI
and TCF4 (de Ligt et al., 2012; Rauch et al., 2012). The preponderant contribution in ID of de novo
mutations in outbred Western populations shall however not restrict the studies to sporadic cases
since extensive germline mosaicism still may occur. Almost 150 genes have been so far implicated

in autosomal dominant forms of ID with full penetrance.

Many of those genes uncovered by NGS studies were accredited by the simple report of a de
novo mutation in a single ID proband, while the de novo nature of a variation itself cannot be
sufficient to prove the pathogenicity of a variant and consequently the implication of the associated
gene in cognitive disorders. Not all de novo variations are pathogenic. One has to be aware that
some false positive genes may lie in such proposed genes (see (Piton et al., 2013) for a similar
reflection on XLID genes). Also, the current WES and WGS trio strategies only permit discovering
genes implicated in autosomal dominant forms of ID with mutations of full penetrance, since
variants that are transmitted from an unaffected parent are usually filtered out. This might be a

major limitation that needs to be tackled in the future, since many mutations in genes associated to
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autosomal dominant disorders show incomplete penetrance (e.g. SLC241 mutations responsible for

glutl-deficiency syndrome, which may be inherited from asymptomatic parents).

4. Monogenic forms: autosomal recessive forms of ID

Inborn errors of metabolism are mostly associated to autosomal recessive mode of
inheritance. With an assessed prevalence of about 1% in European countries, such disorders may
contribute to an even more substantial part of ARID in regions of higher consanguinity. In
particular, cases of phenylketonuria, medium-chain acyl-CoA dehydrogenase deficiency, carnitine
palmitoyltransferase 1 deficiency and homocystinuria were reported in Iranian familial cases of ID
(Ropers, 2010).

Also, most familial cases of ID that are not X-linked are thought to follow an autosomal
recessive mode of inheritance. However, only a few studies focused on autosomal recessive 1D
(ARID), expected to be rare in populations with highly mixed genetic background and low levels of
consanguinity. Conversely, the high level of consanguinity in countries of Northern Africa or
Middle East increases the chances of autosomal recessive disorders caused by homozygous
mutations. Moreover, the generally large size of families in those populations makes them a model
of choice for studying ARID. The study of genetics of ARID was lagging for long, and especially in
non-syndromic ID: only eight non-sydromic ARID genes had been identified laboriously in 2011
compared to over 100 XLID genes (Lubs et al., 2012; Musante and Ropers, 2014). A few teams had
been addressing the topic, with most studies consisting in homozygosity mapping combined with
linkage analysis in large consanguineous families (Molinari ef al., 2002; Higgins ef al., 2004; Basel-
Vanagaite et al., 2006). Fostered by the emergence of NGS technologies, one of the largest studies
included the high throughput targeted sequencing of coding exons from regions of homozygosity
and linkage in 136 consanguineous families with probable ARID, confirming over 20 previously
reported genes (among which some Joubert and BBS genes) and proposing an additional 50
candidate genes (Najmabadi et al., 2011). Subsequently to the application of NGS approaches, 32
novel candidate genes have been identified, supposedly implicated in non-syndromic ARID
(reviewed in (Musante and Ropers, 2014)). Nonetheless, similarly to the caution expressed
regarding de novo mutations that are not all necessarily pathogenic, not all homozygous missense

variants are neither.
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5. Oligogenism, or the ‘multiple hits’ model

Despite the tremendous insights into the genetics of ID fostered by the systematic genome-
wide studies made possible through NGS technologies, most cases remain without solved molecular
etiology. One hypothesis is the ‘polygenic’ or ‘oligogenic’ model (that may or may not involve
exogenous environmental factors), which has found valuable support in recent large-scale CNVs
analyses. Indeed, some CNVs of demonstrated reduced penetrance such as the 16p12.1 locus show
a much higher penetrance when accompanied by other large CNVs. Individuals with most severe
neurodevelopmental phenotypes generally harbor a burden of large and small CNVs (Girirajan et
al., 2011).

This oligogenic hypothesis has been even more envisaged in other neurodevelopmental
disorders such as ASDs, showing that probands harbor a burden of heterozygous variants (de novo
and inherited) in autism susceptibility genes when compared to controls (Schaaf et al., 2011).
Another study reports ASDs probands carrying intragenic de novo deletions in SHANK?2 along with
inherited CNVs at the 15q11-q13 locus affecting either CHRNA7 or CYFIPI, supporting the
‘multiple hit’ hypothesis (Leblond et al., 2012). Interestingly, in the recent large-scale exome
sequencing study of ID families, no double or multiple hits was mentioned in any proband. This can
presumably be explained because the scenario was simply not evaluated since the authors mostly
focused on the contribution of de novo variants (de Ligt et al., 2012; Rauch et al., 2012).

6. Emerging interconnected gene networks

Among the several hundred genes that have been implicated in all forms of ID, many teams
focused on understanding the relationship between those and establishing censed molecular
networks, apart from the metabolic ones connecting most genes implicated in [EMs with associated
ID. Also, a proportion of ID genes associated with cerebellar malformations have a preponderant in

neurogenesis or neuronal migration.

In order to identify novel ID gene networks, several parameters are integrated such as
common gene regulation pathways, physical protein interactions, expression patterns, transcription
factor binding sites, etc. The main molecular networks that appear to be emerging from those gene
networks are not unexpectedly ‘nervous system development’, and ‘synaptic transmission’ but also
-catenin/chromatin remodeling (O'Roak et al., 2012b; Cristino et al., 2014). This is coherent with
the distinction between syndromic ID, where genetic mutations would perturb any early step of
brain development (e.g. neural tube formation, neuronal migration and patterning) and would lead
to gross brain abnormalities, with non-syndromic ID (i.e. without structural brain or other organ
defects) in which the subjacent genetic mechanisms are more likely to be associated to the later

steps of synaptogenesis or neuronal wiring (von Bohlen Und Halbach, 2010). Besides the emerging
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gene network evidences, among the several hundred genes that have been implicated in monogenic
forms of ID, a consequent proportion had already been shown to play a role in pre or post-synaptic
formation or transmission (Guilmatre et al., 2009; Perche et al., 2010; Hamdan et al., 2011; Melom
and Littleton, 2011; Verpelli ef al., 2013).

Another group of genes lately implicated in ID have a role in major signaling cascades, such
as the Ras-MAPK-ERK or the PI3K-AKT-mTOR pathways implicated in the global regulation of
translation and transcription (e.g. PTEN, HRAS, KRAS, etc). Similarly, mutations in a novel class of
genes with role in the regulation of transcription, chromatin remodeling, etc have been reported in
patients with ID (e.g. HDAC4, MED23, CHD7, EHMT1, etc ; (Ronan et al., 2013)). Interestingly, a
number of such regulatory components have a role in either neurodevelopmental disorders or tumor
developments and cancer (e.g. PTEN, KRAS, CREBBP).
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[II- Comorbidity: ID and associated clinical signs

Intellectual developmental disorders are not only highly heterogeneous at the genetic level,
but also at the clinical level. One first needs to discriminate between syndromic ID, where patients
can be generally classified according to specific physical, metabolic, behavioral features and
involvement of other organs, with non-syndromic ID where no additional dysmorphic, metabolic or
neuromuscular features are consistent between affected family members. Individuals with NS-ID
are usually hardly clinically distinguishable (except for the severity of the cognitive impairment)
and are considered as a homogeneous clinical entity.

In syndromic ID, a plethora of additional clinical features can be found in patients, with
some comorbid traits being more frequent than others (Table 16). Correct brain development
depending on very tight orchestration of numerous crucial cellular and molecular events, any
genetic or environmental insult occurring during neurulation, CNS patterning, embryonic/adult
neurogenesis, myelination or synapse pruning can compromise the elaboration of normal cognitive
function or brain structure. The consequences can be highly specific and localized (e.g.

microcephaly, lissencephaly), or variable and diffuse (e.g. psychiatric, neurologic manifestations).

Co-morbid traits Frequency
Neurologic features

Epilepsy 22%
Balance disorders 20%
Neuropsychiatric features

Autism 24-30%
Anxiety disorders 17%
ADHD 10%
Malformations

Cerebellar 20-30%
Musculo-skeletal 4-8%
Cardiac 4-6%
Urogenital 2-3%
Gastrointestinal 2-4%

Table 16 (adapted from (Petterson et al., 2007; Oeseburg et al., 2011)): Frequency of several
co-morbid features in patients with ID.

Comorbidity of structural defects involving other organs such as malformation syndromes
will not be detailed here, since I will mostly focus on comorbid traits involving the central or

peripheral nervous system.
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1. Neuromuscular and neurologic manifestations

Gait and balance disorders

Gait and balance defects are frequently reported in patients with ID. Among them, ataxia
refers to a loss of balance and movement coordination that are not attributable for muscle weakness
or involuntary muscle activity. It usually originates from damage of the cerebellum or its
projections leading to its dysfunction, and may manifest in multiple parts of the body (limb, trunk,
etc). They are often accompanied by abnormal eye movements, nystagmus, dysarthria, and
dysdiadochokinesia. Ataxias can be either hereditary (i.e.. of genetic origins) or acquired
subsequently to infections (e.g. varicella) or brain injuries. Acquired ataxia may be only transient,
while hereditary conditions are usually lifelong. The overall prevalence of childhood ataxias
(combining both acquired and genetic forms) in Europe is assessed to be 0.026% (Musselman ef al.,
2014). It is however more frequent in regions of higher degree of consanguinity since most genetic
forms are associated to an autosomal recessive mode of inheritance (e.g. Friedreich’s Ataxia,
ARSAC, Joubert syndrome, etc). The most frequent forms of hereditary ataxia are metabolic ataxia
and Freidreich’s ataxia (Musselman ef al., 2014). Almost 60 different genes are implicated in forms
of ataxia (Laing, 2012).

Some ID patients also present with specific muscular tone defects, such as hypotonia,
dystonia, hypertonia, spasticity, or paraplegias. Such manifestations involve mainly the peripheral
nervous system and muscles. Cognitive impairment and developmental delay are frequent features
in disorders such as Duchenne or Becker muscular dystrophy, limb girdle muscular dystrophy or

Allan-Herndon-Dudley syndrome.

Epilepsy

Epilepsy is a highly heterogeneous group of neurological disorders characterized by
impaired electric brain activity. It is characterized by recurrent unpredictable seizures triggered by
the rhythmic firing of groups of neurons. Current hypothesis is that the epileptic foci (regions of the
cortex with abnormal activity) locally trigger the seizure that is then echoed to any synaptically
connected region. Epileptic disorders are the most common chronic neurological disorder, with
prevalence in the population of about 1-3% (Linehan et al., 2010; Quet et al., 2011). Epilepsy
accompanies ID in 10-15% in the mild to moderate cases, 20-30% in the severe to profound cases,
and in as much as 50% of XLID cases (Chapman et al., 2011; Stevenson et al., 2012). They can
originate from a large variety of factors such as trauma, stroke, tumors, congenital vascular or
cortical malformations, etc but in the remainder genetic factors are thought to play a major role.
Most GWAS studies failed to identify major risk locus, and contrary to ID only a few CNVs have
been shown to be responsible for the disease in patients (Kasperaviciute ef al., 2010; Consortium et

al., 2012; Heinzen et al., 2012). Nonetheless, during the last few years, a few genes appeared to
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contribute significantly to fully penetrant Mendelian forms of epilepsy in patients (such as CDKLS5,
KCNQ2, KCNQ3, SCNIA, SCN2A4, SCN8A, SLC2A1, STXBPI...), revealed in several independent
studies (Claes et al., 2001; Kalscheuer et al., 2003; Kamiya et al., 2004; Saitsu et al., 2008;
Consortium et al., 2012; Veeramah et al., 2012). Some are associated to ion channel subunits, but
not exclusively. Mutations were also recently reported in patients in genes usually associated to
megalencephaly (Lee et al., 2012), lissencephaly (DCX, (Gleeson et al., 1998)) or periventricular
heterotopia (FLNA, (Fox et al., 1998)).

2. Cerebellar and structural brain abnormalities

Cephalic disorders mostly result from altered neuronal migration or proliferation.
Microcephaly

Microcephaly is a heterogeneous group of disorders characterized by a reduced
occipitofrontal circumference (OFC) that is due either to general abnormal proliferation during
embryonic brain development (congenital microcephaly) or to defective neuronal maturation during
postnatal brain development (acquired microcephaly). Some are accompanied with abnormal
convolution patterns (e.g. microcephaly with simplified gyral pattern or MSGP, agyria,
microlissencephaly,) whilst others are not. Most genes associated to this condition are implicated in
regulating cell proliferation (4SPM, MCPHI, CDK5RAP2, CENPJ, reviewed in (Francis et al.,
2006)). On the other extreme, macrocephaly (enlarged OFC) can be associated to megalencephaly
that is mainly caused by activating mutations in genes of the PI3K/AKT pathway (Riviere ef al.,

2012), which plays a preponderant role in brain growth and development.

Polymicrogyria

Polymicrogyria is characterized by a multitude of microscopic gyri at the brain surface,
either diffuse or localized (focal), making it hard to detect by MRI. A thicker cortex, a smoother
brain surface and enlarged ventricles are also often present near the affected region. All types are
associated with disruption of the multilayered neocortex, most probably due to altered cell
proliferation. Mutations in genes encoding for o or B-tubulin (TUBAS and TUBB2B), GPR56 and
rotatin (R7T) have been reported in patients with such condition resulting in microtubule assembly
defects or aberrant ciliary function (Piao et al., 2004; Robin et al., 2006; Abdollahi et al., 2009;
Jaglin et al., 2009; Kheradmand Kia et al., 2012).
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Schizencephaly

Schizencephaly consist in unilateral or bilateral clefts communicating with the ventricles,
surrounded by grey matter and lined with polymicrogyric cortex. Some parts of the brain can be
absent and filled with cerebrospinal fluid. Such condition supposes a very early defect of neuronal
migration. Mutations in SIX3, SHH and EMX2 have been reported to date in patients (Brunelli et al.,
1996; Roessler et al., 1996; Schell-Apacik et al., 2009; Hehr et al., 2010). It shares genetic overlap
with holoprosencephaly, a disorder where the prosencephalon fails to compartmentalize in two

hemispheres resulting in abnormal brain structure and impaired facial development.

Lissencephaly

Lissencephaly is a heterogeneous condition defined as a smoothened brain surface, caused
by defective neuronal migration leading to absence of cortical convolutions. It is also associated to
thicker cortex, abnormal cortical lamination and diffuse neuronal heterotopia (accumulation of
neurons that fail to migrate properly). Type I lissencephaly has to be discriminated from Type II or
cobblestone lissencephaly, which most probably results from mutations in glycosyl transferase
enzymes and not from migrational defects. Mutations in the genes ARX, DCX, LAMBI, NDEI,
PAFAHIBI, RELN, or TUBAI1A have been reported in patients with lissencephaly Type I (Lo Nigro
et al., 1997; Gleeson et al., 1998; Hong et al., 2000; Kitamura et al., 2002; Keays et al., 2007,
Bakircioglu et al., 2011; Radmanesh et al., 2013).

Heterotopia

Gray matter heterotopias regroup heterogeneous conditions characterized by mislocalization
of clumps of neurons, supposedly caused by an arrested migration of such cells that fail to cross the
cortical layers and remain close to their site of generation. Such clumps can localize close to the
ventricles (periventricular or subependymal), or within the white matter in a focal (focal
subcortical) or diffuse (band form) pattern. Loss-of-function mutations in FLNA have been reported
mainly in females with periventricular heterotopia, since there are generally embryonic-lethal in
males (Fox et al., 1998). Other proposed genes implicated in periventricular heterotopia include
ARFGEF?2, responsible for periventricular heterotopia with associated microcephaly (Sheen et al.,
2004), DCHS1, FAT4, DCX, ERMARD and PAFAHIBI (des Portes et al., 1998; Pilz et al., 1999;
Cappello et al.; Conti et al.). Genetically, this condition appears to be a continuum of lissencephaly
(on the milder side) since mutations in several genes were reported in patients with one or the other
disorder (PAFAHIBI, DCX). For instance, males with DCX mutations present with lissencephaly
while females mainly present with subcortical laminar heterotopia (Pinard et al., 1994; Gleeson et
al., 1998).
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Encephalocele

Encephalocele is proposed to originate from post-neurulation defects (reviewed in (Copp et
al.)). Tt is characterized by a skull protuberance called meningeal sac, which may or may not
contain brain tissue. It is compatible with life, and surgery is often proposed to remove the sac and
close the lesion. Some ciliopathies like Meckel syndrome (see Results - Part I) may include
encephalocele manifestation hence any Meckel syndrome gene can lead to such condition. A few
other genes have been described as resulting in encephalocele such as COLI8A1 in Knobloch
syndrome type 1, the homeobox gene ALX3, the lissencephaly gene LAMBI, or the ciliopathy gene
CSPPI (Sertie et al., 2000; Twigg et al., 2009; Radmanesh et al., 2013; Shaheen et al., 2014; Tuz et
al., 2014).

3. Behavioral disorders

Autism Spectrum disorders

Autism spectrum disorders are defined in DSM-V by ‘persistent deficits in social
communication and social interaction and restricted, repetitive patterns of behavior, interests, or
activities, which arise in the early developmental period’. 1t is a generic term regrouping highly
heterogeneous disorders, including autistic disorders, high-functioning autism, Kanner’s autism,
Asperger syndrome, pervasive developmental disorders not otherwise specified (PDD-NOS) and
childhood disintegrative disorders. Their prevalence in the population is of about 1% (Fombonne,
2009), and is more frequent in males than females (4 to 1 ratio; (Newschaffer et al., 2007)). ASDs’
prevalence appears to be gradually increasing but it remains unclear whether it is because of our
increasing awareness of the condition helping diagnosis, the novel DSM-V diagnostic criteria that
regroup a plethora of conditions under the term of ASDs, or because of exogenous factors that are

indeed responsible for an increasing number of cases.

Its origins are largely multifactorial, implicating environmental and genetic factors, but
tremendous advances have been made in the past decade concerning the identification of
monogenic genetic origins. Five major studies first reported an increased burden of de novo CNVs
in ASDs children as compared to controls (Sebat et al., 2007; Marshall et al., 2008; Pinto et al.,
2010; Levy et al., 2011; Sanders et al., 2011). Later exome sequencing studies performed on a
cohort of 20 trios (mostly sporadic patients) showed that pathogenic de novo mutations played a
preponderant role in causing ASDs (O'Roak et al.). Four major studies published a year later
confirmed the findings, subsequently to trio-exome sequencing in nearly a thousand of ASDs trios
(965 in total; (Iossifov et al., 2012; Neale et al., 2012; O'Roak et al., 2012b; Sanders et al., 2012)).
Affected genes were mostly brain-expressed genes and showed a high degree of connectivity. Most

de novo mutations were also proven to have occurred in the father germ line and were correlated
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with an increased paternal age (Iossifov et al., 2012; Michaelson et al., 2012; Neale et al., 2012;
O'Roak et al., 2012b; Sanders et al., 2012). As opposed to ID studies, among a thousand of ASDs
patients screened by exome/genome sequencing (Michaelson et al., 2012), only one or two genes
were hit more than once (SCN2A4, KIRREL3 and GPR98) supposing a much higher degree of
genetic heterogeneity. Exome sequencing combined with homozygosity mapping was also
performed in consanguineous ASDs families to unravel autosomal recessive cause of ASDs, but
with more modest success (Chahrour et al., 2012). Altogether, CNVs and single gene disorders
account for 15% of solved clinical genetic testing in ASDs cases (Shen et al., 2010; Schaaf and
Zoghbi, 2011). Among monogenic causes of ASDs, several hundred genes have now been
described.

Attention deficit and hyperactivity disorders (ADHD)

ADHD is characterized by persistent inattention and/or hyperactivity that interfere with
proper child functioning and development. Its prevalence is assessed to be of 5% in children with an
increased frequency in males (2:1 ratio). Genetic causes of ADHD are substantial: no single gene
variation could be clearly associated with full penetrance of the ADHD phenotype in children.
Genetics factors are thought to be more risk factors, rather than sufficient causal factors. Many ID
probands harbor ADHD.

4. ID associated with metabolic disorders

Inborn errors of metabolism (IEM) are a phenotypically and genetically heterogeneous
group of disorders leading to malfunctioning metabolism and/or accumulation of toxic metabolites.
IEMs are assessed to account for up to 14% of all ID cases, and over 80 IEMs have been reported
for which ID is a major feature (Papavasiliou et al., 2000; Engbers et al., 2008; van Karnebeek and
Stockler, 2012). A number of comorbid features among all the above-mentioned ones are found in
IEMs, such as epilepsy and other neurologic features (spasticity, dyskinesia, or ataxias) and/or
behavioral and psychiatric problems in nearly 100%, but also involvement of other organs in almost
70% (van Karnebeek and Stockler). Neurologic and neuropsychiatric features appear to originate
either from defective late neurodevelopmental processes in progressive conditions (e.g.
myelination, in metachromatic leukodystrophy or adrenoleukodystrophy) or via disruption of the
synaptic and neurotransmitter systems in acute or episodic disorders (e.g. phenylketonuria,
disorders of homocysteine metabolism). Interestingly, an increasing number of illness-modifying
treatments have been developed for many of them, so it is of particular importance to detect them
precociously. In a majority, the diagnostic of IEMs can be made on simple blood or urine metabolic
screening tests (see Figure 29); some of them are currently implemented as newborn screening tests

in specific countries.
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The example of phenylketonuria

Phenylketonuria (PKU) is an autosomal recessive IEM resulting from deficiency of
phenylalanine hydroxylase (PAH) leading to a neurotoxic accumulation of phenylalanine. If
untreated, clinical manifestations include severe ID, light pigmentations, gait abnormalities, autistic
features, and epilepsy (Brumm ef al., 2010). A phenylalanine-free diet was proposed in 1954 and
proven to be highly effective, preventing the most severe manifestations when given in the
presymptomatic phase (although psychiatric and behavioral problems may persist). With an
assessed incidence of 1 in 15,000 newborns, PKU became a part of newborn screening tests in most
European and Northern American (but only a few Asian countries) since the 1980s, and the
phenylalanine-free diet has become a standard of care (Mak et al., 2013). The corresponding PAH
gene was only mapped in 1983 (Woo ef al., 1983).

A similar disorder primarily characterized by congenital heart disease can also be transmitted to the
offspring by the mother during pregnancy, which is known as the ‘maternal PKU syndrome’
(Huntley and Stevenson, 1969).

Urine Tests + B-Ketathiclase Deficlency + Glutaric Acidemia type I + MHED Deficlency
+ Cobalamim & Deficiency » HMG-CoA Lyase Deficiency » mHMB-Cod Symthase Deficiency
» Gobalamin B Deficlency » Helocarbooylase Synthetase Deficlency » Lo. Proprionic Acidamia (BACF)
+ Cobalamim € Deficiency (& thiy) ¥ Homoeystinuria » SCOT Deficiency

Urine Organic Acids (n=22) » Cobalamin D deficiency (& tHey) b Lo, Isovalerie Acidemia (RACP) » GEADH deficiancy
+ Cobalamin F deficiency (& they) » 3-Methylcrotonyl Glycinuria BAGP) » Tyrasinemia type Il {SPAR)
+ Ettyimalonic Enceghalcpathy [BACF) » FMEyIghtaconic Atiduria
» Glutaric Acidemia type | » Lo, Methylmalonic Acidemia [RACF)

» Hunter syndrame (MPS IT) » Sanfilippo syndrome (type a, b, o, d)
Urine Glycosaminoglycans (n=T) | » Hurler Syndrome (MPS 1) » Sy syndrama (MPS VI)

+AGAT deficiency » Creatine
Urine Creatine Metabolities (n=3) | » GAMT deficlency  Transporter Defect

» -Mannosidosls
Urine oligosaccharides (n=2) + Aspartylglucosaminuria

» Pyrimidine S'nucheotidase
Urine Purines & Pyrimidines (n=2) | superactivity

+ Molybdenism Cofactor Type &

deficiency
Blood Tests ¥ Lo, Argininesucsinic Acidurla + HHH syndrome + L6, OTC Deficiency

» Lo, Citrullinemia » Maple Syrup Urine Disease » Phemylketonuria
Plazma Amino-Acids (n=13) » L. Citrullinemia Type I Varkant) + FDH Complex Defickancy

¥ Lo. CPS Deficlency 1o, MTHFR Deficiency (BtHcy) » Tyrosinemia typa [| (EU0A)

+ Lo, Argininemia #Lo. NAGS Deficiency

+ Homocystinuria (&UDA) * Gobalamin E Deficiency

+ Lo MTHFR Daficiency (SPAR) + Cabadamin F Deficiancy (& UOA)
Pasma Total Homocysteine (n=8) | | oo ciomin ¢ Deficiency (& UOA) + Cabzlamin G Deficincy

+ Gobalamin D Deficlency & UOA)

Figure 29 (from (van Karnebeek and Stockler, 2012)): Summai‘y of the 50 IEMs that can be
diagnosed using standard metabolic screening tests.

Length of bars is correlated with the number of IEMs a single test can identify. PAA: plasma aminoacids;
tHcy: total homocystein; ACP: plasma cylcamitine profile; UOA: urine organic acids.
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IV. Diagnosis of ID in France

Except for a few advices by expert clinicians (des Portes ef al., 2002), there are currently no

strict guidelines regarding the diagnosis of patients with ID in France.

Classical, diagnosis of ID starts with extensive clinical investigations to better characterize
the disorder of the patient, in search of additional comorbid features (e.g. hypotonia, epilepsy,
microcephaly, etc), dysmorphic traits, etc. Several imaging, elecrophysiological, and
biochemical/metabolic investigations (e.g. chromatography of organic and aminoacids, lactate,
pyruvate and creatine levels in urine, ...) are often performed subsequently, in order to detect
specific cerebellar or metabolic defects. Nonetheless, metabolic investigations are not performed in
a consistent and systematic manner, though we saw that for instance some simple metabolic tests
can screen as many as 20 different IMEs. Some IMEs are systematically screened at birth as part as
newborn screening tests such as PKU. Investigations regarding the history of the disorder in the

patient’s family are also primordial, to highlight putative genetic origins.

For an ID of suspected genetic etiology, most diagnostic laboratories generally follow a
similar decisional tree. All patients are usually tested for structural and numerical chromosomal
abnormalities and submicroscopic CNVs by karyotype and high-resolution array-CGH analysis.
Most patients are also tested in parallel for the fragile-X FMRI expansion mutation. Altogether,
array-CGH and fragile-X tests lead to positive diagnostic yields of 10-15% (with higher rates in

highly syndromic patients and patients with moderate to profound ID) and 1% respectively.

Other specific genetic tests may be proposed to patients, such as FISH or telomeric
rearrangement testing, and Sanger sequencing for one or several genes that would fit with a
syndrome evoked by the clinical features of the patient (e.g.- MECP2, UBE3A and CDKLS5 for a
patient with a phenotype Angelman syndrome-like; DMPK and ZNF9 expansion repeats in a patient

with considerable hypotonia).

Altogether, with this diagnostic pipeline over 60% of all patients with ID remain with no molecular

diagnosis.
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V- Results

Paper I: XLID-causing mutations and associated genes challenged in light of data

from large-scale human exome sequencing.

Piton A*, Redin C*, Mandel JL. Am J Hum Genet. 2013 Aug.

Aim of the study: The genetic heterogeneity in ID is such that it is difficult to find independent

families carrying mutations in the same genes. Also, most mutations reported in patients are private
mutations, so the challenge is to discriminate rare innocuous variants from true pathogenic
mutations. Additional confirmation or replication studies are often needed - but generally missing —
to further support the implication of a gene in ID. Some proposed mutations or even genes might be
false positive calls, with no association to cognitive impairment. Our goal was to systematically
reassess the evidences supporting the implication of each gene in ID, essentially based on the
frequency of proposed ID mutations in a large general population (6,500 individuals). For this work
we focused exclusively on the hundred published XLID genes, but the same approach should be
performed on autosomal recessive and autosomal dominant ID genes, accordingly adapting the

exclusion threshold for the frequency of a known mutation in the general population.

Contribution: Major. Performed the bioinformatic analyses (retrieving the mutations and variants
from OMIM and EVS, and intersect the data), mined the literature for each XLID gene in delicate

position, wrote the paper along with Dr Piton.
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REPORT

XLID-Causing Mutations and Associated Genes Challenged
in Light of Data From Large-Scale Human Exome Sequencing

Amélie Piton,1.24* Claire Redin,’.24 and Jean-Louis Mandell.2.3*

Because of the unbalanced sex ratio (1.3-1.4 to 1) observed in intellectual disability (ID) and the identification of large ID-affected fam-
ilies showing X-linked segregation, much attention has been focused on the genetics of X-linked ID (XLID). Mutations causing mono-
genic XLID have now been reported in over 100 genes, most of which are commonly included in XLID diagnostic gene panels. Nonethe-
less, the boundary between true mutations and rare non-disease-causing variants often remains elusive. The sequencing of a large
number of control X chromosomes, required for avoiding false-positive results, was not systematically possible in the past. Such infor-
mation is now available thanks to large-scale sequencing projects such as the National Heart, Lung, and Blood (NHLBI) Exome
Sequencing Project, which provides variation information on 10,563 X chromosomes from the general population. We used this NHLBI
cohort to systematically reassess the implication of 106 genes proposed to be involved in monogenic forms of XLID. We particularly
question the implication in XLID of ten of them (AGTR2, MAGT1, ZNF674, SRPX2, ATP6AP2, ARHGEF6, NXF5, ZCCHC12, ZNF41,
and ZNF81), in which truncating variants or previously published mutations are observed at a relatively high frequency within this
cohort. We also highlight 15 other genes (CCDC22, CLIC2, CNKSR2, FRMPD4, HCFC1, IGBP1, KIAA2022, KLF8, MAOA, NAA10,
NLGN3, RPL10, SHROOM4, ZDHHC15, and ZNF261) for which replication studies are warranted. We propose that similar reassessment
of reported mutations (and genes) with the use of data from large-scale human exome sequencing would be relevant for a wide range of

other genetic diseases.

Introduction

Intellectual disability (ID, formerly called mental retarda-
tion) is a developmental brain disorder commonly defined
by an IQ below 70 and limitations in both intellectual
functioning and adaptive behavior. ID can originate from
environmental causes and/or genetic anomalies, and its
incidence in children is estimated to be of 1%-2%."* As
a result of an excess of males affected by ID (the male-to-
female ratio is 1.3-1.4 to 1) and the identification of
many families presenting with a clear X-linked segrega-
tion, much attention has been focused for the last 20 years
on genes located on the X chromosome and thus respon-
sible for X-linked ID (XLID, previously known as XLMR)
when mutated.®>* One of the first genes identified as
involved in XLID is FMRI (MIM 309550), a target of the
unstable expansion mutation responsible for fragile X syn-
drome (MIM 300624); accounting for about 1%-2% of all
ID cases, this mutation still remains the most common
cause of XLID.*>° Since then, the number of genes involved
in XLID when mutated has grown exponentially,>”® from
only 11 in 1992 to 43 in 2002 and over 100 genes now
identified thank to the efforts of various teams.*?''* Half
of the known genes carrying mutations responsible for
XLID appear to be associated with nonsyndromic or pauci-
syndromic forms; the other half are associated with more
syndromic forms (i.e., ID associated with defined clinical
or metabolic manifestations), which facilitates the identifi-
cation of causative mutations in the same gene because

unrelated probands with comparable phenotypes can
be more easily matched. However, the presence of “milder”
mutations (in RPS6KA3 [RSK2, MIM 300075] or ARX [MIM
300382], for instance) and/or incomplete penetrance of
specific clinical signs in some individuals carrying muta-
tions in genes associated with syndromic ID can blur the
distinction between syndromic and nonsyndromic ID."!

Various approaches have been developed for the identi-
fication of genes and associated causative mutations
responsible for XLID (see Lubs et al.* for a review): (1) po-
sitional cloning based on chromosomal rearrangements or
copy-number variants (CNVs) affecting the X chromo-
some, (2) screening of genes located in candidate intervals
identified via linkage analysis in large XLID-affected fam-
ilies, (3) direct sequencing of candidate genes with a func-
tion or expression pattern that suggests a role in cognition
or that fits with metabolic or clinical observations in
affected subjects, and (4) high-throughput sequencing al-
lowing screening of mutations in all protein-coding re-
gions of the genome or only in the X chromosome (exome
versus X exome). 012714

The validation of potentially damaging mutations in a
gene newly associated with XLID requires functional
and/or genetic analyses, especially when the identification
is based on reporting mutations in very few families or sim-
plex cases. Functional studies are uneven in pertinence
and strength. They can include direct assessment of the
mutational impact at any of the protein, cellular, or
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organism levels or functional connection to the disease
(e.g., involvement in synaptic organization or plasticity).
However, functional tests showing an effect of a candidate
mutation at the protein or cellular level do not necessarily
imply that this effect is inherently responsible for the dis-
ease. Indeed, some false positives can lie in mutations that
have been “functionally” validated (see, for instance,
SRPX2 [MIM 300642] below).

Genetic validation of a mutation usually includes cose-
gregation analysis in the proband’s family and testing for
the absence of the mutation in a population of control
chromosomes. Cosegregation analyses that validate muta-
tions in simplex cases often lack statistical power and can
lead to misleading conclusions, even in families with
several affected individuals. Some noncausative variants
will segregate by chance with the disease only because
they lie in the linked candidate region, which often con-
tains many genes. Recently, the identification of genes
implicated in ID or autism spectrum disorders (ASDs) has
extensively relied on the detection of de novo events,
but it is clear now that such events can also be detected
in unaffected siblings and hence that the de novo criterion
is not sufficient to imply pathogenicity. Moreover, for X-
linked genes, because de novo mutations occur more often
in the male germline, probands’ mothers are often silent
carriers of a transmitted pathogenic mutation that might
have occurred de novo in preceding generations. Investi-
gating the maternal grandparents is thus very useful and
informative but is often not possible. Lastly, because of
the cost-efficiency limitations of Sanger sequencing, the
number of control individuals sequenced is often limited
to a few hundred individuals, which is therefore insuffi-
cient to allow the detection of rare innocuous variants.
Some false-positive conclusions about the involvement
of some genes in XLID might have arisen notably by the
overinterpretation of the pathogenicity of missense vari-
ants, and this might concern genes proposed for mutation
screening in XLID diagnostic panels.

A new powerful resource, the National Heart, Lung, and
Blood Institute (NHLBI) data set of over 6,500 sequenced
exomes (available on the Exome Sequencing Project
Exome Variant Server [EVS]) can now be used for ascertain-
ing the frequency of potential mutations in large cohorts
of adults initially selected for cardiac, lung, or metabolic
phenotypes but a priori not enriched with neurological
or cognitive defects. This very large project originally
aimed to identify genes underlying complex heart, lung,
and metabolic disorders and provides detailed exome-vari-
ation information on unrelated African American and Eu-
ropean American individuals (2,443 males and 4,060
females), amounting to a total of 10,563 X chromo-
somes.'> Because participants had to provide written
informed consent,'® one can expect that these cohorts
do not contain individuals with moderate or severe ID
and that even the mild form is presumably underrepre-
sented as compared to its incidence in the general popula-
tion. This cohort can hence be considered as a “general

population” for the analysis of rare variations in genes
with a proposed implication in ID when mutated.

List of 106 Genes with Reported Mutations Involved in
XLID

We established a list of 106 genes proposed to be associated
with XLID by compiling data from reviews, lists of genes
proposed for XLID diagnosis, and recent primary publica-
tions (Figure 1). Two of these 106 genes (MTM1 [MIM
3004135] and G/B1 [MIM 304040]) appear to be misassoci-
ated with ID, given that very few cases were reported
with both ID and centronuclear myopathy (MIM
310400) or Charcot-Marie Tooth neuropathy (MIM
302800) and that they carry deletions encompassing other
genes in addition to MTM1 or GJ/B1."7"'® Both genes should
thus be removed from XLID lists. For the remaining 104
genes, we systematically screened the NHLBI EVS data.
We assumed that out of the ~2,500 males of the NHLBI
population, there would be fewer than 50 males (2%)
potentially affected by ID. Consequently, a previously pub-
lished XLID mutation reported in two NHLBI males would
imply that this mutation is responsible for 4% (2/50) of all
ID cases and is therefore more common than the fragile X
expansion mutation, which is very doubtful. Such a
variant should therefore be considered a nonpathogenic
(or low penetrance) rare single-nucleotide variant (SNV)
with respect to monogenic forms of ID. The same logic
can be applied if truncating variants (nonsense and splice
variants) are identified in more than one male from the
NHLBI population in a gene associated with ID; this would
confer it a major role in ID, which is suspicious. This led us
to further assess the association between some genes and
ID when (1) truncating variants are observed in males
within the NHLBI cohort (Table S1, available online), (2)
previously described ID mutations are detected in this pop-
ulation at a frequency inconsistent with a causative effect
on cognitive impairment (Tables S2 and S3), and (3) the
implication of this gene in XLID relies on a single piece
of evidence. For all such genes, we discuss the current evi-
dence of their association with monogenic forms of ID on
the basis of both the literature and our EVS data analysis
(Supplemental Data and Table 1). All other genes were
considered to be convincingly implicated in ID.

Presence in EVS of Truncating Variants Affecting
Genes Involved in XLID

We first analyzed the NHLBI cohort data set to evaluate the
presence, notably in males, of truncating SNVs in genes
with a proposed implication in ID (Table S1). We did not
include in our analysis the small indels that have been
recently added to EVS (v.0.0.15, October 31, 2012) because
the frequency of some of them indicates that they are pre-
sumably false-positive observations, either due to artifacts
inherent from the sequencing technology or to difficulties
in reliably annotating small indels (Table S4).”° For
instance, the frameshift c.1777_1780del (p.Leu593Phefs*
7) has been reported in NLGN4X (MIM 300427) in 20
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Figure 1. Representation along the X Chromosome of the 106 Genes in which Mutations Have Been Reported in XLID and Classifi-

cation According to Both the Type and Number of Mutations Reported in OMIM

Genes for which involvement in XLID is convincing are listed on the left side of the chromosome, and genes for which implication in ID

either is questionable or needs to be replicated are listed on the right side of the chromosome. G/B1 and MTM1 are linked to diseases with

no real ID association and are thus not included in the figure. The color code was designed according to the total number of mutations

reported in OMIM. If at least one truncating mutation (splice mutations, nonsense mutations, frameshifts, and large deletions that
(legend continued on next page)
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homozygous females but only in a single heterozygous
one, which departs from Hardy-Weinberg equilibrium. A
total of 21 truncating SNVs are present in EVS and are
distributed among 15 of the 104 genes in the XLID list (Ta-
ble S1). Truncating variants found at the heterozygous
state in females are not inconsistent with an implication
of these genes in XLID. Similarly, hemizygous truncating
variants that affect only some specific splicing isoforms
do not question the implication of such genes either.
When a unique truncating variant affecting the main iso-
form of a gene is identified in a single male (such as one
in MAGT1 [MIM 300715], ZNF41 [MIM 314995], ZNF81
[MIM 314998], or ATP6AP2 [MIM 300556]), the interpreta-
tion is more ambiguous, and this alone cannot rule out
the gene’s role in ID. However, two different truncating
variants have been reported in NXF5 (MIM 300319) in
eight males and in ZNF674 (MIM 300573) in 19 males,
and this seriously challenges the implication of these genes
in monogenic XLID (see below and Supplemental Data).

Presence in EVS of Known XLID Mutations

We then investigated the presence among the NHLBI
cohort of all XLID mutations identified in the 104 genes,
which are listed in OMIM or were retrieved by a PubMed
search (Table S2), and we found 22 such mutations (Table
S3). All but two (c.1186C>T [p.Pro396Ser| in CASK and
¢.217C>T [p.Leu73Phe] in PTCHDI, identified in single
heterozygous females) were detected in both males and fe-
males and are probably noncausative variants instead of
real disease-causing mutations. The majority of these
missense mutations (16/20) that now appear to be innoc-
uous variants are predicted to have benign or unknown
consequences on protein function. The pathogenicity of
some of these missense mutations (c.515C>A [p.Pro172-
His] in TSPAN7, ¢.3872C>T [p.Pro1291Leu] in FLNA, and
three missense mutations in DMD) was already questioned
by the authors.”*~"* Concerning the FGD1 (MIM 300546;
involved in Aarskog-Scott syndrome [AAS (MIM
305400)]) c.935C>T (p.Pro312Leu) mutation, which was
detected twice in NHLBI males, the phenotype of the re-
ported family did not fit with classical AAS, already sug-
gesting that it might not be a truly pathogenic muta-
tion.”* Even more surprising was the identification of 18
males carrying NDUFAI mutation ¢.94G>C (p.Gly32Arg),
which was demonstrated to have functional consequences
on protein activity.”>”® Such observations question these
specific mutations, but they do not raise doubt about the
involvement of the cognate genes in ID given that several
other convincing mutations have been reported in such
genes (TSPAN7 [MIM 300096], FLNA [MIM 300017],

FGD1, NDUFA1 [MIM 300078], and PDHA1 [MIM
300502]). However, for other genes (SRPX2, ZNF41, ARH-
GEF6 [MIM 300267], etc.), the presence of mutations at a
relatively high frequency in the general population chal-
lenges their involvement in ID (see the following sections
and Table 1).

Questioning Monogenic Involvement of 28 Specific
Genes in XLID

Our investigation focused on 28 genes proposed to play a
role in XLID when mutated and for which there is a
paucity of confirmatory studies or some contradictory ele-
ments arising from the analysis of the EVS data (Table 1).
This allowed us to classify them into five categories. We
highlight five genes that appear very unlikely to play a
role in ID with high penetrance in males (AGTR2 [MIM
300034], MAGT1, NXF5, ZNF674, and ZNF41; we refer to
these as “highly questionable”) and five others for which
implication in ID appears suspicious (ZNF81, ARHGEFé6,
ATP6AP2, SRPX2, and ZCCHC12 [SIZN1, MIM 300701];
we refer to these as “questionable”). For 15 genes, addi-
tional confirmation studies are required, but no contradic-
tory findings were found in EVS. These include some genes
that have never been replicated since their first publication
more than 8 years ago (IGBPI1 [MIM 300139], KIAA2022
[MIM 300524], KLF8 [MIM 300286], NLGN3 [MIM
300336], ZDHHC15 [MIM 300576], ZMYM3 [MIM
300061], and MAOA [MIM 309850]; we call these “never
replicated”) or others that have been recently described
but have not yet been replicated (CCDC22 [MIM
300859], CLIC2 [MIM 300138], CNKSR2 [MIM 300724],
FRMPD4 [MIM 300838], HCFC1 [MIM 300019], NAA10
[MIM 300013], RPL10 [MIM 312173], and SHROOM4
[MIM 300579]; we refer to these as “awaiting replication”).
Finally, for three genes—HUWE1 (MIM 300697), PTCHD1,
and SYNI (MIM 313440)—our analysis and/or recent
confirmation reports support a real implication in ID (we
refer to these genes as “likely”). We detail here current ar-
guments and evidence for the five highly questionable
genes and also present a few others as examples of the
four other categories (SRPX2 and ARHGEF6 as question-
able, MAOA as never replicated, HCFC1 as awaiting replica-
tion, and HUWEI as likely). The detailed information for
the remaining 18 genes is given in the Supplemental Data.

AGTR2: Highly Questionable

After a de novo balanced (X;7)(q24;q22) translocation dis-
rupting AGTRZ2 (angiotensin II receptor 2) was identified in
one female with ID, it was screened in a cohort of 590 male
ID probands, 38 of whom were in families affected by

might encompass several exons) was described, genes are in red (more than five mutations in total), orange (two to five mutations in
total), or green (only one mutation). If only missense mutations or mutations involved in expression decrease were identified, genes
are in violet (more than five mutations in total), blue (two to five mutations in total), or purple (only one mutation). Asterisks denote
genes discussed in this paper but whose implication in ID remains very likely. In parentheses next to each gene are lists in which that
gene is included (abbreviations are as follows: L, Lubs%; R, Ropers8 ; G, Greenwood Genetic Center; E, Emory Genetics Laboratory; and A,
Ambry Genetics). References for the genes not reported in any list are as follows: [1] Honda et al., [2] Houge et al., [3] Voineagu et al., [4]

Huang et al., and [5] Witham et al.
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Table 1. List of All 28 Genes Discussed and Associated Evidence Supporting or Questioning Their Involvement in ID

Reason Occurrence Truncated
Gene (RefSeq for Identification of Mutations Variants dN/dS Ratio Protein Implication
Accession Number) Lists® Highlight® Method® ID Structural Variations ID Point Mutations in EVSY in EVS (#N/#S) Size in ID
AGTR2 LR GE T 1 (X; 7) translocation in a c.402del (p.Phel34Leufs"5)19 (see Table S4) yes (1 F) 0.731 (19/8) 363 highly
(NM_000686.4) A female!'? questionable
c.62G>T (p.Gly21Val)'??3 10 M, 23 F (htz) (already
1 controversial)?-??
c.971G>A (p.Arg324GlIn) 4 M, 24 F (htz)
c.1009A>G (p.lle337Val)'? NF
c.157A>T (p.lle53Phe)** NF
€.572G>A (p.Gly191Glu)**  NF
MAGT1 (IAP) LRGE T 3 - c.1028T>G S M, 8 F (htz) yes (1 M) 0.453 (15/10) 367 highly
(NM_032121.5) (p-Val311_343Gly)*® questionable
NXF5 LR GAT 1 inv(X)(p21.1;q22) in two - - yes (8 M) 0.783 (30/11) 365 highly
(NM_032946.2) males;?*?7 deletion questionable
disrupting the NXF
cluster;?**? duplication at
Xq22.1 disrupting®® and
duplicating®' NXF5 in
one female and one male,
respectively
ZNF674 LREA T 1 deletion encompassing c.352G>T NF yes (19 M) 0.750 (28/10) 581 highly
(NM_001039891.2) ZNF673, ZNF674, RP2, (p.Glu118*)3? questionable
SLC9Z7, and CHST7 in . (already
one male;*? duplication €.1235C>A (p.Pro412Leu)’ NF controversial)**
encompassing ZNF673, o
ZNF674, and CHST7% ¢.1028C>T (p.Met343Thr)- 49 M, 16 F (hmz),
223 F (htz)
ZNF41 LR GE M 1 (X; 7) translocation c.332C>T (p‘ProlllLeu)35 2 M, 8 F (htz) yes (1M, 1 F) 0.696 (45/17) 779 highly
(NM_007130.2) A disrupting ZNF41%° c.73—42A>C (p.?)35 questionable
5M, 9 F (htz)
ZNF81 L,R G E M 1 (X; 9) translocation in c.536G>A NF yes (1 M) 0.595 (25/11) 661 questionable
(NM_007137.3) A one female;*° 1.3 Mb (p.Ser179Asn)*®
duplication
encompassing >30 genes
at Xp11.23-p11.3
in one male;*’ 335 kb
microduplication bearing
two other genes at
Xp11.2-p11.3 in one
male®®
ARHGEF6 LRGE M 1 (X; 21) translocation c.166—11T>C (p.2)*° 5M, 13 F (htz) no 0.456 (28/18) 776 questionable
(NM_004840.2) A in one male®
ATP6AP2 LRGE T 2 - c.321C>T NF yes (1 M) 0.444 (14/10) 350 questionable
(NM_005765.2) A (p-Asp107Asp)

(affects splicing)*°

(Continued on next page)
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Table 1. Continued

SRPX2 L R GE M - c.980A>G (p.Asn327Sen)*! 3 M, 8 F (htz) no 0.728 (31/14) 465 questionable
(NM_014467.2) A
c.215A>C (p.Tyr72Ser)*! 1M
ZCCHC12 (SIZN1) E M - c.19C>T (p.Arg7Cys)*? 5M, 28 F (htz) no 0.406 (19/14) 402 questionable
(NM_173798.2)
c.1031C>T (p.Thr344lle)*>  NF
IGBP1 L,GE 1 - 5" UTR 2 bp substitution not covered no 0.487 (19/11) 339 never replicated
(NM_001551.2) affecting IGBP1 expression*’
KIAA2022 LR GE, I inv(X)(q13;p22) - NA no 0.441 (54/34) 1,516  never replicated
(NM_001008537.2) A in two related males**
KLF8 LR GE I (X; 21) translocation - NA no 0.831 (16/6) 359 never replicated
(NM_007250.4) leading to a loss of KLF8
expression in a woman*®
NLGN3 LR GE, I - c.1411C>T NF no 0.209 (17/27) 848 never replicated
(NM_181303.1) A (p.Arg451_471Cys) in
two ASD brothers*®
ZDHHC15 L GE 1 (X; 15) translocation - NA no 0.628 (17/8) 337 never replicated
(NM_144969.2) leading to a loss of
ZDHHC15 expression
in a female*”
ZNF261 (ZMYM3) R 1 (X; 13) translocation - NA no 0.232 (31/42) 1,370 never replicated
(NM_201599.2) disrupting ZMYM3 in
one female*®
MAOA LR GE, I MAOA-MAOB-NDP €.886C>T (p.GIn296*)° NF no 0,359 (14/12) 527 never replicated
(NM_000240.3) A deletion in subjects
with severe ID*’
CCDC22 - 1 - C.49A>G (p.Thr17Ala)>! NF no 0.809 (40/17) 627 awaiting
(NM_014008.3) replication
CLIC2 - I - c.303C>G NF no 0.346 (6/5) 247 awaiting
(NM_001289.4) (p.His101GlIn)*? replication
CNKSR2 - I partial deletion of - NA no 0.340 (22/19) 1,034 awaiting
(NM_014927.3) CNKSR2%3 replication
FRMPD4 - 1 partial duplication of - NA no 0.383 (57/46) 1,322 awaiting
(NM_014728.3) FRMPD4%* replication
HCFC1 - 1 - chrX: 152890455A>G>® NA no 0.227 (50/80) 2,035 awaiting
(NM_005334.2) replication
c.674G>A (p.Ser225Asn)*>®  NF
NAAI10 L I - c.109T>C (p.Ser37Pro)56 NF no 0.074 (2/8) 235 likely in Ogden
(NM_003491.2) syndrome but
€.346C>T (p.Argl16Trp)'®  NF needs further

replication in
nonsyndromic ID

(Continued on next page)
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Table 1. Continued

Reason Occurrence Truncated
Gene (RefSeq for Identification of Mutations  Variants dN/dS Ratio Protein Implication
Accession Number) Lists® Highlight" Method* ID Structural Variations ID Point Mutations in EVS? in EVS (#N/#S) Size in ID
RPL10 LR GE I 3 - c.616C>A (p.Leu206Met) NF no 0.154 (2/4) 214 awaiting
(NM_006013.3) A (ASD)>” replication
€.639C>G (p.His213Gln) NF
( ASD)S7,S8
SHROOM4 LR GE I 1 X-autosome translocations €.3266C>T (p.Ser1089Leu)®® NF yes (1 F) 0.918 (86/28) 1,493 awaiting
(NM_020717.3) A in two females;*? Xp11.22 - replication
deletion bearing SHROOM4 ~ C€.1422A>G (p.Glu474Glu)>™ NF
in one family™*
HUWEI] LR GE, I 1 microduplications c.12037C>T NF no 0.201 (67/105) 4,374 likely
(NM_031407.5) A encompassing HSD17B10 (p-Arg4013Trp)®*
and HUWE1°%°! or
HUWEI alone®? in a total .8942G>A (p.Arg2981His)®" NF
of 16 unrelated families
c.12559C>T NF
(p.Arg4187Cys)°!
€.2849T>A (p.Val950Asp) NF
(ASD)®?
PTCHD1 L M 1 160 kb deletion leading c.517A>G (p.lle173Val)®® 2M, 2 F (htz) no 0.366 (29/25) 888 likely
(NM_173495.2) to a null PTCHD1 in
dizygotic ASD twin c.583G>A (p.Val1951le)®® NF
brothers;** 50-390 kb -
inherited deletions ¢1008_1009delinsTA ~ NF
disrupting PTCHDI in (p-MetLeu336_337Ilelle)
six ASD male probands;®® 66
90 kb deletion disrupting c.217C>T (p.Leu73Phe) 1F (htz)
PTCHDI in three related 66
¢.1436A>G (p.Glu479Gl] NF
ID males;®%°° 200 kb ® y)
deletion in two ID c.1409C>A (p.Ala470Asp)®®  NF
brothers®’
c.1076A>G (p.His359Arg)®®  NF
SYN 1 LR GE M 2 - c.1067G>A (p.Trp356’*)f’8 NF no 0.347 (12/12) 705 likely
(NM_006950.3) A

€.1663C>T (p.GIn555%)%7
c.152C>G (p.Ala51Gly)®
c.1648G>A (p.Ala550Thr)®’

€.1699A>G (p.Thr567Ala)®’

not covered
11 M, 30 F (htz)
not covered

not covered

Abbreviations are as follows: L, Lubs et al.;* R, Ropers et al.;® G, Greenwood Genetic Center (see Web Resources); E, Emory Genetics Laboratory (see Web Resources); A, Ambry Genetics (see Web Resources); T, truncating
variants reported in EVS; M, ID mutations reported in EVS; |, one piece of evidence or study implicating this gene in ID; htz, heterozygous; hmz, homozygous; M, number of males carrying the mutation; F, number of females

carrying the mutation; NF, not found; NA, not applicable; N, number of nonsynonymous variants; and S, number of silent variants.

aLists in which genes are included.
PReason why we discuss this gene in the paper.

“Approach used for the initial identification, consistent with the information from the text: 1, positional candidate found through rearrangement or CNV; 2, positional candidate located in a linked region; 3, functional candi-

date; and 4, through exome or X-exome sequencing.
4Occurrence of ID mutations in EVS.




probable or possible XLID.'? This led to the identification
of (1) a 1 bp deletion causing a frameshift (c.402del
[p.Phel34Leufs*S]) in a family affected by probable XLID
and in another simplex case and (2) three missense muta-
tions (c.62G>T [p.Gly21Val], c.971G>A [p.Arg324Gln],
and c.1009A>G [p.lle337Val]) absent from 510 control X
chromosomes. A further study of 57 males with ID de-
tected two individuals with the p.Gly21Val or p.lle53Phe
changes.?* Other extensive studies (25 XLID-affected fam-
ilies showing coherent linkage to the locus, 116 affected
sibling pairs, and 224 simplex cases,”?° as well as another
set of families'”) failed to detect any additional mutations
(besides the p.Gly21Val variant and a missense variant that
did not show full cosegregation in a family that was later
shown to carry a SOX3 [MIM 313430] mutation). More
recently, screening of 203 Japanese males with ID detected
an additional inherited missense change (c.572G>A
[p.Gly191Glu]) in a boy showing severe ID, pervasive
developmental disorder, and epilepsy.?* Meanwhile, both
the p.Phel34Leufs*5S frameshift and the p.Gly21Val
variant were reported—in rarely cited publications—in
males from control cohorts, suggesting that they are un-
likely to be causative.?"?* This is now supported by the
NHLBI data, given that two of the three initially reported
missense variants (p.Gly21Val and p.Arg324Gln) are pre-
sent in ten and four males, respectively. Moreover,
although we did not include the indel data from EVS, we
noted that the initial frameshift mutation was observed
in 7 of 1,770 European American males (minor allele fre-
quency [MAF] = 0.4%), but not in African American indi-
viduals, thus excluding a possible sequencing artifact
(Table S4). Consequently, EVS data support the serious
doubts previously raised about the implication of AGTR2
in ID, despite the suggestive phenotype of the AGTR2-
knockout mouse showing altered memory capacities and
abnormal dendritic-spine morphology.””

NXF5: Highly Questionable

Mutant NXF5 (nuclear RNA export factor 5) was suspected
to cause ID after pericentric inversion inv(X)(p21.1;922),
leading to the loss of NXF5S expression, was identified in
an ID-affected male.”*?” The observation of two nonsense
variants (c.162G>T [p.Cys54*] and c.958G>A [p.Arg320*])
affecting a total of eight males in EVS raises serious doubts
about the involvement of this gene in ID, despite some
indication of its function in the brain. This gene was
more recently found to be deleted or duplicated in other
ID individuals, but never alone.?%2%31

MAGT1I: Highly Questionable

After the identification of an ID-causing mutation in
TUSC3 (encoding a putative subunit of an oligosaccharyl-
transferase complex [MIM 601385]), the sequencing of
its X-linked paralog gene, MAGT1 (magnesium transporter
1, formerly called IAP), in XLID-affected families revealed
one missense change segregating with the ID status (LOD
score 1.8) and absent from more than 267 control chromo-

somes.”® This variant (p.Val311Gly but annotated
¢.1028T>G [p.Val343Gly] in EVS) was detected in 13 out
of 10,557 X chromosomes from the NHLBI cohort. More-
over, one male from the same population carries a
nonsense variant in this gene. Although the implication
of TUSC3 in recessive ID appears well supported from the
identification of additional consanguineous families
affected by mutations in this gene,”® no ID-related muta-
tion has been reported in MAGTI since 2008, and its
disruption has been recently associated with several forms
of X-linked immunodeficiency without neurological man-
ifestations.”” In light of these observations, there is no cur-
rent support for the implication of MAGT1 in ID.

ZNF674: Highly Questionable

After the identification of one ID-associated CNV encom-
passing ZNF674 (zinc-finger protein 674) and four other
genes (RP2 [MIM 300757], SLC9A7 [MIM 300368],
CHST7 [MIM 300375] and ZNF673 [MIM 300585]), its
screening in additional families led to the identification
of a nonsense mutation (c.352G>T [p.Glu118*]) segre-
gating with the ID phenotype in a large family (LOD score
2.51).** Further screening of 28 families with nonsyn-
dromic XLID exhibiting coherent linkage to the region
and 309 simplex cases detected one inherited missense
change (c.1235C>A [p.Pro412Leu]) in two related males
and a second (c.1028C>T [p.Thr343Met]) in another small
family.*? Males carrying the p.Pro412Leu missense variant
also displayed partial trisomy 21 and monosomy 18 as a
result of an unbalanced translocation, which precluded
conclusions about the causative effect of this variant.
Also, the authors concluded that the p.Thr343Met
missense variant was unlikely to be pathogenic (despite
its being absent from 354 controls) because it did not affect
a highly conserved residue and because the replacing
methionine was present in the ZNF674 chimpanzee ortho-
log. EVS data indicate that this variant is present in 49
males, 223 carrier females, and 16 homozygous females,
fully excluding its implication in ID. The implication of
ZNF674 in ID was recently questioned when it was found
to be deleted together with RP2 (in retinitis pigmentosa
[MIM 312600]) in two families with X-linked retinal dys-
trophy without cognitive impairment.®* Lastly, given
that two nonsense mutations (c.1324C>A [p.Asp442*]
and c.601G>A [p.Arg201*]) have been reported in the
NHLBI cohort and that one is present in 19 hemizygous
males, ZNF674 seems unlikely to be involved in mono-
genic ID.

ZNF41: Highly Questionable

ZNF41 (zinc-finger protein 41) was found to be disrupted
by a de novo balanced (X;7) translocation in a girl with se-
vere developmental delay.®® Subsequent screening of 210
probands from families affected by probable or possible
XLID revealed one missense change (c.332C>T [p.Pro111-
Leu]) and one intronic variant (c.479—42A>C) causing a
splicing alteration; both are absent from over 400 control
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X chromosomes, and both show cosegregation in the fam-
ilies. Although the authors concluded carefully that ZNF41
could be an ID candidate, it is now included in most lists of
ID-associated genes. However, two truncating variants
have been reported in one male and one female in EVS,
and the two putative point mutations initially described
by Shoichet et al. have been detected in a total of seven
males at a frequency too high to be fully penetrant ID mu-
tations (see Table 1).3° No other ZNF41 mutation has been
reported since the initial 2003 report.

SRPX2: Questionable

In 2006, Roll et al. reported a family affected by probable
dominant XLID, rolandic epilepsy, and speech dys-
praxia.*! Sequencing the genes of the linkage region
(LOD score 3.01) revealed only a missense variant
(c.980A>G [p.Asn327Ser]) in SRPX2 (sushi-repeat-contain-
ing protein, X-linked 2). Another missense variant
(c.215A>C [p.Tyr72Ser]) was detected in one epileptic
male and his female relatives, all of whom showed addi-
tional bilateral perisylvian polymicrogyria. This latter
variant was reported to increase the affinity of the encoded
SRPX2 for the urokinase-type plasminogen activator recep-
tor.® The initial p.Asn327Ser alteration was shown to
affect protein glycosylation and to cause partial retention
of the altered protein within the endoplasmic reticulum
in a transfected-cell model.*! Despite their observed func-
tional consequences, both variants are present in EVS in
three males and eight females (all of European American
origin; p.Asn327Ser) and in one male (p.Tyr72Ser). Accord-
ingly, 0.28% of the EVS European American population
carries one of these two variants, which considerably
weakens the evidence supporting a role for SRPX2 in epi-
lepsy, speech, and cognition. It is most unlikely that muta-
tions in SRPX2 are a major cause of epilepsy given that no
mutation has been reported in this gene since 2006,
despite its sequencing in 100 individuals with a similar
phenotype of epilepsy and speech disorder (D. Sanlaville,
G. Lesca, and P. Szepetowski, personal communication).
Because SRXP2 seems to play a role during brain develop-
ment and was recently shown to influence neuronal
migration in the developing cerebral cortex in rats (P. Sze-
petowski, personal communication), we cannot, however,
exclude that other drastic alterations of SRXP2 function
might cause cognitive impairment.

ARHGEF6: Questionable

ARHGEF6 (a-PIX or Cool-2; tho guanine nucleotide ex-
change factor 6) was identified as disrupted via an in-
herited balanced (X;21) translocation in a male with
ID.*? In the same study, subsequent screening of 119 unre-
lated males with nonsyndromic ID allowed the identifica-
tion of a cosegregating intronic mutation (c.166—-11T>C)
affecting splicing in a large XLID-affected family; it was ab-
sent from 170 control chromosomes. However, this in-
tronic variant has been reported in EVS in five males, all
of European origin (MAF = 0.26%). An inherited duplica-

tion of ARHGEF6 was also reported in two brothers with
moderate ID, but later analysis showed that the duplica-
tion spanned 1.8 Mb and encompassed 24 genes.®!'82 In
the Tarpey et al. study, two missense changes were detected
in single families: ¢.362G>A (p.Arg121His), which is found
in 14 NHLBI males, and ¢.992A>G (p.Tyr331Cys), which is
not observed in EVS. However, the latter missense variant
is not in the list of likely pathogenic mutations and was
not further commented on by the authors. Engineered
aPix (Arhgef6)-deficient mice present altered hippocampal
neuronal connectivity, impaired synaptic function, and
additional cognitive deficits.®* However, because no other
pathogenic mutation has been described since 2003 and
given the unlikely pathogenicity of the initially reported
splice variant, the implication of ARHGEF6 in ID still re-
mains unclear.

MAOA: Never Replicated

The combined loss of MAOA (monoamine oxidase A)
and MAOB (MIM 309860), along with the deletion of the
gene associated with Norrie disease, NDP (MIM 300658),
has been described in some probands with a continuous
syndrome and presenting with severe ID.*’ In 1993, Brun-
ner et al. described a large Dutch family affected by
X-linked mild ID and prominent behavioral abnormalities
associated with disturbances in monoamine metabolism
and segregating with a truncating mutation (c.886C>T
[p.GIn296*]) in MAOA.3*>° More recently, deletions of
MAOA with MAOB alone were described in two males
with severe developmental delay or ID.°*®** Mouse models
with total Maoa inactivation or with a spontaneous muta-
tion present indeed enhanced aggressive behavior and
additional “autistic-like” features.®> To our knowledge, no
other clearly pathogenic mutation has been reported in
MAOA in other individuals in the past 20 years,3® even
though one missense variant (c.812A>T [p.Asn271lle])
was reported in a proband with ASD.®” However, we
recently identified a pathogenic missense mutation
(c.797_798GC>TT [p.Cys266Phe]) associated with defi-
cient MAOA activity in one family affected by autism,
ID, and abnormal behavior, confirming the findings from
1993 (A.P.,, unpublished data). A third family harboring a
MAOA mutation was recently identified (M. Field, ].
Gecz, and V.M. Kalscheuer, personal communication).

HCFC1: Awaiting Replication

The mutation responsible for ID in the first family reported
as linked to the MRX3 locus remained unsolved for a long
time after the initial linkage analysis of 1991. A targeted
massive resequencing of the genomic linkage interval
recently revealed a regulatory point mutation in a func-
tional binding site for the YY1 transcription factor in the
HCFC1 (host-cell factor C1) promoter; this mutation leads
to an upregulation of the gene’s expression in lymphoblas-
toid cells. The screening of extra unsolved XLID-affected
families identified an additional missense mutation
(c.674G>A [p.Ser225Asn]) segregating with the disease.®®
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Both mutations are absent from EVS, and other unique
missense variants were also described in a female with
schizophrenia and a boy with ASD.®” However, because
HCFC1 encodes a large protein of 2,035 amino acids, the
probability of identifying a missense change is high (22
missense variants predicted to be possibly or probably
damaging are present in EVS). Additional evidence would
therefore be useful for definitely confirming the implica-
tion of HCFCI in ID.

HUWEI: Likely

HUWE]1 (Hect, UBA, and WWE domains-containing pro-
tein 1) encodes a very large protein (4,375 amino acids)
with an E3 ubiquitin ligase function. Array comparative
genomic hybridization analysis initially detected duplica-
tions of HUWE1 and HSD17B10, both of which showed
overexpression in affected probands in six families afflicted
with predominantly nonsyndromic XLID; two of these
families were large XLID-affected families.®! Four similar
cases were reported in an independent replication
study.®® A further CNV analysis showed that de novo du-
plications covering HUWEI alone were also associated
with simplex cases of ID, indicating that increased expres-
sion of this gene is deleterious.®® In the initial study, three
different missense mutations affecting highly conserved
residues and cosegregating with the ID status were id-
entified in three wunrelated XLID-affected families
(c.12037C>T [p.Arg4013Trp] in a large Australian family
[LOD score = 3.31]%8 and ¢.8942G>A [p.Arg2981His] and
c.12559C>T [p.Arg4187Cys| in two smaller families; all
three mutations were absent from 750 controls). More
recently, a de novo missense variant (c.2849T>A [p.Va-
1950Asp]) was observed in one ASD male but was absent
in his less severely affected brother, suggesting either a
different etiology or complex inheritance.®® None of these
variants is present in EVS. Functional studies, notably in
mouse models, indicate that HUWEI plays a role in the
control of neurogenesis in the developing brain via the
N-Myc pathway.®*=°! In mice, targeted inactivation of
Huwel in the CNS or only in cerebellar granule neuron pre-
cursors and radial glia resulted in high neonatal lethality,
which could explain the absence of truncating mutations
reported in individuals.???° All these observations further
support the role of mutations in HUWE] in XLID. Howev-
er, one should be very cautious in ascribing a pathogenic
role to a HUWE1 missense change identified in an individ-
ual with ID because 21 different such variants were
observed in males in the NHLBI cohort (ten of these vari-
ants are qualified as possibly or probably damaging); this
number is consistent with the large target size of the pro-
tein-coding sequence.

dN/dS Ratio Distribution among the Genes Involved
in XLID

The latest publication on EVS data reported a total of
285,960 nonsynonymous and 188,975 silent variants on
2,440 exomes.'® Interestingly, compared to the full

genome, genes implicated in XLID tend to accumulate
fewer nonsynonymous variants (nonsynonymous =
2,623; silent = 2,195; p = 0.04). In order to estimate the
evolutionary pressure exerted on those different genes,
we used EVS to compute an intrahuman dN/dS ratio,
which we calculated by using DnaSP.”% For this ratio, the
number of nonsynonymous variants observed in EVS
over the number of total putative nonsynonymous posi-
tions in the studied transcript is divided by the analogous
ratio for synonymous variants (Table S5). Accordingly, a
strong selection pressure is expected to engender a low
dN/dS ratio, and a truly associated gene can be expected
to have such a low ratio in a general population. In
contrast, genes that show a high dN/dS ratio are less likely
to be disease related, especially if the disease affects fitness.
We generated box plots of the dN/dS ratios for the 104
selected genes with supposed involvement in XLID accord-
ing to the category we classed them into (Figure S1). Inter-
estingly, the mean dN/dS ratios for the ten genes in which
mutations associated with ID are questioned was signifi-
cantly higher than that for the validated genes (n =
0.604 = 0.150 versus p = 0.359 = 0.255; Student’s t test
p = 0.0004). Conversely, no significant difference was
observed between the validated and the “awaiting replica-
tion” pools (n = 0.427 = 0.259, Student’s t test p = 0.35)
that might contain genes with either real or no implication
in ID. Among the 11 genes with a high dN/dS ratio above
the 90™ percentile (0.723; Table S5), four belong to the
“questionable” class (AGTR2, ZNF674, SRPX2, and NXF5)
and three are considered to be “awaiting replication”
(CCDC22, KLF8, and SHROOM4).

Discussion
This work demonstrates that among the 100 genes
described in the past as involved in XLID (on the basis of
available data sets and sequencing technologies), at least
10 (10%) appear doubtful and 15 others should be consid-
ered with caution until validation by replication studies.
The involvement in ID of two of these genes, AGTR2 and
ZNF674, was already questioned in specific publications
that were seldom cited.?>** Curiously, some fully validated
genes are missing from several XLID diagnostic panels
(NSDHL [MIM 300275], MBTPS2 [MIM 300294], SLC6AS
[MIM 300036], etc., Figure 1), whereas others that have
been described in only a few studies and whose implica-
tion in ID is not fully convincing are systematically
included (AGTR2, MAGTI1, ZNF41, and SRPX2). This
work also highlights that even in a well-known ID-associ-
ated gene, the pathogenicity of a novel nonsynonymous
variant should be inferred with caution given that some re-
ported nonsynonymous “mutations” in NDUFA1, TSPAN7,
or PTCHD]1 are likely to be nonpathogenic (or at least not
fully penetrant), and this is of particular relevance for diag-
nostic applications (see also HUWEI section).”®

The number of genes involved in ID when mutated is
rapidly growing as a result of the exome-sequencing anal-
ysis of cohorts of affected individuals.'*>"'* Although the
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Table 2. Proposed Guidelines for the Assessment of a Variant or a Gene Potentially Involved in ID or in Another Rare or Genetically

Heterogeneous Disease®

X-Linked or Dominant Form

Recessive Form”

Involvement of a Variant in a Disease

Supports not found in any male® or individual of the GP
segregates with the disease in the family®
appears de novo in a simplex case

Inconclusive found in one male® or individual of the GP

Does not support found in more than one male® or individual of the GP

found at an allele frequency < /i

found in GP at an allele frequency > /i

Association between a Gene and a Disease

Supports

If candidate mutation(s) = protein truncation(s):

additional candidate variant(s) in unrelated individuals with similar specific phenotype

- no truncating variant is reported in males® or individuals of the GP

If candidate mutation(s) = missense(s):

- a low level of missense mutations predicted to be damaging is

reported in males® or individuals of the GP

Inconclusive If candidate mutation(s) = protein truncation(s):

- one truncating variant in one male® or individual of the GP
- truncating variants in the GP affect only the last amino acids or one

of several functional isoform(s)

Does not support If candidate mutation(s) = protein truncation(s):

- several truncating variants in males® or individuals of the GP

If candidate mutation(s) = missense(s):

- high level of missenses in the GP (high dN/dS ratio, e.g., >0.7)

homozygous truncating or damaging variants are
reported in individuals of the GP

truncating or damaging variants are reported in the
GP at allele frequency > /i

The ID example (incidence = 2%): we do not expect one mutation responsible for more than 0.1% of ID cases, so i = 0.02 x 0.001 =1/ 50,000 in the GP.
Therefore, the variation should not be found at a frequency > /1/50, 000 = 0.0045, meaning no more than 38 times in 8,600 European American chromosomes.
Most true mutations should be even rarer given mutation heterogeneity at a given locus; for instance, the most frequent mutation in phenylketonuria (c.1222C>T
[p.Arg408Trp]) is found 15 times in 8,600 European American chromosomes. The following abbreviations are used: GP, general population (e.g., EVS); and j,
estimated disease incidence that can be caused by mutations in a single gene after postulated nonallelic genetic heterogeneity is taken into account.

For a phenotype not enriched in the cohort used as a GP.

PCaution: geographic origin of the GP should match that of individuals with the candidate mutation.

“For an X-linked disease.

discovery of mutations in additional genes represents an
important step for further understanding the underlying
genetics of ID, there is a clear need for replication studies
to validate these findings (such as the recent work by
O'Roak et al.).’* Recently, RAB40AL (MIM 300405), not
included in our list, was found to be associated with
Martin-Probst syndrome (MPS [MIM 300519]), a disorder
characterized by deafness, cognitive impairment, short
stature, and distinct craniofacial dysmorphisms, with
the identification (by parallel whole-genome, whole-
exome, and X-exome sequencing) of a 2 nt substitution
(c.176_177AC>GA) leading to a missense change (p.As-
p59Gly) shown to disrupt protein localization.”® However,
this variation is present in two males in the EVS popula-
tion. Also, a few months after this initial publication, Igbal
et al. reported it in four other ID-affected families; howev-
er, it was not related to the disease in at least three of the
families, questioning the involvement of RAB40AL in the
MPS phenotype.”® Some other recent publications of
exome sequencing in ID and ASD simplex cases identified
de novo truncating variants suggested by the authors to be
most likely involved in autosomal-dominant ID or ASD in
genes not previously associated with these diseases. How-

ever, for ADAM33, which was initially considered a candi-
date gene for dominant forms of ASD after a de novo trun-
cating mutation was identified in an ASD proband, three
nonsense variants and two splice variants were reported
in a total of five carrier individuals from the NHLBI
cohort.”” Similarly, six nonsense and three splice variants
were detected in a total of 11 carriers in ACACB, which
was also proposed as a likely candidate for dominant
ASD.?® This illustrates that an analysis similar to ours
should be performed on all proposed autosomal genes for
both dominant and recessive forms of ID.

We believe that this approach should be extended to
other Mendelian diseases with high genetic heterogeneity,
but the way to assimilate the NHLBI data has to be adapted
carefully and specifically for each disease by the integra-
tion of both its frequency and proposed transmission
mode (see Table 2). While this work was being completed,
a thorough similar review of mutations previously associ-
ated with cardiomyopathy revealed the presence of about
15% of them in EVS, showing a cumulative frequency
inconsistent with an implication in monogenic forms of
the disease.”” However, the NHLBI cohort cannot really
be considered a control cohort with respect to
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cardiomyopathies or other cardiac diseases given that
many individuals were recruited through the NHLBI
because of cardiac phenotypes.

Because data from projects such as the NHLBI Exome
Sequencing Project are available, one should check for
the absence of each candidate mutation, especially if it is
a missense change. In the case of a novel candidate muta-
tion in a gene never associated with a disease, one should
also analyze other information provided by EVS, such as
the presence of truncating variants and the dN/dS ratio.
Indeed, this ratio is a good indicator of the selection pres-
sure exerted on a particular gene, and if the candidate mu-
tation results in a missense change, one should remember
that there is a higher likelihood of identifying a neutral
nonsynonymous change in a gene with a high dN/dS ratio.

However, one important limitation of the EVS is the
impossibility of going back to the cognitive or neurologic
phenotype of individuals in whom rare potentially patho-
genic variants were detected. Similarly to existing CNV da-
tabases, such as Decipher,'® a public database of rare
exome variants linked to some phenotypic descriptions
would be warranted, especially given the overwhelming
amount of such sequencing information that is currently
being generated in research and that will be soon engen-
dered for diagnostic purposes of ID and autism.

Supplemental Data

Supplemental Data include an additional description of the evi-
dence supporting the role of the remaining 19 ID-associated genes
included in Table 1, one figure, and five tables and can be found
with this article online at http://www.cell.com/AJHG.

Acknowledgments

We thank Stephanie Le Gras and Jean Muller for bioinformatics
assistance and more particularly for helping download data from
the National Heart, Lung, and Blood Institute Exome Sequencing
Project Exome Variant Server. Our work on intellectual disability
genetics is supported by grants from the Fondation Jerome Le-
jeune and the Agence de Biomédecine, a postdoctoral fellowship
from the Fondation pour la Recherche Médicale to A.P., and a stu-
dent fellowship from the APLM and Groupement d’Intérét Econ-
omique - Centre Européen de Recherche en Biologie et en Méde-
cine to C.R.

Received: February 19, 2013
Revised: May 29, 2013
Accepted: June 8, 2013
Published: July 18, 2013

Web Resources
The URLs for data presented herein are as follows:

1000 Genomes, http://www.1000genomes.org/

Ambry Genetics, http://www.ambrygen.com

dbSNP, http://www.ncbi.nlm.nih.gov/SNP/

Emory Genetics Laboratory, http://genetics.emory.edu/egl/tests
Euro-MRX Consortium, http://www.euromrx.com

Greenwood Genetic Center, http://www.ggc.org

Human Genome Variation Society, http://www.hgvs.org/
mutnomen/

NHLBI Exome Sequencing Project (ESP) Exome Variant Server,
http://evs.gs.washington.edu/EVS/

Online Mendelian Inheritance in Man (OMIM), http://www.
omim.org

PubMed, http://www.ncbi.nlm.nih.gov/pubmed/

RefSeq, http://www.ncbi.nlm.nih.gov/RefSeq

References

1. Ellison, J.W., Rosenfeld, J.A., and Shaffer, L.G. (2013). Ge-
netic basis of intellectual disability. Annu. Rev. Med. 64,
441-450.

2. Leonard, H., and Wen, X. (2002). The epidemiology of
mental retardation: challenges and opportunities in the
new millennium. Ment. Retard. Dev. Disabil. Res. Rev. 8,
117-134.

3. Gécz,]., Shoubridge, C., and Corbett, M. (2009). The genetic
landscape of intellectual disability arising from chromo-
some X. Trends Genet. 25, 308-316.

4. Lubs, H.A,, Stevenson, R.E., and Schwartz, C.E. (2012). Frag-
ile X and X-linked intellectual disability: four decades of dis-
covery. Am. J. Hum. Genet. 90, 579-590.

5. Biancalana, V., Beldjord, C., Taillandier, A., Szpiro-Tapia, S.,
Cusin, V., Gerson, E, Philippe, C., and Mandel, J.L. (2004).
Five years of molecular diagnosis of Fragile X syndrome
(1997-2001): a collaborative study reporting 95% of the ac-
tivity in France. Am. J. Med. Genet. A. 1294, 218-224.

6. Coffee, B., Keith, K., Albizua, I., Malone, T., Mowrey, J., Sher-
man, S.L., and Warren, S.T. (2009). Incidence of fragile X
syndrome by newborn screening for methylated FMR1
DNA. Am. J. Hum. Genet. 85, 503-514.

7. Kaufman, L., Ayub, M., and Vincent, ].B. (2010). The genetic
basis of non-syndromic intellectual disability: a review. J
Neurodev Disord 2, 182-2009.

8. Ropers, H.H. (2010). Genetics of early onset cognitive
impairment. Annu. Rev. Genomics Hum. Genet. 11,
161-187.

9. de Brouwer, A.P,, Yntema, H.G., Kleefstra, T., Lugtenberg, D.,
Oudakker, A.R., de Vries, B.B., van Bokhoven, H., Van Esch,
H., Frints, S.G., Froyen, G., et al. (2007). Mutation fre-
quencies of X-linked mental retardation genes in families
from the EuroMRX consortium. Hum. Mutat. 28, 207-208.

10. Tarpey, P.S., Smith, R., Pleasance, E., Whibley, A., Edkins, S.,
Hardy, C., O'Meara, S., Latimer, C., Dicks, E., Menzies, A.,
et al. (2009). A systematic, large-scale resequencing screen
of X-chromosome coding exons in mental retardation. Nat.
Genet. 41, 535-543.

11. Frints, S.G., Froyen, G., Marynen, P., and Fryns, J.P. (2002). X-
linked mental retardation: vanishing boundaries between
non-specific (MRX) and syndromic (MRXS) forms. Clin.
Genet. 62, 423-432.

12. de Ligt, J., Willemsen, M.H., van Bon, B.W., Kleefstra, T., Yn-
tema, H.G., Kroes, T., Vulto-van Silfhout, A.T., Koolen, D.A.,
de Vries, P, Gilissen, C., et al. (2012). Diagnostic exome
sequencing in persons with severe intellectual disability.
N. Engl. J. Med. 367, 1921-1929.

13. Rauch, A., Wieczorek, D., Graf, E., Wieland, T., Endele, S.,
Schwarzmayr, T., Albrecht, B., Bartholdi, D., Beygo, J., Di Do-
nato, N, et al. (2012). Range of genetic mutations associated

The American Journal of Human Genetics 93, 368-383, August 8, 2013 379



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

with severe non-syndromic sporadic intellectual disability:
an exome sequencing study. Lancet 380, 1674-1682.
Vissers, L.E., de Ligt, J., Gilissen, C., Janssen, 1., Steehouwer,
M., de Vries, P, van Lier, B., Arts, P.,, Wieskamp, N., del
Rosario, M., et al. (2010). A de novo paradigm for mental
retardation. Nat. Genet. 42, 1109-1112.

Fu, W., O’Connor, T.D., Jun, G., Kang, H.M., Abecasis, G.,
Leal, S.M., Gabriel, S., Rieder, M.J., Altshuler, D., Shendure,
J., et al.; NHLBI Exome Sequencing Project. (2013). Analysis
of 6,515 exomes reveals the recent origin of most human
protein-coding variants. Nature 493, 216-220.

Tennessen, J.A., Bigham, A.W., O’Connor, T.D., Fu, W,
Kenny, E.E., Gravel, S., McGee, S., Do, R,, Liu, X,, Jun, G.,
et al.; Broad GO; Seattle GO; NHLBI Exome Sequencing Proj-
ect. (2012). Evolution and functional impact of rare coding
variation from deep sequencing of human exomes. Science
337, 64-69.

Dahl, N., Hu, L., Chery, M., Fardeau, M., Gilgenkrantz, S.,
Nivelon-Chevallier, A., Sidaner-Noisette, I., Mugneret, E,
Gouyon, J.B., Gal, A,, et al. (1995). Myotubular myopathy
in a girl with a deletion at Xq27-q28 and unbalanced X inac-
tivation assigns the MTM1 gene to a 600-kb region. Am. J.
Hum. Genet. 56, 1108-1115.

Hodgson, S.V., Robertson, M.E., Fear, C.N., Goodship, J., Mal-
colm, S., Jay, B., Bobrow, M., and Pembrey, M.E. (1987). Pre-
natal diagnosis of X-linked choroideremia with mental re-
tardation, associated with a cytologically detectable
X-chromosome deletion. Hum. Genet. 75, 286-290.
Vervoort, V.S., Beachem, M.A., Edwards, P.S., Ladd, S., Miller,
K.E., de Mollerat, X., Clarkson, K., DuPont, B., Schwartz, C.E.,
Stevenson, R.E., et al. (2002). AGTR2 mutations in X-linked
mental retardation. Science 296, 2401-2403.

Bienvenu, T., Poirier, K., Van Esch, H., Hamel, B., Moraine,
C., Fryns, J.P.,, Ropers, H.H., Beldjord, C., Yntema, H.G.,
and Chelly, J. (2003). Rare polymorphic variants of the
AGTR2 gene in boys with non-specific mental retardation.
J. Med. Genet. 40, 357-359.

Erdmann, J., Dahmlow, S., Guse, M., Hetzer, R., and Regitz-
Zagrosek, V. (2004). The assertion that a G21V mutation in
AGTR2 causes mental retardation is not supported by other
studies. Hum. Genet. 114, 396, author reply 397.

Huang, D., Sun, W., and Strom, C.M. (2005). Sequence vari-
ations in AGTR2 are unlikely to be associated with X-linked
mental retardation. Am. J. Med. Genet. A. 139, 243-244.
Takeshita, E., Nakagawa, E., Nakatani, K., Sasaki, M., and
Goto, Y. (2012). Novel AGTR2 missense mutation in a Japa-
nese boy with severe mental retardation, pervasive develop-
mental disorder, and epilepsy. Brain Dev. 34, 776-779.
Ylisaukko-oja, T., Rehnstrom, K., Vanhala, R., Tengstrém, C.,
Lihdetie, J., and Jarveld, I. (2004). Identification of two
AGTR2 mutations in male patients with non-syndromic
mental retardation. Hum. Genet. 114, 211-213.

Molinari, E, Foulquier, E, Tarpey, P.S., Morelle, W., Boissel, S.,
Teague, J., Edkins, S., Futreal, P.A., Stratton, M.R., Turner, G.,
et al. (2008). Oligosaccharyltransferase-subunit mutations in
nonsyndromic mental retardation. Am. J. Hum. Genet. 82,
1150-1157.

Frints, S.G., Jun, L., Fryns, J.P,, Devriendt, K., Teulingkx, R.,
Van den Berghe, L., De Vos, B., Borghgraef, M., Chelly, J.,
Des Portes, V., et al. (2003). Inv(X)(p21.1;q22.1) in a man
with mental retardation, short stature, general muscle
wasting, and facial dysmorphism: clinical study and muta-

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

tion analysis of the NXF5 gene. Am. J. Med. Genet. A.
1194, 367-374.

Jun, L., Frints, S., Duhamel, H., Herold, A., Abad-Rodrigues,
J., Dotti, C., Izaurralde, E., Marynen, P, and Froyen, G.
(2001). NXF5, a novel member of the nuclear RNA export fac-
tor family, is lost in a male patient with a syndromic form of
mental retardation. Curr. Biol. 11, 1381-1391.

Chen, C.P,, Su, Y.N., Lin, H.H., Chern, S.R., Tsai, EJ., Wu, P.C.,
Lee, C.C., Chen, Y.T., and Wang, W. (2011). De novo duplica-
tion of Xq22.1 —q24 with adisruption of the NXF gene cluster
in a mentally retarded woman with short stature and prema-
ture ovarian failure. Taiwan J. Obstet. Gynecol. 50, 339-344.
Grillo, L., Reitano, S., Belfiore, G., Spalletta, A., Amata, S.,
Bottitta, M., Barone, C., Falco, M., Fichera, M., and Romano,
C. (2010). Familial 1.1 Mb deletion in chromosome Xq22.1
associated with mental retardation and behavioural disorders
in female patients. Eur. J. Med. Genet. 53, 113-116.
Brunner, H.G., Nelen, M.R., van Zandvoort, ., Abeling, N.G.,
van Gennip, A.H., Wolters, E.C., Kuiper, M.A., Ropers, H.H.,
and van Oost, B.A. (1993). X-linked borderline mental retar-
dation with prominent behavioral disturbance: phenotype,
genetic localization, and evidence for disturbed monoamine
metabolism. Am. J. Hum. Genet. 52, 1032-1039.

Froyen, G., Van Esch, H., Bauters, M., Hollanders, K., Frints,
S.G., Vermeesch, J.R., Devriendt, K., Fryns, ].P., and Marynen,
P. (2007). Detection of genomic copy number changes in pa-
tients with idiopathic mental retardation by high-resolution
X-array-CGH: important role for increased gene dosage of
XLMR genes. Hum. Mutat. 28, 1034-1042.

Lugtenberg, D., Yntema, H.G., Banning, M.J., Oudakker,
AR, Firth, H.V,, Willatt, L., Raynaud, M., Kleefstra, T., Fryns,
J.P., Ropers, H.H., et al. (2006). ZNF674: a new kruppel-asso-
ciated box-containing zinc-finger gene involved in nonsyn-
dromic X-linked mental retardation. Am. J. Hum. Genet.
78, 265-278.

Ramaswamy, V., Castillo, M., and Bolduc, EV. (2010). Devel-
opmental disability: duplication of zinc finger transcription
factors 673 and 674. Pediatr. Neurol. 43, 209-212.

Delphin, N., Hanein, S., Taie, L.F,, Zanlonghi, X., Bonneau,
D., Moisan, ].P., Boyle, C., Nitschke, P., Pruvost, S., Bonne-
font, J.P,, et al. (2012). Intellectual disability associated with
retinal dystrophy in the Xpl1.3 deletion syndrome:
ZNF674 on trial. Guilty or innocent? Eur. J. Hum. Genet.
20, 352-356.

Shoichet, S.A., Hoffmann, K., Menzel, C., Trautmann, U.,
Moser, B., Hoeltzenbein, M., Echenne, B., Partington, M.,
Van Bokhoven, H., Moraine, C., et al. (2003). Mutations in
the ZNF41 gene are associated with cognitive deficits: identi-
fication of a new candidate for X-linked mental retardation.
Am. J. Hum. Genet. 73, 1341-1354.

Kleefstra, T., Yntema, H.G., Oudakker, A.R., Banning, M.].,
Kalscheuer, V.M., Chelly, J., Moraine, C., Ropers, H.H., Fryns,
J.P,, Janssen, .M., et al. (2004). Zinc finger 81 (ZNF81) muta-
tions associated with X-linked mental retardation. J. Med.
Genet. 41, 394-399.

El-Hattab, A.W., Bournat, J., Eng, P.A., Wu, J.B., Walker, B.A.,
Stankiewicz, P., Cheung, S.W., and Brown, C.W. (2011). Mi-
croduplication of Xp11.23p11.3 with effects on cognition,
behavior, and craniofacial development. Clin. Genet. 79,
531-538.

Alesi, V., Bertoli, M., Barrano, G., Torres, B., Pusceddu, S., Pas-
torino, M., Perria, C., Nardone, A.M., Novelli, A., and Serra,

380

The American Journal of Human Genetics 93, 368-383, August 8, 2013



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

G. (2012). 335.4 kb microduplication in chromosome band
Xpl11.2p11.3 associated with developmental delay, growth
retardation, autistic disorder and dysmorphic features.
Gene 505, 384-387.

Kutsche, K., Yntema, H., Brandt, A., Jantke, 1., Nothwang,
H.G., Orth, U., Boavida, M.G., David, D., Chelly, J., Fryns,
J.P.,, et al. (2000). Mutations in ARHGEF6, encoding a gua-
nine nucleotide exchange factor for Rho GTPases, in patients
with X-linked mental retardation. Nat. Genet. 26, 247-250.
Ramser, J., Abidi, F.E., Burckle, C.A., Lenski, C., Toriello, H.,
Wen, G., Lubs, H.A,, Engert, S., Stevenson, R.E., Meind], A.,
et al. (2005). A unique exonic splice enhancer mutation in
a family with X-linked mental retardation and epilepsy
points to a novel role of the renin receptor. Hum. Mol. Genet.
14, 1019-1027.

Roll, P., Rudolf, G., Pereira, S., Royer, B., Scheffer, I.E., Massa-
crier, A., Valenti, M.P., Roeckel-Trevisiol, N., Jamali, S., Beclin,
C., et al. (2006). SRPX2 mutations in disorders of language
cortex and cognition. Hum. Mol. Genet. 15, 1195-1207.
Cho, G., Bhat, S.S., Gao, J., Collins, J.S., Rogers, R.C., Si-
mensen, R.J., Schwartz, C.E., Golden, J.A., and Srivastava,
A.K. (2008). Evidence that SIZN1 is a candidate X-linked
mental retardation gene. Am. J. Med. Genet. A. 1464,
2644-2650.

Graham, J.M., Jr., Wheeler, P., Tackels-Horne, D., Lin, A.E.,
Hall, B.D., May, M., Short, K.M., Schwartz, C.E., and Cox,
T.C. (2003). A new X-linked syndrome with agenesis of the
corpus callosum, mental retardation, coloboma, microgna-
thia, and a mutation in the Alpha 4 gene at Xq13. Am. ].
Med. Genet. A. 123A, 37-44.

Cantagrel, V., Lossi, A.M., Boulanger, S., Depetris, D., Mattei,
M.G., Gecz, J., Schwartz, C.E., Van Maldergem, L., and Vil-
lard, L. (2004). Disruption of a new X linked gene highly ex-
pressed in brain in a family with two mentally retarded
males. J. Med. Genet. 41, 736-742.

Lossi, A.M., Laugier-Anfossi, E., Depetris, D., Gecz, J., Ge-
deon, A., Kooy, E, Schwartz, C., Mattei, M.G., Croquette,
M.E, and Villard, L. (2002). Abnormal expression of the
KLF8 (ZNF741) gene in a female patient with an X;autosome
translocation  t(X;21)(p11.2;,q22.3) and non-syndromic
mental retardation. J. Med. Genet. 39, 113-117.

Jamain, S., Quach, H., Betancur, C., Rastam, M., Colineaux,
C., Gillberg, I.C., Soderstrom, H., Giros, B., Leboyer, M., Gill-
berg, C., and Bourgeron, T.; Paris Autism Research Interna-
tional Sibpair Study. (2003). Mutations of the X-linked genes
encoding neuroligins NLGN3 and NLGN4 are associated
with autism. Nat. Genet. 34, 27-29.

Mansouri, M.R., Marklund, L., Gustavsson, P., Davey, E.,
Carlsson, B., Larsson, C., White, 1., Gustavson, K.H., and
Dahl, N. (2005). Loss of ZDHHC15 expression in a woman
with a balanced translocation t(X;15)(q13.3;cen) and severe
mental retardation. Eur. J. Hum. Genet. 13, 970-977.

van der Maarel, S.M., Scholten, I.H., Huber, 1., Philippe, C.,
Suijkerbuijk, R.E, Gilgenkrantz, S., Kere, J., Cremers, EP,
and Ropers, H.H. (1996). Cloning and characterization of
DXS6673E, a candidate gene for X-linked mental retardation
in Xq13.1. Hum. Mol. Genet. 5, 887-897.

Collins, FA., Murphy, D.L., Reiss, A.L., Sims, K.B., Lewis, J.G.,
Freund, L., Karoum, F.,, Zhu, D., Maumenee, I.H., and Anto-
narakis, S.E. (1992). Clinical, biochemical, and neuropsychi-
atric evaluation of a patient with a contiguous gene
syndrome due to a microdeletion Xp11.3 including the Nor-

50.

S1.

52.

53.

54.

5S.

56.

57.

58.

59.

60.

61.

rie disease locus and monoamine oxidase (MAOA and
MAOB) genes. Am. J. Med. Genet. 42, 127-134.

Brunner, H.G., Nelen, M., Breakefield, X.O., Ropers, H.H.,
and van Oost, B.A. (1993). Abnormal behavior associated
with a point mutation in the structural gene for monoamine
oxidase A. Science 262, 578-580.

Voineagu, I., Huang, L., Winden, K., Lazaro, M., Haan, E.,
Nelson, J., McGaughran, J., Nguyen, L.S., Friend, K., Hack-
ett, A., et al. (2012). CCDC22: a novel candidate gene for
syndromic X-linked intellectual disability. Mol. Psychiatry
17, 4-7.

Witham, S., Takano, K., Schwartz, C., and Alexov, E. (2011). A
missense mutation in CLIC2 associated with intellectual
disability is predicted by in silico modeling to affect protein
stability and dynamics. Proteins 79, 2444-2454.

Houge, G., Rasmussen, I.H., and Hovland, R. (2012). Loss-of-
Function CNKSR2 Mutation Is a Likely Cause of Non-Syn-
dromic X-Linked Intellectual Disability. Mol Syndromol 2,
60-63.

Honda, S., Hayashi, S., Imoto, I., Toyama, J., Okazawa, H.,
Nakagawa, E., Goto, Y., and Inazawa, J. (2010). Copy-number
variations on the X chromosome in Japanese patients with
mental retardation detected by array-based comparative
genomic hybridization analysis. J. Hum. Genet. 55, 590-599.
Huang, L., Jolly, L.A., Willis-Owen, S., Gardner, A., Kumar, R.,
Douglas, E., Shoubridge, C., Wieczorek, D., Tzschach, A.,
Cohen, M., et al. (2012). A noncoding, regulatory mutation
implicates HCFC1 in nonsyndromic intellectual disability.
Am. J. Hum. Genet. 91, 694-702.

Rope, A.E, Wang, K., Evjenth, R., Xing, ]J., Johnston, ].J.,
Swensen, J.J., Johnson, W.E., Moore, B., Huff, C.D., Bird,
L.M.,, et al. (2011). Using VAAST to identify an X-linked dis-
order resulting in lethality in male infants due to N-terminal
acetyltransferase deficiency. Am. J. Hum. Genet. 89, 28-43.

Klauck, S.M., Felder, B., Kolb-Kokocinski, A., Schuster, C.,
Chiocchetti, A., Schupp, 1., Wellenreuther, R., Schmoétzer,
G., Poustka, F., Breitenbach-Koller, L., and Poustka, A.
(2006). Mutations in the ribosomal protein gene RPL10 sug-
gest a novel modulating disease mechanism for autism. Mol.
Psychiatry 11, 1073-1084.

Chiocchetti, A., Pakalapati, G., Duketis, E., Wiemann, S.,
Poustka, A., Poustka, E, and Klauck, S.M. (2011). Mutation
and expression analyses of the ribosomal protein gene
RPL10 in an extended German sample of patients with
autism spectrum disorder. Am. J. Med. Genet. A. 1554,
1472-1475.

Hagens, O., Dubos, A., Abidi, F.,, Barbi, G., Van Zutven, L.,
Hoeltzenbein, M., Tommerup, N., Moraine, C., Fryns, J.P,,
Chelly, J., et al. (2006). Disruptions of the novel KIAA1202
gene are associated with X-linked mental retardation. Hum.
Genet. 118, 578-590.

Whibley, A.C., Plagnol, V., Tarpey, P.S., Abidi, E., Fullston, T,
Choma, M.K., Boucher, C.A., Shepherd, L., Willatt, L., Par-
kin, G., et al. (2010). Fine-scale survey of X chromosome
copy number variants and indels underlying intellectual
disability. Am. J. Hum. Genet. 87, 173-188.

Froyen, G., Corbett, M., Vandewalle, J., Jarvela, 1., Lawrence,
0., Meldrum, C., Bauters, M., Govaerts, K., Vandeleur, L., Van
Esch, H., et al. (2008). Submicroscopic duplications of the hy-
droxysteroid dehydrogenase HSD17B10 and the E3 ubiquitin
ligase HUWELI are associated with mental retardation. Am. J.
Hum. Genet. 82, 432-443.

The American Journal of Human Genetics 93, 368-383, August 8, 2013 381



62.

63.

64.

635.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Froyen, G., Belet, S., Martinez, F.,, Santos-Reboucas, C.B., De-
clercq, M., Verbeeck, J., Donckers, L., Berland, S., Mayo, S.,
Rosello, M., et al. (2012). Copy-number gains of HUWE1
due to replication- and recombination-based rearrange-
ments. Am. ]J. Hum. Genet. 91, 252-264.

Nava, C., Lamari, F, Héron, D., Mignot, C., Rastetter, A.,
Keren, B., Cohen, D., Faudet, A., Bouteiller, D., Gilleron,
M., etal. (2012). Analysis of the chromosome X exome in pa-
tients with autism spectrum disorders identified novel candi-
date genes, including TMLHE. Transcult. Psychiatry 2, e179.
Marshall, C.R., Noor, A., Vincent, ]J.B., Lionel, A.C., Feuk, L.,
Skaug, J., Shago, M., Moessner, R., Pinto, D., Ren, Y., et al.
(2008). Structural variation of chromosomes in autism spec-
trum disorder. Am. J. Hum. Genet. 82, 477-488.

Pinto, D., Pagnamenta, A.T., Klei, L., Anney, R., Merico, D.,
Regan, R., Conroy, J., Magalhaes, T.R., Correia, C., Abra-
hams, B.S., et al. (2010). Functional impact of global rare
copy number variation in autism spectrum disorders. Nature
466, 368-372.

Noor, A., Whibley, A., Marshall, C.R., Gianakopoulos, PJ.,
Piton, A., Carson, A.R., Orlic-Milacic, M., Lionel, A.C., Sato,
D., Pinto, D., et al.; Autism Genome Project Consortium.
(2010). Disruption at the PTCHD1 Locus on Xp22.11 in
Autism spectrum disorder and intellectual disability. Sci.
Transl. Med. 2, 49ra68.

Filges, 1., Rothlisberger, B., Blattner, A., Boesch, N., Demou-
gin, P., Wenzel, F., Huber, A.R., Heinimann, K., Weber, P,,
and Miny, P. (2011). Deletion in Xp22.11: PTCHDL1 is a
candidate gene for X-linked intellectual disability with or
without autism. Clin. Genet. 79, 79-85.

Garcia, C.C., Blair, H.J., Seager, M., Coulthard, A., Tennant,
S., Buddles, M., Curtis, A., and Goodship, J.A. (2004). Identi-
fication of a mutation in synapsin I, a synaptic vesicle pro-
tein, in a family with epilepsy. ]J. Med. Genet. 41, 183-186.
Fassio, A., Patry, L., Congia, S., Onofri, E, Piton, A., Gauthier,
J., Pozzi, D., Messa, M., Defranchi, E., Fadda, M., et al. (2011).
SYN1 loss-of-function mutations in autism and partial epi-
lepsy cause impaired synaptic function. Hum. Mol. Genet.
20, 2297-2307.

Lescai, E, Bonfiglio, S., Bacchelli, C., Chanudet, E., Waters,
A., Sisodiya, S.M., Kasperaviciute, D., Williams, J., Harold,
D., Hardy, J., et al. (2012). Characterisation and validation
of insertions and deletions in 173 patient exomes. PLoS
ONE 7, e51292.

Lenk, U., Hanke, R., and Speer, A. (1994). Carrier detection in
DMD families with point mutations, using PCR-SSCP and
direct sequencing. Neuromuscul. Disord. 4, 411-418.
Unger, S., Mainberger, A., Spitz, C., Bdhr, A., Zeschnigk, C.,
Zabel, B., Superti-Furga, A., and Morris-Rosendahl, D.].
(2007). Filamin A mutation is one cause of FG syndrome.
Am. J. Med. Genet. A. 1434, 1876-1879.

Zemni, R., Bienvenu, T., Vinet, M.C., Sefiani, A., Carrié, A.,
Billuart, P., McDonell, N., Couvert, P., Francis, E, Chafey, P.,
et al. (2000). A new gene involved in X-linked mental retar-
dation identified by analysis of an X;2 balanced transloca-
tion. Nat. Genet. 24, 167-170.

Lebel, R.R., May, M., Pouls, S., Lubs, H.A., Stevenson, R.E.,
and Schwartz, C.E. (2002). Non-syndromic X-linked mental
retardation associated with a missense mutation (P312L) in
the FGD1 gene. Clin. Genet. 61, 139-145.

Liang, G.S., de Miguel, M., Gémez-Hernandez, J.M., Glass,
J.D., Scherer, S.S., Mintz, M., Barrio, L.C., and Fischbeck,

76.

77.

78.

79.

80.

81.

82.

83.

84.

835.

86.

87.

K.H. (2005). Severe neuropathy with leaky connexin32 hem-
ichannels. Ann. Neurol. 57, 749-754.

Potluri, P., Davila, A., Ruiz-Pesini, E., Mishmar, D., O’'Hearn,
S., Hancock, S., Simon, M., Scheffler, 1.E., Wallace, D.C.,
and Procaccio, V. (2009). A novel NDUFA1 mutation leads
to a progressive mitochondrial complex I-specific neurode-
generative disease. Mol. Genet. Metab. 96, 189-195.

Maul, B., von Bohlen und Halbach, O., Becker, A., Sterner-
Kock, A., Voigt, J.P,, Siems, W.E., Grecksch, G., and Walther,
T. (2008). Impaired spatial memory and altered dendritic
spine morphology in angiotensin II type 2 receptor-deficient
mice. J. Mol. Med. 86, 563-571.

Garshasbi, M., Kahrizi, K., Hosseini, M., Nouri Vahid, L.,
Falah, M., Hemmati, S., Hu, H., Tzschach, A., Ropers, H.H.,
Najmabadi, H., and Kuss, A.W. (2011). A novel nonsense mu-
tation in TUSC3 is responsible for non-syndromic autosomal
recessive mental retardation in a consanguineous Iranian
family. Am. J. Med. Genet. A. 1554, 1976-1980.

Li, EY., Lenardo, M.J., and Chaigne-Delalande, B. (2011).
Loss of MAGT1 abrogates the Mg2+ flux required for T cell
signaling and leads to a novel human primary immunodefi-
ciency. Magnes. Res. 24, S109-S114.

Royer-Zemmour, B., Ponsole-Lenfant, M., Gara, H., Roll, P,
Lévéque, C., Massacrier, A., Ferracci, G., Cillario, J., Roba-
glia-Schlupp, A., Vincentelli, R., et al. (2008). Epileptic and
developmental disorders of the speech cortex: ligand/recep-
tor interaction of wild-type and mutant SRPX2 with the plas-
minogen activator receptor uPAR. Hum. Mol. Genet. 17,
3617-3630.

Madrigal, 1., Fernandez-Burriel, M., Rodriguez-Revenga, L.,
Cabrera, J.C., Marti, M., Mur, A., and Mila, M. (2010).
Xq26.2-q26.3 microduplication in two brothers with intel-
lectual disabilities: clinical and molecular characterization.
J. Hum. Genet. 55, 822-826.

Madrigal, I., Rodriguez-Revenga, L., Badenas, C., Sanchez, A.,
Martinez, F., Fernandez, 1., Fernandez-Burriel, M., and Mila,
M. (2007). MLPA as first screening method for the detection
of microduplications and microdeletions in patients with X-
linked mental retardation. Genet. Med. 9, 117-122.
Ramakers, G.J., Wolfer, D., Rosenberger, G., Kuchenbecker,
K., Kreienkamp, H.J., Prange-Kiel, J., Rune, G., Richter, K,
Langnaese, K., Masneuf, S., et al. (2012). Dysregulation of
Rho GTPases in the aPix/Arhgef6 mouse model of X-linked
intellectual disability is paralleled by impaired structural
and synaptic plasticity and cognitive deficits. Hum. Mol.
Genet. 21, 268-286.

O’Leary, R.E., Shih, J.C., Hyland, K., Kramer, N., Asher, Y.,
and Graham, J.M., Jr. (2012). De novo microdeletion of
Xp11.3 exclusively encompassing the monoamine oxidase
A and B genes in a male infant with episodic hypotonia: a ge-
nomics approach to personalized medicine. Eur. J. Med.
Genet. 55, 349-353.

Bortolato, M., Godar, S.C., Alzghoul, L., Zhang, J., Darling,
R.D., Simpson, K.L., Bini, V., Chen, K., Wellman, C.L., Lin,
R.C., and Shih, J.C. (2013). Monoamine oxidase A and A/B
knockout mice display autistic-like features. Int. J. Neuropsy-
chopharmacol. 16, 869-888.

Haavik, J., Blau, N., and Thony, B. (2008). Mutations in hu-
man monoamine-related neurotransmitter pathway genes.
Hum. Mutat. 29, 891-902.

Piton, A., Gauthier, J., Hamdan, EF., Lafreniere, R.G., Yang,
Y., Henrion, E., Laurent, S., Noreau, A., Thibodeau, P,

382

The American Journal of Human Genetics 93, 368-383, August 8, 2013



88.

89.

90.

91.

92.

93.

94.

Karemera, L., et al. (2011). Systematic resequencing of X-
chromosome synaptic genes in autism spectrum disorder
and schizophrenia. Mol. Psychiatry 16, 867-880.

Turner, G., Gedeon, A., and Mulley, J. (1994). X-linked
mental retardation with heterozygous expression and macro-
cephaly: pericentromeric gene localization. Am. J. Med.
Genet. 51, 575-580.

D’Arca, D., Zhao, X., Xu, W., Ramirez-Martinez, N.C., [avar-
one, A., and Lasorella, A. (2010). Huwel ubiquitin ligase is
essential to synchronize neuronal and glial differentiation
in the developing cerebellum. Proc. Natl. Acad. Sci. USA
107, 5875-5880.

Zhao, X., D’ Arca, D., Lim, W.K., Brahmachary, M., Catrro,
M.S., Ludwig, T., Cardo, C.C., Guillemot, F.,, Aldape, K., Cal-
ifano, A., et al. (2009). The N-Myc-DLL3 cascade is sup-
pressed by the ubiquitin ligase Huwel to inhibit proliferation
and promote neurogenesis in the developing brain. Dev. Cell
17, 210-221.

Zhao, X., Heng, ].I., Guardavaccaro, D., Jiang, R., Pagano, M.,
Guillemot, E, lavarone, A., and Lasorella, A. (2008). The
HECT-domain ubiquitin ligase Huwe1 controls neural differ-
entiation and proliferation by destabilizing the N-Myc onco-
protein. Nat. Cell Biol. 10, 643-653.

Librado, P., and Rozas, J. (2009). DnaSP v5: a software for
comprehensive analysis of DNA polymorphism data. Bioin-
formatics 25, 1451-1452.

Bell, C.J., Dinwiddie, D.L., Miller, N.A., Hateley, S.L., Ganu-
sova, E.E., Mudge, J., Langley, RJ., Zhang, L., Lee, C.C., Schil-
key, ED., et al. (2011). Carrier testing for severe childhood
recessive diseases by next-generation sequencing. Sci. Transl.
Med. 3, ra4.

O'Roak, B.]., Vives, L., Fu, W., Egertson, ]J.D., Stanaway, 1.B.,
Phelps, I.G., Carvill, G., Kumar, A., Lee, C., Ankenman, K.,
et al. (2012). Multiplex targeted sequencing identifies recur-

95.

96.

97.

98.

99.

100.

rently mutated genes in autism spectrum disorders. Science
338, 1619-1622.

Bedoyan, J.K., Schaibley, V.M., Peng, W., Bai, Y., Mondal, K.,
Shetty, A.C., Durham, M., Micucci, J.A., Dhiraaj, A., Skid-
more, .M., et al. (2012). Disruption of RAB40AL function
leads to Martin—Probst syndrome, a rare X-linked multi-
system neurodevelopmental human disorder. J. Med. Genet.
49, 332-340.

Kalscheuer, V.M., Igbal, Z., Hu, H., Haas, S.A., Shaw, M., Leb-
run, N., Seemanova, E., Voesenek, K., Hobson, L., Ropers,
H.H., et al. (2013). RAB40AL loss-of-function mutation
does not cause X-linked intellectual disability. J. Med. Genet.
Published online March 25, 2013. http://jmg.bmj.com/
content/49/5/332/reply#jmedgenet_el_1730.

Sanders, S.J., Murtha, M.T., Gupta, A.R., Murdoch, ]J.D., Rau-
beson, M.J., Willsey, AJ., Ercan-Sencicek, A.G., DilLullo,
N.M., Parikshak, N.N., Stein, J.L., et al. (2012). De novo mu-
tations revealed by whole-exome sequencing are strongly
associated with autism. Nature 485, 237-241.

lossifov, I., Ronemus, M., Levy, D., Wang, Z., Hakker, I., Rose-
nbaum, J., Yamrom, B., Lee, Y.H., Narzisi, G., Leotta, A., et al.
(2012). De novo gene disruptions in children on the autistic
spectrum. Neuron 74, 285-299.

Andreasen, C., Nielsen, J.B., Refsgaard, L., Holst, A.G., Chris-
tensen, A.H., Andreasen, L., Sajadieh, A., Haunsg, S., Svend-
sen, J.H., and Olesen, M.S. (2013). New population-based
exome data are questioning the pathogenicity of previously
cardiomyopathy-associated genetic variants. Eur. J. Hum.
Genet.

Swaminathan, G.J., Bragin, E., Chatzimichali, E.A., Corpas,
M., Bevan, A.P., Wright, C.E, Carter, N.P., Hurles, M.E., and
Firth, H.V. (2012). DECIPHER: web-based, community
resource for clinical interpretation of rare variants in devel-
opmental disorders. Hum. Mol. Genet. 21(R1), R37-R44.

The American Journal of Human Genetics 93, 368-383, August 8, 2013 383



Results - Part 1
Targeted sequencing for the diagnosis of Intellectual disability

Paper II: Efficient Strategy for the Molecular Diagnosis of Intellectual Disability
using Targeted High Throughput Sequencing.

Redin C*, Gérard B, Lauer J, Herenger Y, Muller J, et al. JAMA, submitted. 2014 Feb.

Aim of the study: Implementation of a targeted high throughput sequencing approach of 220 genes

(100 XLID genes, 120 autosomal ID genes) in a cohort of over a hundred patients with ID, in order
to assess its relevance in terms of diagnostic yield. The approach would be considered as successful
if leading do diagnostic yield at least similar to the array-CGH and fragile-X testing altogether
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ABSTRACT

BACKGROUND: Intellectual disability (ID) is characterized by an extreme genetic heterogeneity. Several
hundred genes have been associated to monogenic forms of ID, considerably complicating molecular
diagnosis offers. Trio-exome sequencing was recently proposed as a diagnostic approach, yet remains costly
for a general implementation.

METHODS: We report the alternative strategy of targeted high-throughput sequencing of 217 genes in
which mutations had been reported in patients with ID or autism as the major clinical concern. We analyzed
106 patients (mostly males and sporadic cases) with ID of unknown etiology following array-CGH analysis
and other genetic investigations.

RESULTS: We identified 26 causative mutations: 16 in X-linked genes (ATRX, CUL4B, DMD, FMRI,
HCFCI, ILIRAPLI, IOSEC2, KDM5C, MAOA, MECP2, SLC946, SLC1642, PHF§8) and 10 de novo in
autosomal dominant genes (DYRKI1A, GRINI, MEDI3L, TCF4, RAIl, SHANK3, SLC2A1, SYNGAPI). We
also detected four possibly-causative mutations (e.g. in NLGN3) requiring further investigations. We present
detailed reasoning for assigning causality for each mutation, and associated patients’ clinical information.
Some genes were hit more than once in our cohort suggesting they correspond to more frequent ID-
associated conditions (KDM5C, MECP2, DYRKIA, TCF4). We highlight some unexpected genotype to
phenotype correlations, with causative mutations being identified in genes associated to defined syndromes
in patients deviating from the classic phenotype (DMD, TCF4, MECP?2). We also bring additional supportive
(HCFCI, MEDI3L) or unsupportive (SHROOM4, SRPX2) evidences for the implication of previous
candidate genes or mutations in cognitive disorders.

CONCLUSIONS: With a diagnostic yield of 25% targeted sequencing appears relevant as a first intention
test for the diagnosis of ID, but importantly will also contribute to a better understanding regarding the

specific contribution of the many genes implicated in ID and autism.

Key words: intellectual disability, mutation, targeted high-throughput sequencing, autism, causative

Word count : 4688
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Introduction

Intellectual disability (ID, formerly known as Mental Retardation [1]) is a common neurodevelopmental
disorder reported in 1-2% of the newborns [2]. ID is defined by significant limitations in both intellectual
functioning and adaptative behavior with onset before the age of 18. Different classes of ID are
conventionally defined upon intelligence quotient (IQ) values (severe or profound, < 35; moderate, 35-49
and mild, 50-70). However, in routine genetic practice, clinical assessment mainly based on records of
developmental history, speech acquisition and patient’s autonomy is used for classification in such
subcategories.

Causes of ID can be environmental, genetic, or multifactorial. Single genetic events are thought to account
for a majority of cases, varying vary from large chromosomal anomalies or copy number variants (CNVs)
affecting several genes to point mutations in single genes. These latter monogenic forms are characterized by
an extreme genetic heterogeneity, with a hundred genes described as implicated in X-linked ID (XLID), and
more associated to autosomal recessive or dominant forms. Altogether there are more than 400 genes
proposed to cause ID with high penetrance when mutated [3-7], underlying a phenotypic heterogeneity of the
same extent in both severity and associated symptoms. This genetic heterogeneity has long limited the
diagnosis offer for patients and families, which was often restricted to fragile-X (MIM 300624) testing,
array-CGH analysis, and generic metabolic tests (Figure S1). It may be complemented by sequencing a few
genes associated to a specific syndrome evoked by patient’s phenotype, yet the diagnostic yield remains low
(1-2% for the recurrent fragile-X mutation; 10-15% for array-CGH and chromosomal analyses, higher in
highly syndromic patients)[8 9]. A majority of patients remain therefore without molecular diagnosis, while
it is of crucial importance for establishing recurrence risks and providing genetic counseling in the family.
Moreover, such diagnosis often has direct consequences for the medical prognosis of patients or their
optimized health care, and even (yet in still a minority of cases) can indicate specific therapeutic options.

To obviate this low diagnostic yield, we developed the simultaneous targeted-sequencing of protein-coding
exons of 217 genes associated with ID or autism spectrum disorders (ASDs) as primary clinically significant

3
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feature: 99 located on the X-chromosome, 118 on the autosomes. We report here the results of such strategy
on a cohort of 106 ID-patients with or without associated autistic-like features, negative for array-CGH,
fragile-X and other specific genetic analyses. A causal mutation was detected in 25% of these patients,
regardless the severity of their cognitive impairment. We illustrate cases in which the molecular diagnosis
was immediately established, as well as other more complex situations. This highlights the challenge of
interpreting variants generated by NGS-technologies, already from targeted approaches restricted to a few
hundred genes. This work demonstrates that a targeted sequencing approach is highly efficient for the
diagnosis of ID, but also allows refining the clinical spectrum associated with mutations in certain genes, and

confirming or questioning the involvement of other genes in cognitive disorders.

Methods

Cohort of patients

DNA samples from 106 patients were addressed for testing through clinical geneticists from 16 public
hospitals in France. ID patients with polymalformative syndromes or suspected mitochondrial/peroxisomal
disorders were excluded. All patients had been previously excluded for the recurrent fragile-X mutation, for
pathogenic CNVs via array-CGH analysis, and for several other specific genetic investigations (on average:
two genes tested per patient, Table 1). Clinical data was recorded following a standardized clinical record
highlighting prenatal history, developmental history, neurological and behavioral disorders. ID severity was
assessed as explained previously by geneticists upon clinical evaluation. This study was approved by the
local Ethics Committee of the Strasbourg University Hospital (Comité Consultatif de Protection des
Personnes dans la Recherche Biomédicale, CCPPRB). For all patients a written informed consent for genetic

testing was obtained from their legal representative.

Targeted genes and capture design
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The 217 selected genes include 99 genes associated to XLID and 118 genes located on autosomes,
implicated in dominant (45), recessive (66) or complex (7) forms of ID (Table S8, further justification on
gene selection is given in Supplementary Methods). We targeted all protein-coding exons of these genes,
including 20-bp of intronic flanking sequences. Corresponding 120-bp RNA baits were designed using

SureDesign (https://earray.chem.agilent.com/suredesign/).

Library preparation and sequencing

DNA samples were extracted from peripheral blood or saliva. Sequencing libraries were prepared as
described previously [10], performing individual in-solution SureSelect capture reaction for each DNA
sample (Agilent, Santa Clara, CA, USA). Paired-end sequencing (2x101-bp) was performed on an Illumina

HiSeq 2000/2500, multiplexing up to 16 samples per sequencing lane.

Bioinformatic Pipeline and Variant Ranking

Read mapping, variant calling and annotation was performed as described previously [10]. Detected variants
(short indels and single nucleotide variants, SNVs) are ranked by VaRank (an in-house developed script),
which incorporates the annotations retrieved by alamut-HT (putative effect on the protein, conservation
scores, splice site predictions, allelic frequency in the 106 patients and in control cohorts such as Exome
Variant Server: EVS, or 1000genomes). Candidate variants were selected when: 1/ present in EVS in <50
controls (for autosomal recessive genes), <2 controls (for autosomal dominant genes), or <2 males (for X-
linked genes) and 2/ present in the cohort in <2 patients [11]. Remaining variants predicted as potentially
pathogenic and fitting with the mode of inheritance associated to the affected gene were tested for validation

(Table S9).

CNV:s detection pipeline

Putative heterozygous/homozygous/hemizygous structural or CNVs were highlighted using the previously
described method based on a depth-of-coverage comparison between the index sample and eight other
random samples from the same sequencing lane [10]. For the X-chromosome, coverage was normalized

according to the number of X-chromosomes of the patient.
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Mutation validation

All candidate mutations were validated by Sanger sequencing and co-segregation analyses were performed
as extensively as possible. Putative splicing mutations were confirmed either using a minigene in vitro assay
with the SPL3B plasmid as described previously [12], or using patients’ fibroblasts or blood RNA when
available. For apparent de novo variants, pedigree concordance was checked using polymorphic
microsatellite markers (PowerPlex® 16HS System, Promega). Mutations were considered as certainly-
causative when no doubt remained regarding their pathogenicity and a diagnosis could be established
without any error risk. Such mutations co-segregated with the disease status in the family and were either:
truncating mutations or missense mutations that had been previously convincingly published or that we
confirmed with functional analyses. Mutations were considered as potentially-causative when they co-
segregate with ID and were predicted to be damaging, but further functional studies were needed to prove

unambiguously their pathogenicity.

Results

High quality sequencing data ensures low rates of false-positive/negative calls for SNVs, indels and CNVs
Our strategy allowed generating a high quality sequencing dataset, with a mean depth-of-coverage of
350X and an average per patient of 97.7% of targeted regions being well-covered (> 40X; Table S1). Such
coverage ensures a sensitivity of 99-99.9% of detecting SNVs and indels at any allelic state (Illumina
Technical Note). We further assessed the sensitivity of SNV detection by comparing allelic states of single
nucleotide polymorphism (SNPs) detected by SNP-array (Affymetrix® SNP Array 6.0) with the
corresponding sites located in the targeted sequencing data of two patients, and found no false-negatives
(452 SNPs analyzed). Interestingly, among all 6 SNPs that show discrepant allelic states between both
methods, Sanger sequencing results were always in favor of targeted sequencing data suggesting a much
higher sensitivity (data not shown). No false positive was detected out of the 80 candidate variants located in

well-covered regions that were tested for confirmation by Sanger sequencing.
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This high sequencing depth also ensured reliable CNVs calling. All CNVs detected by our pipeline
were validated by Sanger sequencing, qPCR and/or confirmed retrospectively when looking at array-CGH
data (Table S2). Some were not initially mentioned in the array-CGH report because covered by only a few
SNP probes (<2 deleted probes, under the detection threshold detection).

Very few regions (a total of 3.9-kb, only 1.8-kb being protein-coding) appear consistently poorly covered
(coverage <40X in >90% of the samples; Table S3). Those are mainly first exons or highly GC-rich regions

that are a well-known burden in such capture strategy.

Cohort description and diagnostic yield

Patients harbored various degrees of cognitive impairment, albeit with a higher proportion of
moderate or severe forms (46% and 42% respectively; Table 1). The cohort was highly enriched in males.
Among male probands most cases were sporadic, the remaining had familial history of cognitive impairment
mainly evocative of an X-linked mode of transmission (Table 1). We detected certainly-causative mutations
in 26/106 patients (Table 2; Figures S2-19), leading to an overall diagnostic yield of 25% for the entire
cohort (from 23% for sporadic cases to 31% for familial cases). Unexpectedly, the diagnostic yield appears
unrelated to the severity of ID in patients (Table 1).

Sixteen mutations are located in genes of the X-chromosome: 14 point mutations (in ATRX, CUL4B,
DMD, HCFCI, ILIRAPLI, IQSEC2, KDM5Cx2, MECP2x2, MAOA, PHFS, SLC946, SLC1642), as well as
two larger pathogenic events (one hemizygous complex rearrangement in MECP2, one hemizygous exon
deletion in FMRI; Figures S17 and S13). We identified 10 de novo point mutations in genes involved in
autosomal dominant/haploinsufficient forms of ID (in DYRKIAx2, GRINI, MEDI3L, RAIl, SHANK3,
SYNGAPI, SLC2A41, TCF4x2). In four other patients we identified potentially-causative mutations (in
NLGN3, POBPI, SLC2A1 and TCF4,; Figures S20, S21, S7, S9 respectively), whose implication in
cognitive impairment has to be further confirmed. Finally, missense variants that appeared at first likely to be
pathogenic, notably based on the very high evolutionary conservation of the affected residues or on previous
publications, appeared excluded as causal after further segregation analysis (in FLNA, FMRI, HUWE] or

MECP2, see Figure S22)
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Atypical type of mutations

Among the 26 certainly-causative mutations identified, some were surprising by the nature of the
mutation itself. In a boy with severe encephalopathy, epilepsy, hypotonia and microcephaly we detected a
highly complex rearrangement in exon #4 of MECP2, involving a 139-bp deletion flanked by the insertion of
two sequences in inverted orientation derived from intron #2 still keeping the reading frame downstream of
the rearrangement. Such event is inherited from the proband’s mother who presents with speech delay and
dyslexia (Figure S17). This exon is known to be the one accumulating most mutations in patients, especially
the 3° half, which is a recombination hotspot and the target of several deletions/duplications and less
frequently inversions [13-15].
We report here for the first time an intragenic deletion affecting FMRI outside of the promoter/exon #1
region that is the target of the fragile-X syndrome CGG-expansion. Very few point mutations have been
reported in coding regions. We identified full deletion of the last exon of FMRI in one patient and his two
affected brothers presenting with uneven clinical features of fragile-X syndrome (Figure S13).
We also identified a patient carrying a maternally-inherited 10-bp deletion causing a frameshift in exon #7 of
ILIRAPLI, while unexpectedly his affected brother bears a de novo deletion of the full exon highlighting
that affected relatives may carry distinct mutations. We propose that small 10-bp deletion may have created a
sequence conformation favoring further instability and leading to the larger deletion observed in the second
brother (Figure S14). Indeed, a large proportion of /L/RAPLI causative mutations are intragenic exon
deletions or pericentric inversions [16], supporting that /LIRAPLI is highly susceptible to recombination
events.
Lastly, we identified a de novo missense mutation in GRIN/ in a male proband with severe 1D, hypotonia,
feeding disorders and very poor speech but no epilepsy, a phenotype similar to that associated to GRINI
missense mutations in some patients [17 18]. A maternal uncle presented with similar features except for the
poor speech and hypotonia (Figure S3), strongly suggesting an associated X-linked mode of inheritance.
Unlike expected, a de novo missense mutation was identified further highlighting the prevalence of

phenocopies in cognitive disorders.
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Genotype-phenotype correlations: from expected to unexpected

The majority of certainly-causative mutations were identified in patients whose clinical phenotype
was retrospectively consistent with previous reports (Table 2). For instance, the proband carrying a
truncating mutation in /QSEC2 presents with severe ID, no speech, motor developmental delay, severe
epilepsy, strabismus and autistic features (Figure S15), which matches the recently proposed clinical
spectrum associated to mutations in this gene even though initially reported in non-syndromic patients [19
20]. Likewise, DYRK 1A was originally found disrupted by translocations or deleted in several patients with
ID and microcephaly [21-23]. More recently, truncating mutations in this gene were shown to cause
syndromic ID, characterized by primary microcephaly, growth retardation, developmental delay, facial
dysmorphic traits, seizures and major feeding difficulties, with or without associated autism [24-28]. We
report here two novel de novo truncating mutations in patients with similar clinical features but no epilepsy
(Figure S2). Nonetheless in a few other cases (e.g. mutations in RA// or MECP?2) the probands lacked some
clinical features, thus corresponding diagnosis of Smith-Magenis (MIM 18229) or Rett (MIM 312750)
syndrome was not evoked by experienced clinical geneticists (Figures S5 and S17). For instance, among the
three patients with MECP2 mutations, two present with classical phenotype (severe encephalopathy and Rett
syndrome respectively) while the third female proband presents with non-classical Rett phenotype (no
regression episode, no hand-flapping features).

A few detected mutations were unexpected because detected in patients whose phenotype did not
match previous descriptions. For instance, mutations in 7CF4 mainly cause Pitt-Hopkins syndrome (PHS,
MIM 610954) characterized by severe motor retardation, absence of speech, characteristic dysmorphic traits,
autistic features, intestinal problems and hyperventilation [29]. We here describe truncating 7CF4 mutations
in two patients, one with clinical manifestations highly suggestive of PHS, the other with less syndromic
manifestations and no dysmorphic traits (Figure S9). TCF4 mutations were already reported in patients with
non-syndromic ID suggesting that such mutations were likely to be underdiagnosed [30].

Another patient and his affected brother both carry a distal frameshift mutation in DMD affecting the major
muscle transcript encoding the dystrophin protein associated to Duchenne or Becker muscular dystrophy
(DMD, MIM 310200; BMD, MIM 300376), and the brain-specific isoform Dp71. Index case presents with
moderate 1D, psychomotor retardation, no speech, behavioral disorders, dysmorphic traits but strikingly no
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muscular phenotype (Figure S12). His brother harbors a milder phenotype with additional hypotonia and
cerebellar dysplasia. Both harbor borderline-high CPK-levels. The association of cognitive impairment with
DMD/BMD has been extensively reported and correlated to truncating mutations affecting Dp71, yet never
in the absence of a muscular phenotype [31-36]. Our findings extend the recent report of a large family with
affected males carrying an in-frame single aminoacid deletion associated to mild ID and no muscular

phenotype [37].

Confirmation of candidate genes for cognitive disorders

Some selected genes were only candidate ID or ASD-genes at the time of the design, with single
pieces of evidence in the literature. The identification of additional mutations in patients with similar
phenotype definitively confirms their implication in cognitive disorders.

We reported a damaging missense affecting the function of the Monoamine Oxidase A enzyme
(MAOA) [38 39], which replicated for the first time in 20 years the implication of MAOA in autism/ID
associated to significant behavioral disorders [38 39]. We also identified a probably-pathogenic missense
variant in NLGN3 in a male and his cousin, both presenting with ID and autism (Figure S20). /n silico
predictions, high conservation of the mutated residue across all neuroligin paralogs, and familial analysis are
altogether in favor of a pathogenicity of this missense change. A definitive functional effect of this missense
still needs to be demonstrated to clearly establish the diagnosis. The implication of this gene was never
replicated since the initial publication [40], albeit screened in several cohorts with comparable phenotypes
[41-47].

Similarly, we identified a novel truncating point mutation in MED13L confirming the implication of
this gene in ID (Figure S4). Disruption of MEDI3L was initially associated with transposition of the great
arteries (TGA), associated to ID in a single case with a chromosomal translocation [48]. A homozygous
missense mutation was then identified in two siblings from a consanguineous family presenting with non-
syndromic ID, suggesting an implication of the gene in autosomal recessive forms of ID justifying its
selection in our panel [5]. A total of five patients were more recently described with de novo intragenic
CNVs or point mutations affecting MEDI3L, delineating a recognizable MEDI3L-haploinsufficiency
syndrome characterized by hypotonia, moderate ID, uneven cardiac defects, facial hypotonia and dysmorphic
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traits [49 50]. Our patient with the MED13L mutation presents with concordant phenotype such as an open
mouth appearance and muscular hypotonia but no cardiac defects. Due to the initially proposed autosomal
recessive mode of inheritance associated to ID, at first we did not consider this heterozygous truncating
mutation as causative, as it may also have been the case for a heterozygous splicing mutation identified
earlier in a large-scale exome sequencing study in one male with ASD [25]. Altogether, these findings

suggest that ID associated to MED3L-haploinsufficiency syndrome is a rather frequent condition [5 48].

Ambiguous mode of inheritance in ID-associated genes: the example of DEAF'1

As for MEDI3L, the mode of inheritance associated to some genes is ambiguously described in
literature. We identified an heterozygous variant affecting splicing in DEAFI inherited from the
asymptomatic mother in a patient presenting with severe ID, developmental delay, poor speech, pain
resistance, dysmorphic features and aggressive behavior (Figure 1), while the gene had been proposed as
associated to autosomal dominant forms of ID [7 51]. The recent report of two additional individuals
carrying de novo missense mutations narrowed the associated phenotype to moderate/severe ID, speech
impairment, behavioral problems, high pain threshold, dysmorphic features and abnormal walking pattern,
hence highly similar to the one of our proband [52]. Although in vitro validation studies suggest that the
reported missense variants lead to an impaired function of DEAF1, the authors concluded that they
presumably act as dominant-negatives incapacitating both normal and mutant proteins since truncating
variants had been observed in asymptomatic individuals [52]. In parallel, a homozygous missense mutation
clustering in the same SAND-domain with all three de novo missense mutations was reported in members of
a consanguineous family presenting with ID, microcephaly and white matter abnormalities therefore
suggesting a possible autosomal recessive mode of inheritance [53]. The pathogenic mechanism associated
to DEAFI mutations is therefore unclear. Due to the highly similar clinical features of the herein reported
proband and of probands carrying de novo missense mutations, the splice variant detected here may
contribute to the phenotype of our patient, possibly through a recessive mode of inheritance (i.e. acting in
trans with another heterozygous variant) since haploinsufficiency appears tolerated in healthy individuals.
Altogether those findings either suppose a similar phenotype for autosomal dominant and autosomal
recessive mode of inheritance associated to DEAF1 mutations, or a universal autosomal recessive mode of
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inheritance with a second variant that has not been yet identified, alike what was finally proven for TAR

syndrome for instance [54].

Unsupportive evidences for proposed ID-associated mutations and genes

As already warned, the identification of previously-reported mutations described as pathogenic
should be considered with caution as there are a consequent proportion of “false-positive” mutations [10].
We here question the causative effect of a few previously proposed mutations (Table S4). For instance, one
missense variant identified in FLNA (c.3872C>T , p.Pro1291Leu ) was previously reported in a patient with
FG syndrome (MIM 300321) [55]. This variant was identified here in a patient with a different phenotype
(Figure S22) and is also reported in one male in EVS (presumably not presenting with cognitive disorders),
raising doubt about its pathogenicity.

The identification of non-segregating truncating variants (i.e. detected both in patients and healthy
relatives) can also challenge the implication of genes in X-linked and autosomal dominant forms of ID. In
one family we identified a frameshift variant in SRPX2 in a male proband. It is most likely inherited from the
deceased asymptomatic maternal grandfather since also detected in the mother and in three maternal aunts
yet absent from the maternal grandmother. Despite recent functional evidences regarding the role of SRPX2
in brain development [56 57], its definitive implication in cognitive disorders has already been questioned
following the presence of the initially proposed mutations in EVS, and subsequently to the identification of a
missense mutation in GRIN2A co-segregating with the epileptic status in the initial SRPX2 family [17]. In
another family, we identified a nonsense variant in SHROOM4 in a male proband but also in his unaffected

brothers, which also further defies its implication in X-linked cognitive disorders (Table S5, Figure 2) [11].

Patients carrying probably-pathogenic variants in two ID-associated genes

In three unrelated patients, we identified candidate variants in two separate genes, requiring the
evaluation of different scenarios: a) one single contributor while the second variant is innocuous, b) one
major contributor while the second variant acts as a modifier ¢) both variants are implicated in the phenotype

and have a synergistic effect.
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In one male proband, we identified a maternally-inherited splice variant leading to a frameshift in the X-
linked gene PHF8, together with a de novo truncating variant in DOCKS (Figure S18). Considering both the
weak evidences implicating DOCKS in autosomal dominant ID (two probands reported with translocations
disrupting the gene), the clinical features consistent with a PHF§ mutation (even in absence of cleft
lip/palate) and the X-inactivation bias identified in the mother, the PHF§ variant alone is most likely to be
responsible for the phenotype leaving the DOCKS variant as probably innocuous [58 59].

In another male proband, two possibly-causative missense variants were identified in the XLID
genes ATRX and HCFCI (Figure 3). Patient’s phenotype was not evocative of an ATRX mutation (no
dysmorphic traits, no urogenital abnormalities, absence of Heinz bodies), but perfectly matched the recent
description of cobalamin-X metabolic disorder (cblX, MIM 309541; [60]). We concluded to a causative
effect of the HCFC1 mutation (being one of the chlX recurrent mutations), but cannot exclude a contributor
effect of the ATRX variant based on current co-segregation data.

In the third family, the proband carries one distal truncating variant in SLC2A1 and one missense
variant in ANKRD1 1, each inherited from one asymptomatic parent. Mutations in SLC2A41 have already been
associated to GLUT-1 deficiency (MIM 606777/612126) with incomplete penetrance [61]. The proband
presents with evocative symptoms of both SLC247 and ANKRD11 mutations (major hypotonia along with
skeletal abnormalities) that might suggest a synergistic contribution of both variants to the phenotype
(Figure S7). No conclusion could be unambiguously drawn in this case, but such a di- or oligogenic mode of

inheritance has already been proposed in neurodevelopmental disorders [62-64].

Discussion

Targeted sequencing of 217 genes in a cohort of 106 patients with unknown genetic etiology of ID
led to a positive diagnostic yield of 25%. A majority of causative mutations identified are located in XLID
genes, which can be partially explained by our male-enriched cohort. When excluding familial cases, X-
linked mutations are found in 7/73 sporadic male cases, matching the proposed figure that 10% of males with
sporadic ID carry mutations in X-linked genes [65]. Combining the results of recent trio-exome analyses

leads to similar proportions (X-linked causative mutations in 7/66 males with sporadic ID; [3 51]). The
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detection rate of X-linked mutations in our cohort is - as expected - higher in males with familial history of
ID, but is also significant in females (2/10, both with MECP2 mutations). Also unsurprisingly, mutations in
autosomal dominant/haploinsufficient ID genes are mostly found within sporadic cases.

Although we did not expect patients to harbor mutations in the same genes because of the small size
of the cohort and the extensive genetic heterogeneity of ID, we had a few genes hit more than once: MECP2
(despite being screened in 11% of patients prior to inclusion), KDM5C, DYRKIA and TCF4. Our results,
intersected with the ones from other studies, highlight mutations within common genes (MECP2, CUL4B,
ILIRAPLI, IQSEC2, KDM5C, SLC9A46, SLC16A42, DYRKIA, SLC2A41, SYNGAPI or TCF4) suggesting that
they are more frequently mutated in ID patients [3 7 17 25-27 51 66 67]. If mutations in such ID genes are
confirmed to account for a substantial number of patients, introducing for diagnosis massive multiplexed re-
sequencing of such genes in large cohorts shall be considered [26].

The extensive genetic and phenotypic heterogeneity of ID is the major hindrance for obtaining a
precise molecular diagnosis. Direct sequencing strategies consisting in sequentially screening candidate
genes are being replaced in diagnostic laboratories by more high-throughput NGS-based strategies: multiplex
targeted sequencing of a few genes in large cohorts, selective targeted sequencing of up to several hundred
genes, exome sequencing, and full-genome sequencing. Exome or full-genome strategies are more
exhaustive alternatives and very attractive issues in the field of genetic diagnosis. Their universal
approaches, whatever the clinical features, enhance the technical management of the workflow. However, the
actual coverage proposed with the exome or full-genome strategies is still frequently insufficient which may
lead to missed mutations [26]. Also, the finding of a putative mutation in a novel gene never associated to a
given pathology marks the start of a research endeavor to validate the finding but is not per se a diagnostic
result.

Targeted sequencing appears more appealing for well-defined pathologies in which most implicated
genes have been uncovered or in clinically-homogeneous entities (i.e. Bardet-Biedl and related ciliopathies
[10], retinal dystrophies [68], hearing loss [69], ...). We show here that it is also a powerful alternative for
diagnostic purposes in ID (Table S6). The positive diagnostic yield in our cohort of 106 patients is of 25%
overall and 21% for sporadic cases, which is similar to what was reported with the trio-exome strategy (32
highly-likely causative mutations in a total of 151 patients, 21%; Table S7; [3 51]). Most of these mutations
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identified by exome sequencing affect genes included in our panel, and would thus have been detected with
our strategy. If restricting the findings of the exome studies to genes of our panel, the resulting diagnostic
yield on the same cohorts would be of 16% (24/151) which is lesser than the one reported in this study
(Table S7). Our high diagnostic yield is not due to an overestimation regarding the pathogenicity of the
identified variants as we were highly stringent regarding the classification of certainly-causative mutations
(e.g. we did not include all probably-damaging missense variants located in XLID genes that were detected
in males). The high depth-of-coverage and the smaller portion of poorly-covered regions achieved with our
strategy ensure a high sensitivity and specificity of detecting pathogenic events in the regions of interest
(SNVs, indels, but also larger exon deletions). Also, the relative ease of variant analysis and smaller number
of follow-up studies for candidate variants may contribute to this significant yield. As fewer candidate
variants are identified per patient with this approach, they can also be analyzed more thoroughly (putative
effect on splicing for variants not affecting canonical splice sites, predictive impact on the protein through
structural modeling, etc).

The limited number of sequenced genes with the targeted approach - restricted to those involved in cognitive
disorders - also avoids the controversial issues raised by incidental findings. Nonetheless, the targeted
sequencing approach will miss newly identified genes and theoretically prevents data re-analysis (i.e.
incorporating novel findings regarding genetics of ID). The major value of targeted sequencing for ID is that
it should allow the application of such test to a much higher proportion of patients awaiting molecular
diagnosis given the significantly lower cost of sequencing, but especially of data analysis, storage and
interpretation. It should thus generate much more promptly large amounts of data regarding the spectrum of
mutations and phenotypes associated to the many genes implicated in ID, and thus considerably increase our
knowledge on the specific condition associated with each gene.

The substantial proportion of patients that remain without molecular diagnosis with either strategy
raises several issues: whether a large fraction of ID-associated genes remain to be discovered, whether many
mutations are missed because located in non-coding regions, or lastly whether more complex genetic
scenarios are implicated such as variants with reduced penetrance, oligogenic and/or multifactorial modes of
inheritance [62-64]. Particularly, many disorders associated with autosomal dominant inheritance are
associated with incomplete penetrance and high intra-familial phenotypic variability, although such scenario
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is mostly excluded from trio-studies that focus on de novo mutations. Full-genome analyses of large cohorts
of patients with still unexplained ID may shed some light regarding the contribution of each of those

hypotheses.
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Figure Legends

Figure 1: Inherited disrupting splice variant in DEAFI: what contribution to the phenotype?

(A) Pedigree showing the maternally-inherited splice variant in DEAFI (c.290-3C>G); (B) Prediction scores
for the effect of the herein described variant on splicing (prediction scores for acceptor splice sites (ASS) as
computed by SpliceSite Finder, MaxEntScan, NNsplice, GeneSplicer and Human Splicing Finder for the
consensus ASS with either the wild-type or the mutated allele); (C) Localization of the variant, and its
resulting effect on splicing in vitro (minigene construct): 90% of abnormal transcripts: 80% with entire exon
#2 skipped, and 10% using the alternative ASS ¢.290-16 both leading to a frameshift and a premature stop

codon.

Figure 2: Truncating variants not or ambiguously co-segregating with ID

(A) Pedigree of patient APN-13 carrying a frameshift variant in SRPX2 (c.602del, p.Ala201Valfs*10)
demonstrating the likely inheritance from the asymptomatic (deceased) maternal grandfather, yet a putative
germinal mosaicism of a de novo mutation cannot be excluded.; (B) Predicted functional domains of SRXP2
from Pfam indicating locations of the herein identified mutation and those previously described. DUF4174:
Domain of unknown function; (C) Pedigree showing the non-segregating nonsense variant in SHROOM4
(c.3772C>T; p.GIn1258%*) in the family of patient APN-86; (D) Location of the premature stop codon, which
would disrupt the ASD2 domain of the protein.

Figure 3: Patient carrying two probably damaging missense variants in HCFCI and ATRX: one

causative mutation and one modifier variant?

(A) Family tree of patient APN-113: proband carries a missense mutation in HCFCI (c.218C>T;
p.-Ala73Val) already reported in two patients with c¢blX as well as another missense variant in A7RX
(c.1013C>G@, p.Ser338Cys). Both variants are maternally-inherited, absent from the unaffected brother, but
carried by the younger brother who died of sudden death at 2 months-old; (B) Associated predictions for the
recurrent pathogenic missense mutation in HCFC/ [60] and the possible modifier in ATRX, showing putative
pathogenicity and moderate nucleotide conservation; (C) Representation of HCFC1 and its domains: kelch
domains (K1-K5), Fn3 (fibronectin type 3), basic domain, HCF-proteolysis repeats (HCF-pro), acidic
domain, and NLS (nuclear localization signal) domain. The initial mutations involved in milder non-
syndromic ID are indicated above: a regulatory variant in the 5’UTR of HCFCI was identified by targeted
massive parallel re-sequencing in a family with probable X-linked ID (MRX3), which had for long remained
unsolved. This variant was disrupting the functional binding site of the transcription factor YY1 within the

HCFClpromoter region, leading to an up-regulation of its expression in lymphoblastoid cells [70].
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Subsequent screening of additional unsolved XLID families identified one single co-segregating missense
variant (c.674G>A; p.Ser225Asn) in HCFCI. The phenotype of both patients was rather mild: non-
syndromic mild to moderate ID. In the bottom are indicated the mutations recently described in chlX patients
[60]; (D) The ATRX missense variant is located close but outside of the hotspot for disease-causing missense
mutations (in the zinc-finger binding domain, in green) reported in patients with 47RX mutations, in red:
mutations reported independently in at least 2 patients. Mutations are indicated when affecting residues 1-
1500 (reported in OMIM, ClinVar or in [71]), the rest of the protein is not represented; (E) Clinical
information regarding APN-113. CbhlX patients present with the same very severe phenotype: severe 1D,
early infantile epilepsy, choreoathetosis, microcephaly and more variable muscular hypotonia. Three of them
are reported with early death in infancy [60]; (F) Biochemical abnormalities observed in the two affected

brothers are similar to those previously observed [60].
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Tables

Table 1. Description of the cohort of 106 patients with ID and global diagnostic results

Cohort With positive diagnostic | Yield
(n=106) (n=26) (per category)
Gender XLID ADID | Total
Male 96 (91%) 14 8 22 22/96 (23%)
Female 10 (9%) 2 2 4 4/10 (40%)
Total 106 16 10 26 26/106 (25%)
Age
10-10] 57 (54%) 5 14 14/57 (25%)
110-20] 31 (29%) 4 9 9/31 (29%)
>20 18 (17%) 3 3/18 (17%)
Sporadic cases®
Female 8 (7%) 2 4 4/8 (50%)
Male 72 (68%) 7 14 14/72 (19%)
Total 80 (75%) 9 18 18/80 (23%)
Familial History
Male sib-pairs 12 5 0 5 5/12 (42%)
Possible XLID " 8 2 1 3 3/8 (38%)
Other (non X-linked) |6 0 0 0 0/6 (0%)
Total 26 (25%) 7 1 8 8/26 (31%)
Consanguinity 3 (3%) 0 0 0 0/3 (0%)
ID severity
Mild/Borderline 12 (11%) 3 0 3 3/12 (25%)
Moderate 49 (46%) 4 6 10 10/49 (20%)
Severe 45 (42%) 9 4 13 13/45 (29%)
Co-morbidity
Microcephaly (<-2SD) | 14 (13%) 3 2 5 5/14 (36%)
Epilepsy 28 (26%) 5 2 6 6/28 (21%)
Autistic traits 34 (32%) 7 2 9 9/34 (26%)
Hypotonia 36 (34%) 4 4 8 8/36 (22%)
Previous exploration
CGH 106 (100%)
Fragile-X 105 (99%)
Karyotype 95/99 (96%)
# Other genetic tests )
(mean per patient)
IRM 53 (50%)
Metabolism © 82 (77%)

* No familial first degree ID

®Affected male relatives

At least one biochemical test performed
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Table 2. List of all causative/probably causative mutations identified in our cohort

i’gtient Sex | Gene Mutation Inheritance ?r/lll(:greit(:lfnce :))fegree vcvi)tllllslsl;eslsllccy zee Figure
ID phenotype
Certainly-causative mutations
APN-58 M |DYRKIA chr21:2.38858865C>T; c.613C>T; p.Arg205*; htz de novo AD ++ Yes S2
APN-87 |M |DYRKAI chr21:2.38858873del; c.621 624delinsGAA; p.Glu208Asnfs*3; htz de novo AD ++ Yes S2
APN-63 |M |GRINI chr9:2.140056661C>G; ¢.1733C>G; p.Pro578Arg; htz de novo AD +++ Yes S3
APN-14 (M |MEDI3L chr12:2.116406845 116406852del; c.6118 6125del; p.Gly2040Asnfs*32; htz de novo AD ++ Partially S4
APN-46 |M |RAII chr17:2.17698594 17698598del; ¢.2332 2336del; p.Gly778GlInfs*7; htz de novo AD ++ Partially S5
APN-122 |F SHANK3 chr:g.51159168 51159183dup; ¢.2955 2970dup; p.Pro992Argfs*325; htz de novo AD +++ Yes S6
APN-38 |M |SLC241 chrl:2.43395407G>A; ¢.724C>T; p.GIn242*; htz de novo AD +++ Yes S7
APN-139 (M |SYNGAPI |chr6:g.33414346G>A; ¢.3583-6G>A; p.?; htz; splice decreased de novo AD ? Yes S8
APN-41 (M |TCF4 chrl18:2.53017622 53017625del; ¢.514 517del; p.Lys172Phefs*61; htz de novo AD +++ Yes S9
APN-117 |F TCF4 chr18:2.53017619G>A; ¢.520C>T; p.Argl 74*; htz de novo AD ++ No S9
APN-138 |M | ATRX chrX: g.76972632G>A; ¢.109C>T; p.Arg37* (rs122445108); hemz Inherited (Ma) | XL +++ Yes S10
APN-137 |M | CUL4B chrX: g.119681009 119681010del; c.811 812del; p.GIn271Aspfs*11; hemz Inherited (Ma) | XL -+ Partially S11
APN-42 |M |DMD chrX:g.31164440del; c.10889del; p.Arg3630GInfs*27; hemz Inherited (Ma) | XL ++ No S12
APN-26 |M | FMRI last exon deletion; hemz Inherited (Ma)® | XL - Partially S13
APN-113 | M HCFCI chrX:g.153230153G>A; ¢.218C>T; p.Ala73Val; hemz Inherjted (Ma) | XL s Yes . 3
(ATRX) (chrX:g.76939735G>C, ¢.1013C>G, p.Ser338Cys) Inherited (Ma) | (XL) (Partially)
APN-82 |M |ILIRAPLI |chrX:g.29935696 29935705del; ¢.894 903del; p.Trp299Thrfs*18; hemz Inherited (Ma) | XL ++ Yes S14
APN-68 |M |IQSEC2 chrX:g.53268395G>A; ¢.3097C>T; p.Gln1033*; hemz de novo XL -+ Yes S15
APN-34 (M | KDM5C chrX:g.53228250C>G; ¢.2152G>C; p.Ala718Pro; hemz de novo XL ++ Partially S16
APN-135 |M | KDMS5C chrX:g.53240784dup; c.1296dup; p.Glu433*; hemz Inherited (Ma) | XL ++ Partially S16
APN-16 |M |MAOA chrX:g.43590942 43590943delinsTT; ¢.797_798delinsTT; p.Cys266Phe; hemz | Inherited (Ma) | XL +/- Yes [39]
APN-130 |F | MECP2 chrX: g.153296363G>A; ¢.952C>T; p.Arg318Cys (1rs28935468); htz de novo XL -+ Partially S17
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Table 2. List of all causative/probably causative mutations identified in our cohort (continued)

APN-142 |F | MECP2 chrX:g.153296777G>A; ¢.538C>T; p.Argl80* (rs61748421); htz de novo XL ++ Partially S17
APN-3 M |MECP2 Complex rearrangement of exon 4; hemz Inherited (Ma) | XL +++ Yes S17
APN-105 | M PHFS8 chrX:g.54028583C>G; ¢.1249+5G>C; p.Tyr406Phefs*24; hemz; Inherited (Ma); | XL; . Partially S18
(DOCKS) | (chr9:g.407035G>T; ¢.3496G>T; p.Glul 166*; htz) (de novo) (AD) (No)
Masurel-
APN-43 |M |SLC946 | chrX:g.135080258 135080262del; c.526-9 526-5del; p.?; splice disrupted; hemz | Inherited (Ma) | XL + Yes iaulet ctal,
preparation
APN-110 |M [SLCI16A42 chrX:g.73749067T>C; ¢.1412T>C ; p.Leud471Pro (rs122455132); hemz Inherited (Ma) | XL + Yes S19
Possibly-causative mutations
it o [SICAT B R TR G O B
APN-101 (M |TCF4 chr18:2.52899907C>T; ¢.1487-5G>A; p.Argd95 Gly496insAla?,; htz de novo ?* AD ++ No S9
APN-99 |M |NLGN3 chrX:g.70389249C>T ; ¢.1849C>T; p.Arg617Trp; hemz Inherited (Ma) | XL -+ Yes S20
APN-70 |M | POBPI chrX:g.48760294C>T ; c.731C>T ; p.Pro244Leu; hemz Inherited (Ma) | XL ++ No S21

% absent from the mother, deceased father (untested).

®: present in the 3 brothers. Mother untested, but most probably maternally inherited.
In bold: mutations previously reported in other patients

M: male, F: female, htz: heterozygous, hemz: hemizygous, Pa: paternally-inherited, Ma: maternally-inherited
AD: Autosomal dominant; XL: X-linked.

-:no ID, +: mild ID, ++: moderate ID, +++: severe ID

26




£.s)ieaLen|o d (syduosuesy %,08) Buidiys g uoxa

c uoxs |4jv3d

13 qoi6-g|

:Aesse auabiuiw

0h0<0<wh0<0<00<0._.00<_ OVOOL1191011001099VOLVVYVLIOL1D

¢ uoxa [ Jy3d |
9<0¢€-062°2

(%z1-) 062

€68  JopuijBurondsuewny

(%001-) 0 6’8 19911dgouan
(%001-) 0 L0 221ldSNN
(%001-) 0 8 ueosguIXe|N
(%z1-) 982 G'68  Jopuijangeonds
SSV jueinp SSV 2dA3-piim
9<0¢€-06¢° J¢€-062°°

9<0¢€-062°2/+
601-NdVY

++ 9<0¢€-062°2/+

[—O

(2'800L20 IN)
L4v3a




1<OCLLE™D 1<DCLLE™D 1<ITLLE™D

YV €6v1 98-NdV
Zad
[4514" mrN_‘H c6 0l .
(ne16801485°d) + 1<0ZLL80/+
1<0992¢2 A v
(x8sziuiod) _
1<0zLL8 " (€'£1L,020"WN)
PWOOYHHS
VvV S99t
v.1¥4Na Iysns jeadal uleAH  1ysns 1ysns apndad |eubis
14514 €ee Hmvm 6S¢C L.V 9LL ¢2cl vl Hmn ford L
(1eg/zgUsy d) (1ogz A1 d)
O<V0862  (g.syeALozelvd) J<VvSGled
19PZ092
19P209°2
€L-NdVv
19P209°9/+ + 19PZ209°2/+ I9P2090/+ [I9PZ09™0/+ +
+/+

O

(Z°29t¥L0 WN)
ZXdyS



A. B.
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) p.-Ala73Val p-Ser338Cys
ATRX: c.1013C>G/+ (Pathogenic, ©8 & this study)  (Possible modifier, this study)
,i\ SIFT Deleterious (0.02) Deleterious (0.00)
V4 S PolyPhen2 Deleterious (HumDiv: 0.991) Deleterious (HumDiv: 0.999)
Mutation T@ster Disease causing (1) Polymorphism (1)
Grantham [0;215] 64 112
APN-113 Oocyte PhyloP [-14.1;6.4] 5.451 1.981
+ c.218C>T ¢.218C>T donation PhastCons [0;1] 1 0.425
+ c.1013C>G c.1013C>G
C.
chrX:152,890,455A>G ~ C.674G>A
i (p.Ser225Asn)
K1|K2 |K3 |K4 |K5 Fn3 Basic HCF -Pro Acidic Fn3 I
2035 AA
€.344C>T (p.Ala115Val)
¢.343G>A (p.Ala115Thr)
¢.218C>T (p.Ala73Val) cbIX patients
c.217G>A (p.Ala73Thr)
€.202C>G (p.GIn68GIu) Adapted from Yu et al., AJHG, 2013
o
9
D. (ol o]
3 ¢
c.1013C>G
S 8 p.serassc
0000
0000
9200 . s &i .
.: : 0000 ° O missense mutations & in frame-deletions
@0 @ 0000 ® @ truncating mutations
® 800 O 0000 YO ° /
7 37 175 275 409 575 7
E.
Patient Sex Birth Preliminary genetic tests Clinical information
APN-113 M 2003 - Fragile-X test: negative Severe ID, no acquired walking/seating/speech, microcephaly (-4SD),
- Karyotype: negative myoclonic epilepsy since 3 months-old, 4-5 crisis/week (abnormal EEG),
- Array-CGH: negative hypotonia, abnormal gait, choreoathetosis (dyskinetic movements).
- FOXG1, CDKL5, MECP2, ARX direct  Autistic disorders, attention/concentration disorders, behavioral disorder,
sequencing: negative sleep disturbances, altered sleep structure
- X-inactivation bias: 92:8 MRI: normal
Spectroscopy: abnormal peaks of choline and creatine in frontal regions
F.
APN-113
1 year-old 3 years-old 5 years-old affected brother ~ normal value
homocystein level
(in plasma) 11 ymol/L 29.4 umol/L 27 umol/L N.A. <9 umol/l
methylmalonic acid 51 mmol/mol 90 mmol/mol 68.2 mmol/mol  82.5 mmol/mol <5 mmol/mol
level (in urine) creatinin creatinin creatinin creatinin creatinin



SUPPORTING INFORMATION

SUPPORTING METHODS ..ottt et e e e s e a e e e e e s e snraneeeas 2
SUPPORTING FIGURES ..ottt sttt 3
Figure S1. Decisional trees for the molecular diagnosis of intellectual disability. .......ccccccevvuverunennee. 3
Figure S2. DYRKIA, two de novo truncating causative MULAtiONS .......c.eeveveeerveerireerireesneeeneeesoneesnnns 4
Figure S3. GRINI, one causative de 10V0 MiSSENSE MULATION .....eeruverreeieriieenieerieerieenieenieesee e saee e 5
Figure S4. MED13L, one causative de novo truncating mutation ............cceceereereeneeneeneenieeneeseenane 7
Figure S5. RAII, one causative de novo truncating mMutation.........c.ceeceererireereenineeneeseseese e seenens 9
Figure S6. SHANK3, one causative de novo truncating mutation ...........ceeceeeeerereeriereneeneeneneeneenne 10

Figure S7. SLC2A1, one causative de novo truncating mutation and one potentially-causative

inherited trunCating MULATION ......eeiteiriierierieiie ettt sb e e st st e st e st et e s e eneeneeens 11
Figure S8. SYNGAPI, one causative de novo mutation affecting splicing.........cccceevvreeeeneneeceennenn 13
Figure S9. TCF4, two de novo truncating causative mutations and one heterozygous potentially-
CauSAtIVE SPIICE SItE MULATION Leeuvereiieeiieerieeeiee ettt e st e st e e ste e e st e e ssteeebaeesabeesareesnteesnseeessseesaseeenses 15
Figure S10. ATRX, one maternally-inherited causative nonsense mutation.........c.cceeeeveerrveercreeriveenns 17
Figure S11. CUL4B, one causative frameshift mutation ..........cccceeveereeniiiniiniienicncceeeeeeeee 18
Figure S12. DMD, one causative frameshift mutation in two affected brothers without muscular

[0 15311011 o[- OO T PO PPRTUUPOURTRRUPROTN 20
Figure S13. FMRI: one causative exon deletion in 3 affected brothers........cccceevvvvevcieeriiiiniieeninenns 22
Figure S14. ILIRAPLI, one causative frameshift mutation and exon 7 deletion in two affected
{0208 TS OSSR 24
Figure S15. IQSEC2, one causative de n0vo NONSENSE MULATION ..euvveevreerveeriieeeriieerieesiveessireesveenns 25
Figure S16. KDM5C, two causative MULALIONS ........eeveruirieriieiieieeteenieesieesiee e sreesreesieesieesieesane e 26
Figure S17. MECP2, three causative MULATIONS .....ueeiveerveersieeenieesieesieessieeesseesseessseessseeesseessseesnes 28
Figure S18. PHF S, one causative mutation affecting Splicing..........cccceveerierieniienienieeieeeeeeiens 30
Figure S19. SLC1642/MCTS, one causative misSeNSe MULATION. ...c..eerverrereerrerrireenreneeeeeeesreseenenne 31
Figure S20. NLGN3, one potentially-causative miSSense mMutation ..........ceeereeceenrereeeeneneeieennenne 33
Figure S21. POBPI, one potentially-causative missense mutation in two affected brothers............ 34

Figure S22. Other candidate variants not or ambiguously co-segregating with ID in probands’
2211011 LT O OO P PP PTUPOPPN 36

REFERENCES ... et e e e e s s e s e e e e s s s baaaeeee e e e 39



SUPPORTING METHODS

Gene selection justification and design strategy

The design of the capture baits in terms of target genes was performed in November 2011 and therefore omits
genes for which implication in ID was identified subsequently. Our strategy for including genes was based on
the following scientific and economic considerations. First, we were limited to a total of 1-Mb of sequences as
this size corresponded to a major price threshold for the manufacture of the array. Next, as we wanted to estimate
the contribution of X-linked mutations in affected males and since we assumed that the vast majority of XLID
genes had already been identified [1-3], we included almost all X-linked ID or ASD genes known at that time
(99 in total, seven being excluded subsequently to our critical analysis of XLID genes, namely ABCD1, AGTR2,
FANCB, IKBKG, MTM1, PGKI and RAB40AL; [4]). For autosomal genes, we favored those involved in non-
syndromic ID/ASD but also included some implicated in syndromic forms. We included most of the genes
described as involved in autosomal dominant/haploinsufficient forms of ID or ASD. Considering autosomal
recessive genes, we only included those for which convincing mutations had been reported in at least two
families or in single families but with additional evidences supporting their implication in ID (functional
validations, CNV encompassing the gene in patients with ID, etc; [5-7]). Selected genes had to be associated to
conditions in which intellectual disability (or ASD) is the major clinical concern, hence excluding diseases with
major involvement of other organs (ex: genes encoding subunits of mitochondrial electron transfer complex
since their involvement can be suspected on the basis of metabolic investigations, most genes responsible for
severe brain anomalies detectable by MRI such as Joubert syndrome, leukodystrophies...). Conversely, we did
include the distal part of DMD encoding the brain expressed DP71 transcript, as a few reported patients carrying
mutations affecting DP71 presented with mild muscle involvement while had been initially ascertained on the
basis of ID/autism [8]. In total, we selected 45 genes associated to an autosomal dominant/haploinsufficiency
type of ID, 66 to an autosomal recessive one, and 7 to other complex or unclear mode of transmission (Table
S1).

Capture baits tiling

RNA capture baits were designed via eArray to achieve a tiling frequency of 5x (i.e. number of independent
probes covering each nucleotide of a targeted region; a probe being considered as an orphan if it is >100-bp
away from any neighboring probe). Some segments were left without bait due to multi-mapping thus requiring
manual design. The number of probe replicates was then customized according to their GC-content or associated
region complexity in order to maximize the pull-down efficiency (60<%GC<65: x4, 65<%GC<70: x5,
70<%GC: x7, orphan baits: x10, custom baits for uncovered regions: x5, total: 53,000 baits).



SUPPORTING FIGURES

Figure S1. Decisional trees for the molecular diagnosis of intellectual disability.
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Figure S2. DYRKIA, two de novo truncating causative mutations
APN-58: ¢.613C>T (NM_001396.3), p.Arg205*, heterozygous de novo

APN-87: ¢.621_624delinsGAA (NM_001396.3), p.Glu208Asnfs*3, heterozygous de novo

A. B.
o s % +/+ ++
APN-58 APN-87
+/c.613C>T +/c.621_624delinsGAA
C.
NLS1  Kinase domain
1| (108125) (159-479) (His), (His),q |753
Relac “ PEST region S/T repeat
Egﬁ“ i"l 20‘2
Yamamoto, 201 1 (480-516)

Van Bon, 2011

A9:21), Moller, 2008
i tf2:21), Moller, 2008

A. Pedigree of patient APN-58; B. Pedigree of patient APN-87; C. Representation of the protein DYRKIA with its putative domains,
localization of causative mutations identified in this study (red arrows) and of previously reported mutations (orange arrows), deletions
(orange bars), translocations (orange lightning) in patients [9-13].

Previous implication of DYRKI1A in cognitive disorders:

Trisomy of DYRK1A was for long proposed having a major role in the cognitive impairment observed in Down
syndrome patients. Recently, several mutations were identified in patients with ID or ASD, and very similar
clinical phenotype: microcephaly, growth retardation, developmental delay, major speech impairments, feeding
difficulties, stereotypic movements, large low-set ears, abnormal hair growth and specific facial features
(micrognathia, hypotelorism, thin lips and large nose with long philtrum; [9,10,12-16]).

Patient APN-58 (male, born in 1998)

Preliminary genetic tests:

Fragile-X: negative; Array-CGH: negative; Karyotype: normal

Telomeres MLPA: normal; MED12, ZDHHC9, FBNI, TGFBRI and TGFBR?2 direct sequencing: negative

Clinical information:
Moderate ID, bordeline microcephaly (-2 SD), developmental delay (delayed sitting/walking/speech acquisition),
hyperactivity, feeding disorders (sucking difficulties). Pectus excavatum, arachnodactyly, dysmorphic traits.

Patient APN-87 (male, born in 2009)

Preliminary genetic tests:
Fragile-X: negative; Array-CGH: negative

Clinical information:

Moderate 1D, developmental delay (late sitting/walking/speech acquisition). Microcephaly (-4 SD) Dysmorphic
traits. Hyperopia, astigmatism. Sleep disturbances, stereotypic movements. Hypertonia, opisthotonos episodes,
feeding disorders, constipation.

MRI: discrete hydrocephaly, dilatation of lateral ventricles.



Figure S3. GRINI, one causative de novo missense mutation
APN-63: ¢.1733C>G (NM_001185090.1), p.Pro578Arg, heterozygous de novo

A. B.
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A. Pedigree of patient APN-63; B. Associated prediction scores comparing the pathogenic missense mutation identified in this study with
two pathogenic previously described missense mutations [17,18], showing a predicted deleterious status and a high conservation at the
nucleotide level for the missense p.Pro578Arg; C. Representation of GRIN1 protein with the different domains. Mutations that were reported
in ID patients are also indicated (black arrows), with the herein detected mutation in red (adapted from Parsons et al., 2007; [19]); D.
Alignment of GRIN1 protein orthologs using Clustalw showing the high conservation of the affected residue Pro578.



Previous implications of GRINI in cognitive disorders

Following the evidence for the implication of NMDA (N-methyl-D-aspartate) type ionotropic glutamate
receptors in schizophrenic-like behavior in mouse models, various studies have screened cohorts of
schizophrenic patients but failed to identify any GRINI mutations [20-22]. Later on, de novo mutations (one
missense, p.Glu683Lys and one in-frame duplication, p.Ser581dup) were reported in patients with moderate to
severe non-syndromic ID [18]. Both mutations resulted in decreased efficiency of the NMDAR channel. More
recently, one patient was lately identified as carrying a de novo missense (p.Tyr668Ser) and presenting with
early infantile epilepsy, no regression, severe 1D, acquired relative microcephaly and no speech at 18 [17].

Patient APN-63 (male, born in 1972)

Preliminary genetic tests:

Fragile-X: negative; Array-CGH: negative; Karyotype: negative

MEDI2, ZDHCC19, UPF3B, FBNI1, TGFBR? direct sequencing: negative
FraxA/FraxE: negative

Clinical information:

Proband: Severe ID, poor speech. Severe hypotonia and feeding disorders in early infancy, developmental delay
(walking/speech), behavioral and mood disorders. Arachnodactyly, mild pectus excavatum.

MRI, scanner, echocardiography: normal

Skin biopsy: normal fibrilin

Plasma homocysteine levels: normal

Maternal Uncle: Developmental delay, behavioral and mood disorders (aggression), but normal speech and no
hypotonia. Within the last 10 years of life: cognitive decline, anxiety, significant swallowing disorders. Deceased
in 2010 from a heart attack.



Figure S4. MED13L, one causative de novo truncating mutation
APN-14: c.6118 6125del (NM_015335.4), p.Gly2040Asnfs*32, heterozygous de novo

A MED13L
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T R
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Full triplication

MED13L

A. Pedigree of patient APN-14; B. Visualization of the previously reported intragenic deletions and point mutations associated or probably-
associated to MED13L-haploinsufficiency syndrome [14,23,24], and the point mutation identified in our patient.

Previous implication of MED13L in ID

A chromosomal balanced translocation disrupting MED13L was described in a patient with transposition of the
great arteries (TGA) and intellectual disability. Three heterozygous missense mutations were then identified in
patients with isolated TGA and a homozygous missense mutation in two siblings with non-syndromic ID from a
consanguineous family [6,25]. More recently, Asadollahi et al. described three patients with copy number
changes affecting MED13L and delineated a recognizable MED]3L-haploinsufficiency syndrome characterized
by hypotonia, moderate 1D, variable degrees of conotruncal heart defect, facial hypotonia and dysmorphic traits
(upslanting palpebral fissures, flat nasal root with bulbous tip, deep philtrum, micrognathia, large low-set ears,
and broad forehead; [23]). This haploinsufficiency syndrome delineated by ID, uneven cardiac defects,
developmental and speech delays, and hypotonic open mouth appearance was further confirmed by the report of
two additional patients, carrying a de novo splice site mutation and a de novo exon deletion respectively[24].



Patient APN-14 (male, born in 1996)

Preliminary genetic tests:
Fragile-X test: negative; Array-CGH: duplication in 15q11.2 of 2.1-Mb (encompassing CYFIP1), considered as

non pathogenic
Myotonic dystrophy: negative for DM1/DMPK repeat expansions
PAXG6 direct sequencing: negative

Clinical information: Moderate ID, motor development delay, muscular hypotonia, dysarthria, facial
dysmorphic traits (round face, hypertelorism, eversed lower lip, low set ears), buccal dysprasia, coloboma.
Echocardiography (2010): normal.




Figure S5. RAI1, one causative de novo truncating mutation
APN-46: ¢.2332 2336del (NM_030665.3), p.Gly778GlInfs*7, heterozygous de novo

A.
+ [+ +[+
i
APN-46
+/c.2332_2336del
B. €.2332_2336del
| Il ‘ ] v Vv Vi

NM_030665.3

p-Gly778GInfs*7
L]

L 0 1N

Poly-Q Poly-S NLS Poly-S HD

A. Pedigree of patient APN-46; B. Representation of RAI1 at both gene and protein levels: polyglutamine (Poly-Q) and polyserine (Poly-S)
tracts, bipartite nuclear localization signals (NLS), and C-terminal plant homeodomain (PHD), (adapted from [26]).

Previous implication of RAI1 in cognitive disorders

Smith-Magenis syndrome (SMS; OMIM #182290, *607642) is a complex disorder characterized by variable
degree of intellectual disability, sleep disturbances, craniofacial and skeletal anomalies, self-injurious and
attention-seeking behaviors, and speech and motor delay. SMS is caused by either a heterozygous ~4-Mb
deletion in 17p11.2 or heterozygous mutations in RA//[26-28].

Patient APN-46 (male, born in 2009)

Preliminary genetic tests:

Fragile-X test: negative; Array-CGH array: negative
ARX, Prader-Willi, GAMT direct sequencing: negative

Clinical information: Moderate 1D, developmental delay, sleep disorders, severe behavioral disorders (auto
and hetero aggressivity), no speech. Facial hypotonia, frontal bossing, upslanting palpebral fissures,
midface hypoplasia, a broad square-shaped face with depressed nasal bridge. Normal stature and OFC but
overweight. Sleep disturbances after reevaluation.Hypermetropia, strabismus and astigmatism.

(in bold: classical features of Smith Magenis syndrome, from [26])




Figure S6. SHANK3, one causative de novo truncating mutation
APN-122: ¢.2955 2970dup (NM_001080420.1), p.Pro992Argfs*325, heterozygous de novo
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A. Pedigree of patient APN-122; B. Representation of protein SHANKS3 and its putative functional domains, and distribution of all reported
point mutations in ASDs, ID and SCZ patients (deletions, translocations and duplications are not represented; adapted from [29,30]). Italic:
mutations inherited from an unaffected parent. *: variant also detected in EVS (MAF=0.02%, 2/6237 individuals). SH3: Src homology-3
domain; PDZ: PDZ domain; SAM: sterile a.-motif domain.

Previous implication of SHANK3 in cognitive disorders

SHANKS3 is the major haploinsufficient gene implicated in Phelan-McDermid syndrome (PMS, OMIM #606232)
that is caused by a deletion in 22q13 encompassing several other genes and whose characteristic phenotype is:
moderate to severe ID, absent or severe speech delay, neonatal hypotonia, and minor facial dysmorphic traits
[31]. Heterozygous de novo point mutations in SHANK3 have also been described in patients with autism
spectrum disorders and schizophrenia associated to moderate to severe ID and poor language[29,30,32-35].
Shank3 knock-out mice harbor concordant phenotype, with self-injurious repetitive grooming, and deficits in
social interactions and communication [36-39].

Patient APN122 (female, born in 2003)

Preliminary genetic tests:

Fragile-X: negative; Array-CGH: negative; Karyotype: negative

RAII and MECP?2 direct sequencing: one variant paternally inherited, considered as non-pathogenic

Clinical information:

Severe ID, developmental delay (acquired walking at 18 months-old, first words at 3 years-old followed by
speech regression), no acquired reading/writing. Abnormal EEG without epilepsy, autistic traits, attention
deficit/concentration disorder, behavioral disorders, sleep disturbances, distal spasticity, facial dysmorphic traits
(upward philtrum, laterally-inserted eyebrows, bulbous nose).
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Figure S7. SLC2A41, one causative de novo truncating mutation and one potentially-

causative inherited truncating mutation

APN-38: ¢.724C>T (NM_006516.2), p.GIn242*, heterozygous de novo

APN-131: c.1412delG (NM_006516.2), p.Gly471Glufs*37, heterozygous, inherited from unaffected father and
ANKRDI11: c.4083C>A (NM_013275.5), p.His1361Gln, inherited form unaffected mother
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A. Pedigree of patient APN-38; B. Pedigree of patient APN-131; C. Structure of the SLC2A1 transporter and localization of the two herein
described mutations reported in patients (in red; adapted from [40]).

Previous implication of SLC2A1 in ID

Heterozygous mutations in GLUT1 transporter (SLC2A1) are responsible for GLUT1 deficiency syndrome-1
(GLUTI1DSI1, MIM #606777), a neurologic disorder characterized by infantile-onset epileptic encephalopathy
associated with cognitive impairment (from learning disabilities to severe intellectual disability), delayed
development, acquired microcephaly, hypotonia, motor incoordination (ataxia and dystonia), and spasticity
[41,42]. Other forms of GLUT1DS can include ID, dysarthria, intermittent ataxia but no clinical seizures. Some
clinical features such as sleep disturbances and headache can unevenly be described [43]. Low CSF glucose (less
than 40 mg/dl) and low CSF lactate are detected in patients with GLUT1DS1. A ketogenic or modified Atkins
diet often result in marked clinical improvement of the motor and seizure symptoms [41].

Previous implication of ANKRDI11 in ID

Mutations in ANKRDI1 are responsible for KBG syndrome (MIM #148050), characterized by macrodontia,
distinctive craniofacial features (triangular face, ptosis, hypertelorism, prominent nasal bridge, anteverted
nostrils, long philtrum, large and prominent ears, ...), short stature, costovertebral anomalies, clinodactyly,
cryptorchidism and neurologic involvement that includes global developmental delay, seizures, and mild to
moderate intellectual disability [44]. A mouse model carrying a missense mutation in ankrdll presents with
important craniofacial anomalies [45].
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Patient APN-38 (male, born in 2005)

Preliminary genetic tests:

Fragile-X test: negative; Array-CGH: amplification 18q21.31 and 18q21.32 inherited from the mother and
concluded as non-pathogenic

ARX direct sequencing: negative; Prader-Willi/Angelman test: negative

Clinical information: Severe ID, no speech. Hypotonia with ataxia, epilepsy starting from 14-months of age.

Patient APN-131 (male, born in 2003)

Preliminary genetic tests:

Fragile-X test: negative; Array-CGH: negative

ARX, DMPK, CREBBP, EP300, ZEB2, PYCRI direct sequencing: negative
Prader-Willi/Angelman test: negative

Clinical information: Severe ID, hypotonia, hyperlaxity, developmental delay. Dorsal hemivertebra,
crypotorchidism, neonatal hypoglycemia, dysmorphic features (hypertelorism, asymmetrical eyelids, thin upper
lip). OFC: -2SD. No epilepsy.

Clinical phenotype of the monozygotic twin brother: highly similar.
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Figure S8. SYNGAPI, one causative de novo mutation affecting splicing
APN-139: ¢.3583-6G>A (NM_006772.2), p.Vall 195Alafs*27, heterozygous de novo
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A. Family pedigree of patients APN-139; B. Prediction scores for acceptor splice sites (ASS) determined by MaxEnt, NNsplice, GeneSplicer
or Human splicing Finder (HSF): prediction scores for the normal acceptor sites ASS1 (exonl7) and ASS2 (exonl7b) with the wild-type
allele are given. The variations of scores for ASS1 with the ¢.3583G>A mutation are also indicated, as well as the prediction score for the
new alternative cryptic ASS created by the mutation. C. Patient blood mRNA was analyzed and confirmed the use of this alternative cryptic
ASS at ¢.3583-4 when the mutation is present instead of the usual ASS1 or ASS2 sites. Four nucleotides are inserted, causing a frameshift
that leads to a premature truncated protein (1210 aminoacids instead of 1343); D. Schematic representation of protein SYNGAP1 with its
different domains (PH: Pleckstrin homology-like, C2, RASGAP: Ras-GTPase activating and SH3 domains) and distributions of all
SYNGAPI mutations identified in patients since 2009.
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Previous implication of SYNGAPI in cognitive disorders
To date, about 20 or more heterozygous truncating or missense mutations have been identified in SYNGAP! in
patients with moderate to severe ID, with or without associated severe epilepsy or autism [46-50].

Patient APN-139 (male, born in 2008)

Preliminary genetic tests:
Fragile-X test: negative; Array-CGH: negative

Clinical information: Moderate ID, no speech, psychomotor delay, stereotypic movements, behavioral disorders
with hetero and auto-aggressivity, hypotonia, cerebellar syndrome.
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Figure S9. TCF4, two de novo truncating causative mutations and one heterozygous
potentially-causative splice site mutation

APN-41: c.514 517del (NM_001083962.1), p.Lys172Phefs*61, heterozygous de novo

APN-117: ¢.520C>T (NM_001083962.1), p.Argl74*, heterozygous de novo

APN-101: c.1487-5G>A (NM_001083962.1), p.Arg495 Gly496insAla?, heterozygous putative splice site

mutation, which may create a new cryptic splice site that would result in the in-frame addition of a glutamine
codon

A. B.
e e ++ +
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C D.
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Wild-type ASS Mutant ASS New
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+/+ SpliceSiteFinder 92.87 0 (-100%) 92.43
MaxEntScan 8.54 7.55 (-12%) 9.59
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GeneSplicer 12.39 9.28 (-25%) 10.86
HumanSplicingFinder 92.62 92.69 (+0.1%) 89.69
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A-C. Pedigrees of patients carrying mutations in 7CF4; D. Prediction scores for acceptor splice sites (ASS) as computed by SpliceSite
Finder, MaxEntScan, NNsplice, GeneSplicer and Human Splicing Finder for the consensus ASS with either the wild-type or the mutated
allele, and for the newly created cryptic ASS (in -3) that adds one in frame alanine residue (tested by minigene assay); E. Representation of
TCF4 with location of the previously-described Pitt-Hopkins mutations (diamonds, triangles, stars and circles) and the one associated with
non-syndromic ID (black arrow; adapted from [51]).
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Previous implication of 7CF4 in cognitive disorders

Missense and truncating mutations in 7CF4 cause Pitt-Hopkins syndrome (MIM #610954) whose classical
phenotype is: severe motor delay and intellectual disability, no speech, characteristic dysmorphic features (wide
mouth), stereotypic hand movements, constipation and hyperventilation (later onset: after 6-7 years old; [52]).
Recently, a truncating mutation was identified in 7CF4 in a patient with non-syndromic ID [51].

Patient APN-41 (male, born in 2008)

Preliminary genetic tests:

Fragile-X test: negative; Array-CGH: 8p23.2 deletion inherited from the mother
Myotonic dystrophy: negative for DM1/DMPK repeat expansions

Prader-Willi test: negative

Clinical information: Severe ID with no speech. Constipation, stereotypic movements, frequent ear infections,
motor development delay, hypotonia, no epilepsy, no breathing abnormality. No familial history.

Patient APN-117 (female, born in 2002)
Preliminary genetic tests:

Fragile-X test: negative; Array-CGH: negative; Telomeric rearrangement: negative
17p11.23 (SMS), 22q11.2: negative

UBE3A4, MECP?2 direct sequencing: negative

Myotonic dystrophy: negative for DM1/DMPK and DM2/ZN9 repeat expansions

Clinical information: Moderate ID, motor development delay, poor speech, partial autonomy. Attention and
sleep disorder, hypotonia, cerebellar syndrome. No epilepsy. Left epicanthus, hemangioma. Echocardiography,
electromyography and EEG: normal.

Patient APN-101 (male, born in 1986)

Preliminary genetic tests:
Fragile-X test: negative; Array-CGH: negative; Karyotype: negative

Clinical information: Moderate ID with normal speech, partial autonomy. Autistic features, attention deficit
disorders. Facial dysmorphic traits: facial asymmetry, malar hypoplasia and earlobe hypoplasia.
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Figure S10. ATRX, one maternally-inherited causative nonsense mutation
APN-138: c.109C>T (NM_000489.3), p.Arg37* (rs122445108), hemizygous, maternally inherited

A.
+ +/c.109C>T
APN-138
+/c.109C>T c.109C>T +
B.
¢.109C>T (p.Arg37*)
rs122445108
== exon 9 -
AA 162|272 l 1589 2156 2492
QO O ¥V YYYYYVYOV Yy *e
m ¥Y¥ OV O v *®
Yy Yy o
vy
vy
m + insertion
m ¥ missanse mutation
AL ® deletion
yyvy O splice site mutation
oee € nonsanse mutation
*e

A. Pedigree of patient APN-138; B. Representation of the ATRX protein with distribution of mutations identified in patients with 1D
(adapted from [53]).

Previous implication of A7RX in cognitive disorders

Mutations in this gene are reported in patients with Alpha-thalassemia/mental retardation syndrome (MIM
#301040) or Mental retardation-hypotonic facies syndrome (MIM #309580) [53,54]. These mutations are mainly
missense mutations but truncating mutations have also been identified (81 missense mutations, 18 mutations
affecting splicing, 8 nonsense mutations and 12 small indels; [55]). Clinical features of ATR-X syndrome
include: ID, moderate to severe motor delay, characteristic dysmorphic facies (microcephaly, hypertelorism,
epicanthus, anteverted nostrils, carp-shaped mouth), hypotonia, mild-to-moderate anemia secondary to alpha-
thalassemia, and genital anomalies. Most patients carrying the c.109C>T, p.Arg37* mutation present with
classical ATR-X syndrome, including characteristic facies [56,57].

Patient APN-138 (male, born in 2001)

Preliminary genetic tests:

Fragile-X test: negative; Array-CGH: 15q15.1 duplication paternally inherited; Karyotype: negative
RSK2, EHMT] direct sequencing: negative

Clinical information: Moderate 1D, mild motor delay (acquired walking: 20 months-old), microcephaly (-4SD)
facial dysmorphic traits (epicanthus, short palpebral fissures, short nose with anteverted nostrils, carp-shaped
mouth, triangular nose), protruding tongue, attention/concentration disorders, stereotypic movements, anxiety.
Cryptorchidism, birthmark (on the leg) and minor hand anomalies.

Detection of Heinz bodies (2003): negative

New test performed subsequently to NGS results (2013): 1.2% Heinz bodies detected.

X-inactivation bias detected in the mother (99:1) and the sister (98:2), subsequently to NGS results (2013).
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Figure S11. CUL4B, one causative frameshift mutation
APN-137: c.811_812del (NM_003588.3), p.GIn271 Aspfs*11, hemizygous, maternally-inherited
A.
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il
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(p.GIn271Aspfs*11) . 901.2A>G (p.Arg388*) c.2107A>T €.2566C>T

c. 1007_1011del Lys?e9) (p.Arg856°)

c.638C>T p.|1933ELysfS'2 CATIACHT l €.2234T>C l
(p.Thr21 3lle\ \L lpArgf oy (p.Val745Ala)
NM_003588.3
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Clinical findings Patients

Number %
Intellectual disability 29/29 100%
Motor delay 12/12 100%
Speech delay 25/25 100%
Short stature 14/18 78%
Seizures 12/17 71%
Tremors 13/19 68%
Gait ataxia 13/19 68%
Aggressive outbursts 13/22 59%
Macrocephaly 8/18 44%
Obesity 15/25 60%
Pes cavus 8/14 57%
Smal testes 12/20 60%
Prominent lower lip 12/23 52%
Kyphosis 4/19 21%
Abnormal toes 11/14 79%

A. Family tree of patient APN-137; B. Representation of protein CUL4B with its different domains. Patient’s mutation (in red) and mutations
previously identified in ID (in black) are also indicated C. Table of recurrent clinical findings and their incidence in patients carrying CUL4B
mutations (adapted from [58]).
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Previous implication of CUL4B in ID

Missense and truncating mutations in CUL4B were reported in several families with ID, short stature,
hypogonadism, abnormal gait, and more variable features such as speech delay, prominent lower lip and tremor
(Cabezas type) [58-60].

Patient APN-137 (male, born in 2009)

Preliminary genetic tests:

Fragile-X test: negative; Array-CGH: negative; Karyotype: negative
Angelman/Prader Willi test: negative

RSK2, ZEB2 (Mowat-Wilson syndrome) direct sequencing: negative

Clinical information: Severe ID, motor delay (no acquired walking at 4 years-old), absence of speech, autistic
traits, sleep disturbances, behavioral disorders, constipation. Facial dysmorphic traits (wide mouth with
prominent lower lip, depressed nasal bridge).
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Figure S12. DMD, one causative frameshift mutation in two affected brothers without

muscular phenotype
APN-42: ¢.10889del (NM_004006.2), p.Arg3630GInfs*27, hemizygous, maternally-inherited

A | 1 2
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Dp427m (NM_004006.2)
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Dp71m (NM_004015.2)
617AA

A. Pedigree of patient APN-42: his brother II-2 presents with important hypotonia, cerebellar dysplasia and developmental delay, while the
youngest brother 1I-3 is unaffected. Serum Creatin PhosphoKinase (CPK) levels are indicated for all three brothers and the mother, showing
slightly elevated levels for affected probands (normal values: <300 U/1); B. The protein encoded by the longest DMD transcript, DP427m, is
represented with the different domains: N-terminal domain involved in actin binding (green), spectrin repeats (yellow), WW and EF/ZZ
(CYS) domains (purple) involved in B-dystroglycan binding and the C-terminal domain (blue). The protein encoded by the shortest DMD
transcript Dp71, which is the most abundant in brain is also represented. Localization of the mutation is indicated in red, and is one of the
most distal truncating variant ever described in the gene (premature stop codon lies at the beginning of exon #77). The absence of muscle
phenotype in our patient may be explained by an inefficient nonsense-mediated mRNA decay, allowing the translation of C-terminal
truncated dystrophin and Dp71 that still contain the domain associated to the sarcoglycan/dystroglycan complex in the muscle, but lack the
distal part of Dp71 that may be necessary for brain function.

Previous implication of DMD in ID

Mutations in DMD can cause Duchenne muscular dystrophy (DMD, MIM #310200) or the milder form Becker
muscular dystrophy (BMD, MIM #300376). Muscular dystrophy is often accompanied by intellectual disability,
especially when the mutation affects also the DP71 isoform and is located within the C-ter of the protein
[8,61,62]. Depending on the specific mutation in the C-ter region, the muscular phenotype varies from mild
BMD to DMD. The variability of phenotypes reported in patients with distal frameshift mutations (affecting
exon #70 and higher) most probably implicates variable efficiency of nonsense mediated mRNA decay (NMD)
[63]. More recently, a single amino-acid deletion in the EF domain was identified in DMD within the linkage
region of one large family with non-specific mild to moderate XLID [64]. There was no muscular phenotype in
the affected members of the family and CPK levels in the proband were just above the normal threshold (279U/1
vs. normal range in Netherland: 30-200U/1).
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Patient APN-42 (male, born in 2003)

Preliminary genetic tests:

Fragile-X test: negative; Array-CGH: heterozygous 8p23.2 deletion (exons 2-5 of MCPH]) inherited from the
mother; Karyotype: negative

ARX direct sequencing: negative

Clinical information: Moderate ID, absence of speech, developmental delay, important behavioral disorders,
facial dysmorphic traits (narrow forehead, pointed nose, hanging columella, low-set ears with posterior rotation).
Slightly elevated CPK-levels 235U/L but within normal range (20-300U/1)

Affected brother I1-2 (male,born in 2009): Important hypotonia, maybe due to fetal distress (APGAR Score: 4 at
1 minute and 10 at 5 minutes). Cerebellar dysplasia and developmental delay. Slightly levated CPK-levels
295U/L but within normal range (20-300U/1).
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Figure S13. FMRI: one causative exon deletion in 3 affected brothers
APN-26: exon 17 hemizygous deletion, maternally inherited
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A. Pedigree of patient APN-26; B. Visualization of the sequencing data in Integrative Genome Viewer (IGV) showing deletion of the last
coding exon in proband,

Previous implication of FMRI in ID

Mutations in FMRI are responsible for fragile-X syndrome (MIM #300624). The vast majority of reported
patients carry the trinucleotide (CGG), repeat expansion of greater than 200 repeats. Fragile-X syndrome is
characterized by moderate to severe ID, macroorchidism and characteristic facial features (long face, large ears,
and prominent jaw). Additional clinical features may include hyperlaxity, skeletal manifestations (scoliosis,
pectus excavatum), strabismus and epilepsy.

Other reported mutations (besides the CGG expansion) in patients are: 1) a de novo missense mutation
(p-Ile304Asn reported in a single patient with a severe form of fragile-X syndrome [65]; 2) a de novo frameshift
(c.373delA; p.Thr125Leufs*35) in a patient with developmental delay and typical facies, 3) an inherited splice
mutation in an adult male with classical fragile-X syndrome [66]; 4) an inherited stop mutation (p.Ser27*) in a
man with classic features of fragile-X syndrome [67]; and 5) a potentially-pathogenic missense variant
(c.413G>A; p.Arg138GIn) in a patient with intellectual disability [68].
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Family of patient APN-26 (male, born in February, 1954)

Preliminary genetic tests:
Fragile-X: negative; Array-CGH: negative
Direct sequencing of MED12, ZDHHCY, UPF3B, FBNI, TGFBR2, MECP2, ARX: negative

Clinical information:

- APN26: Moderate to severe ID with epilepsy, scoliosis, pectus excavatum, strabismus

- Brother 1: Moderate ID without epilepsy, facial features evocative of Fragile-X syndrome (long face and large
ears), pectus excavatum, arachnodactyly.

- Brother 2: Mild ID without epilepsy.

No other familial history of ID reported in families of the three maternal aunts or of the two maternal uncles.
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Figure S14. ILIRAPLI, one causative frameshift mutation and exon 7 deletion in two

affected brothers

APN-82: ¢.894 903del (NM_014271.3), p.Trp299Thrfs* 18, hemizygous mutation maternally-inherited
APN-82’s brother: exon 7 deletion, hemizygous de novo

OO

+/c.894_903del

O mM

APN-82
Aexon 7 ¢.894_903del

Pedigree of patient APN-82, showing the two different hemizygous mutations in /L/RAPLI carried by both affected brothers: one deletion of
10-bp in exon 7 identified in the proband and maternally inherited, and a de novo deletion of the entire exon 7 in the affected brother. PCR
confirmed that exons 6 and 8 are not deleted in /LIRAPLI in APN-82’s brother. Variants in genes located on each side of IL/IRAPLI
confirmed that the deletion of exon 7 appeared on the chromosome originally carrying the small 10-bp deletion, suggesting that this small
deletion might have provoked a genomic instability leading to the larger deletion observed in the second brother.

Previous implication of ILIRAPL]I in ID

Mainly pericentric inversions and numerous intragenic deletions have been reported in patients with ID or ASD,
supporting that /L/RAPLI is highly susceptible to abnormal recombination events [69]. Two small deletions and
two truncating point mutations have also been described.

Nature of reported mutations References

Pericentric inversions

Pericentric inversion (inv(X)(p21.3q27.1)  [70]
Pericentric inversion (inv(X)(p21.3q27.1)  [71]
Pericentric inversion (inv(X)(p22.1q13) [72]

Intragenic deletions

del exons 1-5 [73]

del exon 2 [74]

del exons 2-5 [75]

del exons 2-5 [73]

del exons 3-5 [74]

del exons 3-5 [76]

del exons 3-7 [77]

del exon 7 present study
del exons 3-11 [78]

Small deletions

del 7nts in exon 9 [77] (ASD patient)
del 10 nts in exon 7 present study
Point mutations

c.1377C>A p.Y459* [76]
c.1460G>A p.W487* [79]

Patient APN-82 (male, born in 2009)

Preliminary genetic tests:
Fragile-X: negative; Array-CGH: negative

Clinical information: Moderate ID, speech delay, hypotonia. At 29 months: weight: 12kg, height: 88.cm (-1SD),
OFC: 48.5cm (-1SD).
MRI: some anomalies detected.

Affected brother (male, born in 2006)
Clinical information: Moderate ID with pervasive developmental disorders, delayed motor development, poor
speech, anxiety, hypotonia.
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Figure S15. IQSEC2, one causative de novo nonsense mutation
APN-68: ¢.3097C>T (NM_001111125.1), p.GIn1033*, hemizygous de novo
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A. Pedigree of patient APN-68; B. Representation of IQSEC2 and distribution of the mutations previously reported in ID patients (adapted
from [80]).

Previous implication of JOSEC?2 in ID

Missense mutations in /QSEC2 (p.Asn801Pro; p.Arg758Asn; p.Arg359Cys, p.Arg863Trp) were identified in
four large families with NS-ID (some individuals had ASD or epilepsy) [80]. All four mutations affect the GEF
(guanine nucleotide exchange factor) activity of IQSEC2. Recently, a de novo nonsense mutation (p.Arg855%)
was identified in a boy with ID and unspecific facial features with convergent strabismus [50]. Tran Mau-Them
F et al,, reported two additional male patients with duplications disrupting /QSEC2 [81]. They compared the
phenotype of all patients with /OSEC?2 truncating mutations, describing a severe syndromic XLID phenotype
characterized by severe ID, progressive microcephaly with postnatal onset, severe delayed motor and speech
development, midline hand stereotypic traits, additional autistic traits and seizures.

Patient APN-68 (male, born in 2005)

Preliminary genetic tests:
Fragile-X test: negative; Array-CGH: dupXp22.3 inherited from the mother, concluded as non-pathogenic

MECP2, ARX and CDKL) direct sequencing: negative.

Clinical information: Severe ID, no acquired language, reduced autonomy, motor developmental delay, severe

epilepsy, strabismus, stereotypic features and behavioral disorder. The phenotype overlaps that was reported by
Tran Mau-Them et al. for patients carrying truncating /OSEC?2 mutation but without microcephaly [81].
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Figure S16. KDM5C, two causative mutations
APN-34: ¢.2152G>C (NM_004187.3), p.Ala718Pro, hemizygous de novo
APN-135: ¢.1296dup (NM_004187.3), p.Glu433*, hemizygous, maternally inherited
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A-B. Family trees of both patients with KDM5C/JARIDIC mutations detected; C. Associated prediction scores of the pathogenic missense
mutation identified in this study showing a predicted deleterious status and a high conservation at the nucleotide level; D. Representation of
KDMSC and its domains with localization of these detected mutations and those previously reported in ID patients.

Previous implications of KDM5C in ID
The resequencing of 47 genes in the Xq28 region in MRX families led to the identification of 7 mutations in

KDM5C [82]. Many other mutations have been described afterwards,[83-86] in other patients with intellectual
disability. Recurrent clinical symptoms include hyperreflexia, short stature, aggressive behavior and seizures.
Microcephaly is reported unevenly [87]. Mutations in JARIDIC/KDMS5C appear to be a frequent cause of

intellectual disability.
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Patient APN-34 (male, born in 2004)

Preliminary genetic tests:

Fragile-X test: negative; Array-CGH: negative; Karyotype: negative
Subtelomeric rearrangement: negative

FOXP?2 direct sequencing: negative

Clinical information: Moderate ID with hyperactivity and friendly behavior despite some aggressive bursts, poor
language with speech apraxia, pyramidal syndrome, strabismus and hypermetropia. At 8 years-old: OFC=53 cm
(mean), height=125 cm (mean), weight = 29 kg (90th centile).

Patient APN-135 (male, born in 2004)

Preliminary genetic tests:

Fragile-X test: negative; Array-CGH: negative; Karyotype: negative
ARX direct sequencing: negative

Clinical information: Moderate ID, poor language (only a few words), sleep disturbances, PDD diagnosed.
Behavioral disturbances (aggression). Minor facial features, clinodactyly, astigmatism.

At birth, weight: 2600 g, height: 45 cm, OFC: 34 cm. At 9 years-old, weight: 25 kg, height: 119 cm (-2SD),
OFC: 51 cm. Treatment with growth hormone since November, 2009.
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Figure S17. MECP2, three causative mutations

- APN-3:  c[954A>T; 957 960delins4bp;1060delCins  6bp; 1097 1235delins50bp](NM_004992.3);
(p-[Glu318Asp; Val320His; Arg354 Val412delins41]) hemizygous complex rearrangement
- APN-130: c.916C>T (NM_004992.3); p.Arg306Cys (rs28935468), heterozygous de novo, known mutation

- APN-142 : ¢502C>T (NM_004992.3); p.Argl68* (rs61748421), heterozygous de novo, known mutation
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A. Pedigree of patient APN-3 carrying the complex rearrangement; B. IGV (Integrative Genome Viewer) view of the sequencing data
showing complex rearrangement in proband; C., D. Pedigrees of APN-130 and APN-142 carrying de novo mutations, previously reported in
Rett patients; E. Representation of both MECP?2 isoforms (A and B) and localization of the four variants/mutations identified in patients.
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Previous implication of MECP2 in cognitive disorders

MECP?2 is mutated in Rett syndrome (MIM #312750), a severe neurodevelopmental disorder that affects mostly
females, and characterized by an early-stage arrested development and regression of skills, speech loss, specific
stereotypic features (“hand-flapping”), microcephaly, seizures and intellectual disability. Since the discovery of
MECRP? as the cause of Rett syndrome in 1999 [88], MECP2 mutations have also been reported in males [89-
95]. These males phenotypically have classical Rett syndrome when the mutation arises as somatic mosaicism or
when they have an extra X-chromosome [89,96]. Otherwise, males with MECP2 mutations show diverse
phenotypes: from severe early-onset congenital encephalopathy associated with microcephaly, hypotonia,
seizures, respiratory irregularities, constipation and intellectual disability with various neurological symptoms to
mild cognitive impairment [95]. The last exon of MECP?2 is known to be the one accumulating most mutations
in patients with the first 5’ half mainly subject to point mutations, while the 3’ half is a hotspot for
rearrangements [97-99].

Patient APN-3 (male, born in 2001)

Preliminary genetic tests:

Fragile-X test: negative; Array-CGH: negative

FISH 22q13, Iqter, 1p36, 15ql1-q13, Coffin-lowry, CDG, Angelman/Prader-Willi, Telomeric rearrangement
screening: negative

X-inactivation bias: negative

Clinical information: Severe ID, epilepsy, myotonia, ataxia, hypotonia. Progressive myoclonic encephalopathy
with cerebellar and pyramidal syndrome. Overweight. Microcephaly (-3SD), dysmorphic traits, photophobia.

His mother presents with speech delay, dyslexia, sleep and attention disorders, and overweight.

Proband has a young maternal half-brother born in September 2009 who presents with similar clinical features
(severe encephalopathy, ataxia, hypotonia, sleep and behavioral disorder) and also carries the mutation.

Patient APN-130 (female, born in 2003)

Preliminary genetic tests:

Fragile-X test: negative; Karyotype: negative; Array-CGH: negative;
FISH 17p11.2: negative

Angelman/Prader-Willi, GNAS! direct sequencing: negative
Telomeric rearrangements screening by MLPA: negative

Clinical information: Normal development during the first year. Walking at 12 months. Stagnation of
development starting at 14 months-old, with walking denial during 20 months subsequently to a fall. Severe 1D,
absence of speech. Autistic features, which appeared between 1-2 years-old, but no typical Rett phenotype. At 10
years, presence of some median hand movements. Behavioral disorders including hyperactivity and sleep
disorders. Hyperactivity and aggressive behaviors progressively improved starting from 8 years-old.

Overweight (+5SD) in a context of familial obesity. Facial dysmorphic traits (narrow forehead, prominent
cheeks, small and deep-set eyes, turned-up nose). Birth measurements: weight: 4100g, height: 53cm, OFC: 33
cm. At 9 year-old: weight: 66 kg (+5SD), height: 141cm (+1.5SD), OFC : 53.5c¢cm (+1SD).

Patient APN-142 (female, born in 2006)

Preliminary genetic tests:
Fragile-X test: negative; Array-CGH: negative; Karyotype: negative

Clinical information: Severe ID, no speech. Developmental delay followed by a stagnation and regression (3
years-old). Autistic and stereotypic features (‘hand-flapping’). Measurements at birth, weight: 2640g, height:
48cm, OFC: 33cm. At 6 year-old, weight: 24.3 kg (+2SD), height: 118 cm (+1SD), OFC: 51cm.
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Figure S18. PHF8, one causative mutation affecting splicing

APN-105: ¢.1249+5G>C (NM_001184896.1), p.Tyr406Phefs*24 hemizygous, maternally inherited
(+ DOCKS : ¢.3496G>T (NM_203447.3), p.Glul166*, heterozygous, de novo)

A. B.

O

Usual DSS Cryptic DSS
PHF8: + C.1249+5G>C/+ wild-type  mutant
DOCKS: +/+ ++ Dss (c.124945G>C) c.1214G
_I MaxEnt splice 7.7 4,5 (-42%) 7.1
NnSplice 0,90 - (-100%) 0,74
GeneSplicer 49 2,7 (-45%) 2,3
HSF 82,8 70,7 (- 15%) 84,5
APN-105
c.1249+5G>C +
€.3496G>T/+ +H+
C.
p.Phe315Ser
p.Arg247*
*
p.Lys213* p.Tyr406Ffs*24
NM_001184896.1
e - el (1060 AA)
141 92 231 387 769 807 1060

A. Pedigree of patient APN-105 carrying both the PHF§ mutation and a de novo variant in DOCKS; B. Prediction scores for donor splice
sites (DSS) as computed by MaxEnt, Nnsplice, GeneSplicer or Human splicing Finder (HSF): prediction scores for the normal DSS with the
wild-type allele and the 1249+5G>C mutation are given as well as the percentage of score decrease created by this mutation. Prediction score
for the alternative cryptic DSS is also indicated. Patient blood mRNA was analyzed and confirmed the use of this alternative cryptic DSS
instead of the usual DSS in over 4/5 of the transcripts; C. Representation of PHF8 domains: JmjC, PHD-type and Ser-rich domains with the
present (red) and previously (black) reported mutations. D. Pictures of patient APN-105

Previous implication of PHFS in ID

Mutations in PHFS (a 12-bp deletion affecting exon 8 splicing and a nonsense mutation p.Arg247*) were
described in two families with Siderius-Hamel syndromic ID (MIM #300263, moderate ID along with cleft/lip
palate) [100]. Phenotypes vary in these families from ID with cleft lip/cleft palate to non-specific ID. Screening
of additional patients with cleft lip/cleft palate identified an additional nonsense mutation (p.Lys213*) in PHF8
and a missense (p.Phe315Ser) mutation [101,102].

Patient APN-105 (male, born in 2010)
Preliminary genetic tests:

Fragile-X: negative; Array-CGH: negative
MEF2C direct sequencing: negative

12p tetrasomy: negative

X-inactivation bias in APN-105’s mother: 91-9%

Clinical information: Mild ID, motor delay (sitting: 18 months, walk: 31 months), language delay. Hypotonia
with hyperlaxity, stereotypic movements, behavioral disorders. Facial dysmorphic traits (hypertelorism, wide
mouth, high hairline with golf temporal, clefts ears).

CAA, CAO blood/urine, lactate/pyruvate, glycosylation, creatine, ceruloplasmine: normal
MRI: ventricular enlargement
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Figure S19. SLC16A2/MCTS8, one causative missense mutation
APN-110: c.1412T>C (NM_006517.3), p.Leud71Pro (rs122455132), hemizygous, known mutation

O O%

APN-110
c.1412T>C +/c.1412T7>C c.1412T>C

B. €.14127>C

p.Leud71Pro
Pathogenic ([103] & this study)

SIFT Deleterious (0.01)
PolyPhen2 Deleterious (HumDiv: 0.997)

Mutation T@ster Disease causing (1)
Grantham [0;215] 98
PhyloP [-14.1;6.4] 4.73

PhastCons [0;1] 1

c.14127>C
C. (p.Leud71Pro/p.Leu397Pro)

NM_006517.4
(NP_0065082)
539 AA

A. Pedigree of APN-110 showing segregation of the missense mutation with the disease; B. Associated prediction scores of the pathogenic
missense mutation identified in APN-110 in this study (initially reported in [103]), showing a predicted deleterious status and a high
conservation at the nucleotide level; C. Representation of the protein and its transmembrane domains, and localization of the affected
aminoacid within the MCT8 protein (adapted from [104]).
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Previous implication of SLC1642/MCT8 in ID

Patients with mutations in SLC1642/MCT8 show severe psychomotor retardation combined with elevated level
of thyroid hormone T3 (triiodothyronine) in serum. The mutation p.Leu397Pro/ p.Leu471Pro was initially
reported in a patient with severe psychomotor retardation, axial hypotonia, spastic quadriplegia, dystonic
movements and absence of speech [103]. This mutation was shown to reduce SLC16A2/MCT8 protein levels
and affect T3 uptake in JEG3 cells [105].

Patient APN-110 (male, born in April, 1986)
Preliminary genetic tests:

Fragile-X test: negative; Array-CGH: negative
ARX, MECP? direct sequencing: negative.
X-inactivation bias identified in patient’s mother.

Clinical information: Severe ID, no sitting position (kyphosis), no walking, absence of speech. Poor autonomy.
Major hypotonia without epilepsy. No facial dysmorphic traits. No dystonic movement.

Affected brother: (male, born in November, 1997): Kyphosis, no acquired walking, absence of speech. Mild
growth retardation.

Serum thyroid hormone T3L levels confirmed the genetic diagnostic: 11.2 pmol/l (APN-110) and 14.5 pmol/l for
his affected brother (normal range values: 3.1-6.8).

Maternal uncle: death at 23 year-old, with clinical features highly similar to his nephews.
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Figure S20. NLGN3, one potentially-causative missense mutation
APN-99: ¢.1849C>T (NM_181303.1); p.Arg617Trp, hemizygous

A.
+/c.1849C>T
+/c.1849C>T
APN-99
c.1849C>T c.1849C>T
c.1849C>T
(p.Arg617Trp)
B.
NLGN3 HDM
NLGN4 EI
NLGN1 DI
NLGNZ HTE
C. €.1849C>T €.1411C>T
p.Arg617Trp p.Arg471Cys
(probably pathogenic) (pathogenic, see [106])
SIFT Deleterious (0.00) Deleterious (0.00)
PolyPhen2 Deleterious (HumDiv: 1) Deleterious (HumDiv: 1)
Mutation T@ster Disease causing (1) Disease causing (1)
Grantham [0;215] 101 180
PhyloP [-14.1:6.4] 3.840 3.600
PhastCons [0;1] 1 1

A. Pedigree of patient APN-99 showing a probable X-linked mode of transmission of the disease; B. Alignment of the human neuroligin
paralogs showing conservation of the affected Arg617 residue; C. Associated prediction scores comparing the probably pathogenic missense
variant identified in this study with the initial pathogenic missense mutation described in [106], showing both a predicted deleterious status
and a very high conservation at the nucleotide level.

Previous implication of NLGN3 in ID

Screening of NLGN3 in ASD individuals led to the identification of a missense c.1411C>T (p.Argd71Cys)
mutation in two brothers (one with typical autism the other with Asperger syndrome)[106] localized in the
carboxylesterase domain. The NLGN3 knock-in mouse displayed an increase in inhibitory synaptic transmission
and an “autistic-like” phenotype [107,108]. Talebizadeh et al. identified an alternative transcript of NLGN3 in
lymphoblastoid cells that lacked exon 7 and encoded a new truncated protein, present in all 30 control
individuals and in all but one of the 10 ASD females tested [109]. The authors speculated that the lack of the
specific truncated isoform in this female patient might be implicated in her autistic phenotype.

Patient APN-99 (male, born in 2007)

Preliminary genetic tests:
Fragile-X test: negative; Array-CGH: del 5q15 inherited from the father; Karyotype: negative

Clinical information: Severe ID with ASD and sleep disorders. Absence of speech. One maternal cousin with ID
and autism, also carrying the variant.
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Figure S21. POBPI, one potentially-causative missense mutation in two affected

brothers
APN-70: ¢.731C>T (NM_005710.2), p.Pro244Leu, hemizygous, maternally inherited

A.
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B. p.Pro244Leu p.Tyr65Cys
{probably pathogenic, this study) (pathogenic, see [110])
SIFT Deleterious (0.00) Deleterious (0)
PolyPhen2 Deleterious (HumDiv: 1) Deleterious (HumDiv: 1)
Mutation T@ster Disease causing (1) Disease causing (1)
Grantham [0;215] 98 194
PhyloP [-14.1:6.4] 513 3.76
PhastCons [0;1] 0.99 1
C.
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A. Pedigree of patient APN-70; B. Associated prediction scores comparing the probably pathogenic missense variant identified in this study
with the only pathogenic missense mutation described in [110], showing for both a similar predicted deleterious status and a high
conservation at the nucleotide level; C. Representation of the different PQBP1 protein domains: the WW domain is responsible for the
interaction with RNA polymerase, the polar amino acid-rich domain interacts with polygutamine-interacting proteins and the C-terminus
domain contains a region involved in the interaction with the spliceosomal protein U5-15kD [111].
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Previous implication of POBPI in ID

Truncating mutations (and one variation leading to a missense p.Tyr65Cys) were reported in POBPI in several
X-chromosome-linked intellectual disability (XLID) disorders, such as Renpenning (MIM #309500),
Sutherland-Haan, Hamel, Porteous, and Golabi-Ito-Hall (GIH) syndromes [110,112]. These syndromes share
similar clinical features: in addition to severe intellectual disability, patients also have a lean body, short stature,
microcephaly, and are frequently diagnosed with cardiac abnormalities [113].

Patient APN-70 (male, born in 1988)
Preliminary genetic tests:
Fragile-X: negative; Array-CGH: dup 16q22.2 inherited from the father

Clinical information: Moderate ID, poor autonomy (poor speech/reading/writing), communication and social
interaction disorders, learning difficulties. Tip-toe walking at the beginning, autistic behavior that started at 3
years of age, stereotypic movements.
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Figure S22. Other candidate variants not or ambiguously co-segregating with ID in

probands’ families

- APN-10: ¢.6437C>G (HUWEI,NM_031407.4), p.Thr2146Arg, hemizygous; reported in an unaffected brother
- APN-17: ¢.3872C>T (FLNA, NM 001110556.1), p.Pro1291Leu (known, rs137853319), hemizygous;
maternally inherited, present in maternal grandfather with late onset psychiatric disorders

- APN-74: ¢.55G>A (MECP2, NM_001110792.1), p.Glul9Lys, hemizygous; reported in an unaffected brother

- APN-132: ¢.1312G>A (FMR1, NM_002024.5), p.Asp438Asn, hemizygous, maternally inherited
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A. Partial pedigree of patient APN-10 carrying ¢.6437C>G, p.Thr2146Arg variant in HUWE]I, large family highly suggestive of an X-linked
inheritance of a disease causing mutation. The prediction scores for the missense variant are also indicated, along with those associated to
previously reported missense mutations [114]; B. Pedigree of patient APN-17 with the FLNA ¢.3872C>T variant showing the carrier status
of maternal grandfather presenting with psychiatric disorder; C. Pedigree of patient APN-74’s family showing non-segregation of the
MECP?2 ¢.55G>A, p.Glul9Lys missense variant, affecting the first exon of the major MeCP2_el transcript in brain. A p.Ala2Val missense
variant was reported as disease causing in two patients [115,116]; D. Pedigree of patient APN-132, with protein alignment of FMR1 ortholog
and paralog proteins FXR1 and FXR2, showing striking conservation of the affected Asp438 residue even in FXR1 and FXR2, associated
prediction scores comparing the present non-segregating missense mutation to the well-known pathogenic missense mutation [65]; and
representation of FMRP and its domains, and distribution of the few point mutations that were reported in FMRI in patients. The herein
described missense mutation is indicated in red, located at the very end of the NES (nuclear export signal) domain.

A/ Previous implication of HUWE]I in ID

Initially, duplications of HUWE1 were identified in families and simplex cases with intellectual disability. More
recently, three missense mutations affecting highly conserved residues and cosegregating with the ID status were
identified in unrelated XLID-affected families [114,117].

Patient APN-10 (male, born in 2001)

Preliminary genetic tests:

Fragile-X test: negative; Array-CGH: negative

ARX (exon #2), POBP1 (exon #4), Prader-Willi: negative
Existence of an X-inactivation bias in the patient’s mother

Clinical information: moderate ID, behavioral and attention disorders, myopia, facial dysmorphic traits,
hyperlaxity, macrosomy. Large family with several affected males, highly suggestive of XLID.
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B/ Previous implication of FLNA in ID

Mutations in FLNA can cause different disorders: loss-of-function mutations tend to cause periventricular
heterotopia whereas missense mutations can lead to otopalatodigital syndrome, Melnick-Needles or fronto-
metaphyseal dysplasia [118-120]. In a boy with type 2 FG syndrome, Unger et al. identified a hemizygous
¢.3872C>T, p.Pro1291Leu mutation in FLNA [121]. The boy presented with severe constipation, large rounded
forehead, prominent ears, frontal hair upsweep, and mild delay in language acquisition. This missense is reported
in one male from the Exome Variant Server, raising doubts about its pathogenicity.

Patient APN-17 (male, born in 1996)
Preliminary genetic tests:
Fragile-X test: negative; Array-CGH: negative

Clinical information: Severe ID with minimal autonomy. Absence of speech. Autistic features with
hyperactivity, behavioral and sleep disorders. Epilepsy. No regression, no microcephaly.

MRI: normal (no sign of heterotopia)

Proband’s maternal grandfather also carries the variant and presented later in life with schizophrenia, behavioral
disorder, speech impairment, anxiety and stereotypic behaviors. He could read and worked for part of his life as
a semi-skilled worker.

C/ Previous implication of MECP?2 in cognitive disorders
See Figure S17.

Patient APN-74 (male, born in 1988)
Preliminary genetic tests:
Fragile-X test: negative; Array-CGH: negative; Prader-Willi: negative

Clinical information: Moderate ID with partial autonomy (no reading, no writing). Epilepsy since 11 months of
age with regression of motor acquisitions. Autistic features, attention disorder, polyphagy, stereotypic
movements and aggressive behavior.

D/ Previous implication of FMRI1 in cognitive disorders
See Figure S13.

Patient APN-132 (male, born in June, 2007) and his brother (male, born in April, 2006)

Preliminary genetic tests:
Fragile-X: negative; Array-CGH: negative; Karyotype: negative

Clinical information: Both boys present with severe ID, autistic features, behavioral and sleep disorders, and
behavioral instability.
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Aim of the study: During the previous study, we identified a missense mutation in the monoamine

oxydase A gene (MAOA), in several males affected with borderline ID, autistic and aggressive
behaviors. Since no mutations had ever been reported since the initial publication in 1993, the aim
of the study was to confirm the implication of MAOA in ID and associated neurodevelopmental
disorders by highlighting a second case and functional validation of the missense mutation reported
in this second family.

Contribution: Intermediary. Performed the sequencing library, analyzed and interpreted the
processed data.
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20 ans apres: a second mutation in MAOA identified

by targeted high-throughput sequencing in a family
with altered behavior and cognition

Amélie Piton*1>19, Hélene Poquet>*1?, Claire Redin!?, Alice Masurel®, Julia Lauer’, Jean Muller!?,
Julien Thevenon3®, Yvan Herengers, Sophie Chancenotte>?, Marléne Bonnet’, Jean-Michel Pinoit,
Frédéric Huet3, Christel Thauvin-Robinet>°, Anne-Sophie ]aegers, Stéphanie Le Gras®, Bernard Jost3,

Bénédicte Gérard®, Katell Peoc’h’, Jean-Marie Launay9, Laurence Faivre
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and Jean-Louis Mande

Intellectual disability (ID) is characterized by an extraordinary genetic heterogeneity, with >250 genes that have been implicated
in monogenic forms of ID. Because this complexity precluded systematic testing for mutations and because clinical features are
often non-specific, for some of these genes only few cases or families have been unambiguously documented. It is the case of the
X-linked gene encoding monoamine oxidase A (MAOA), for which only one nonsense mutation has been identified in Brunner
syndrome, characterized in a single family by mild non-dysmorphic ID and impulsive, violent and aggressive behaviors. We have
performed targeted high-throughput sequencing of 220 genes, including MAOA, in patients with undiagnosed ID. We identified a
€.797_798delinsTT (p.C266F) missense mutation in MAOA in a boy with autism spectrum disorder, attention deficit and
autoaggressive behavior. Two maternal uncles carry the mutation and have severe ID, with a history of maltreatment in early
childhood. This novel missense mutation decreases MAOA enzymatic activity, leading to abnormal levels of urinary monoamines.
The identification of this new point mutation confirms, for the first time since 1993, the monogenic implication of the MAOA
gene in ID of various degrees, autism and behavioral disturbances. The variable expressivity of the mutation observed in male
patients of this family may involve gene-environment interactions, and the identification of a perturbation in monoamine
metabolism should be taken into account when prescribing psychoactive drugs in such patients.

European Journal of Human Genetics advance online publication, 30 October 2013; d0i:10.1038/ejhg.2013.243

Keywords: monoamine oxidase A; X-linked intellectual deficiency; behavioral abnormalities; autism; high-throughput sequencing

INTRODUCTION

The monoamine oxidase A (MAOA) gene and its close homolog
MAOB are located at Xp11.3 and encode enzymes crucial for the
metabolic degradation of biogenic amines, and particularly neuro-
transmitters such as norepinephrine, dopamine and serotonin. The
two enzymes share 70% of amino-acid sequence identity but differ by
their expression, substrate affinities and inhibitor specificities. MAOA
is mainly involved in endogenous bioamine (metanephrine (MN),
normetanephrine (NMN) and serotonin (5-hydroxytryptamine or
5-HT)) degradation, whereas MAOB preferentially metabolizes exo-
genous bioamines such as phenylethylamine, and both enzymes are
active on dopamine. Combined loss of MAOA and MAOB genes has
been described in some patients with a continuous syndrome also
including a deletion of the Norrie disease gene. These patients present,
in addition to Norrie disease symptoms, with severe intellectual
disability (ID), autistic-like behavior and seizures.! Severe
developmental delay and hypotonia was more recently observed in

a few patients with only MAOA and MAOB deletion.>™* In 1993,
Brunner et aP described a large Dutch family with X-linked
borderline ID and prominent behavioral abnormalities. The linkage
study and the biochemical analyses suggested that MAOA could be
responsible for this syndrome. This was confirmed by sequencing
which revealed a nonsense ¢.886C>T (p.Q296*) mutation.® All the
affected male patients in this family carried the mutation and showed,
in addition to borderline ID, very characteristic abnormal behavior, in
particular impaired impulse control and stress-induced aggressive
and violent behavior. Shortly thereafter, aggressive behavior was
described in a mouse line with an inactivated Maoa gene,7 and this
was later confirmed in a different mouse line carrying a spontaneous
mutation mimicking the human mutation.”” Maoa-deficient mice
also present autistic-like features.”® Despite the extensive attention
given to these early reports, and early attempts at replication, by
screening for MAOA deficiency in cohorts of patients with ID and/or
abnormal behavior,'? no other clearly pathogenic mutation in MAOA
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was reported to our knowledge in other patients in the past 20
years,'! with the possible exception of a missense variant predicted to
be damaging reported in a single patient with autism spectrum
disorder (ASD).'? Many association studies investigated the potential
role of MAOA in risk of abnormal behaviors, focusing on a ‘variable
number of tandem repeats’ (VNTR) polymorphism!? located in the
MAOA promoter region, whose alleles are associated with variations
of transcriptional activity, with a low’ and a ‘high’ activity frequent
alleles. Notably, Caspi et al'* reported that maltreated children with a
genotype conferring high levels of MAOA expression were less likely
to develop antisocial problems. This VNTR has also been reported to
be a modifier of ASD severity, with lower intelligence quotient (IQ)
and more severe behavioral problems observed in patients with the
‘low activity allele’!>10

Since the original publication,6 MAOA is considered as an ID
gene!”!8 and is included in the diagnostic panels of genes screened for
X-linked ID mutations. Here we report, for the first time since 1993, a
novel pathogenic mutation of the MAOA gene segregating in a small
family with three affected male patients showing various degrees of
cognitive impairment and behavioral disturbances evocative of
Brunner syndrome.

PATIENTS AND METHODS

Targeted HTS

DNAs from a cohort of 50 patients with ID patients (with normal caryotype
and negative results from CGH array, Fragile X and ARX expansions testing)
were prepared as described elsewhere.'® They were enriched in coding sequence
of 220 genes known to cause ID, including MAOA, by a target custom capture
(SureSelect, Agilent, Santa Clara, CA, USA). These enriched libraries were
tagged and pooled by 12 in one lane of a new generation sequencer
(HiSeq2000, Mlumina, San Diego, CA, USA) for a 100bp paired-end run.
Read mapping and variant calling were performed following standard
procedures, and variants were filtered using VaRank, an in-house software
which collects variant-specific information to rank them according to their
predicted pathogenicity.'*2

Bioinformatic analyses

The potential functional effects of the amino-acid change on the protein has
been assessed using several bioinformatics programs including SIFT,?!
PolyPhen2,?> Mutation Taster?® and KD4v.2* Possible effects on splicing were
determined by MaxEnt,>> NNsplice,”® GeneSplicer’” or Human Splicing
Finder?® programs via Alamut version 2.2 (Interactive Biosoftware, Rouen,
France). On the basis of the published 3D structure (2z5y), a 3D model
structure of the mutated C266F MAOA was computed using the KD4v
webserver. The Exome Variant Server (EVS) and dbSNP have been used to test
the presence of the variation in the general population.

Sanger sequencing, RT-PCR analysis, VNTR genotyping and
X-inactivation assay

Sanger sequencing was used to confirm the presence of the mutation in the
proband and in the different family members and to sequence coding regions

of MAOB (primers available on request). Patient III-1 mRNA was extracted
from blood (PAXgene Blood RNA System, Preanalytix, Hombrechtikon,
Switzerland) and was studied by RT-PCR using specific primers (5'-
GTGGCCAGGAACGGAAGTTTGTA-3' and 5-CGGGCAAGAATGAAGCC-
CATGAT-3"). VNTR genotyping of patient III-1 was performed on genomic
DNA using standard primers as previously described.?’ The X chromosome
inactivation assay was performed on proband’s mother genomic DNA
extracted from peripheral blood, as described elsewhere.’

Bioamine and MAOA assays

Levels of catecholamine catabolites (MN, NMN, dihydroxyphenylglycol
(DHPG), homovanillic acid (HVA) and vanillymandelic acid (VMA))
were measured by HPLC with electrochemical detection.®! Plasma
5-hydroxyindoleacetic acid (5-HIAA) was measured by HPLC with
fluorimetric detection.’> MAO (EC.1.4.3.4.)-A enzymatic activity was
determined on human fibroblasts whole cell homogenates by a
radioenzymatic assay using ['*C]-5-HT creatinine sulfate (1.96 GBq/mmol,
Amersham GE Healthcare, Little Chalfont, UK, final concentration 20 um) as
substrate according to Denney et aP®> MAOA protein concentration was
assessed by measuring the binding of [*H]-Ro 41-1049 (0.31 TBq/mmol,
Amersham GE Healthcare), a reversible inhibitor of MAO-A, to fibroblast
membranes, as described by Cesura et al.>

Patient’s evaluations
Patient 1, III-1 was evaluated using WISC IV (Wechsler Intelligence Scale for
Children) and ADOS* scales. Considering the severity of their clinical
manifestations, patients 2 and 3 (II-3 and II-4) could only be evaluated
using Vineland scales.’

RESULTS

Clinical description of the family

The index case III-1 was referred at the age of 7 years for investigation
of suggested ID with prominent behavioral disturbances. Family
history suggested a possible X-linked inheritance, although the
phenotype of two maternal uncles appeared much more severe
(Figure 1). Later investigations indicated that the phenotype of 1I-3
and I1-4 was complicated by familial neglect, maltreatment and sexual
abuse during childhood with parental psychiatric disturbances and
substance abuse, leading to their placement at the respective ages of
7 and 5 years.

Patient I1I-1.  The index case is the first child of non-consanguineous
healthy young parents. The patient has a healthy younger sister. Labor
was induced at 35+3 weeks of gestation because of maternal
diabetes. Apgar was 10-10 and birth measurements were normal:
weight 3010g, length 49 cm, occipital frontal circumference (OFC)
34 cm (50th percentile). Feeding difficulties were noticed at the time
of food diversification with high selection of food. Sleep disorder was
reported in the first year of life including difficulty in falling asleep,
night terrors and frequent awakenings. Gross psychomotor acquisi-
tions were in normal range but the infant was described as passive

>

Figure 1 Identification of a ¢.797_798delinsTT (p.C266F) mutation in MAOA in a family with Brunner syndrome-like behavioral disturbances. (a) Pedigree
of the family: the mutation (mut) in the proband (arrow) is inherited from his heterozygote mother and the two uncles with ID, autistic traits and aggressive
behavior also carry the mutation. (b) Integrative Genome Viewer (IGV, Broad Institute, Cambridge, MA, USA) view of the HTS results in the MAOA exon 8
region: identification of a ¢.797_798delinsTT (p.C266F) mutation. (c) Sanger sequencing validation of the ¢.797_798delinsTT (p.C266F) mutation.
(d) Prediction for the c.796T>A (p.C266S) mutagenesis performed by Wu et a/*? and for the ¢.797_798delinsTT (p.C266F) ID mutation identified in this
paper (see Methods). The predicted effects at the protein level were calculated using SIFT, PolyPhen2, Mutation Taster and KD4v. Potential effects on
splicing were determined by MaxEnt, NNsplice, GeneSplicer or Human Splicing Finder (HSF): percentage of increase or decrease of the score for the
normal acceptor splice site is indicated for each mutation according to each program (e) MAOA structure (PDB:2Z5Y Pymol view) according to Se-Young
Son et al: the membrane-binding domain (colored in blue) and the extra membrane domain, divided into the substrate/inhibitor subdomain (orange) and the
FAD-binding subdomain (green). The MAOA cofactor FAD (dark gray) and the MAOA inhibitor Harmine (light gray) are displayed using the sphere model.
A detailed view of the cysteine 266 is shown as well as the modeled structure (using KD4v) of the mutated p.C266F MAOA.
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with low interactive skills. Sensory deficits were ruled out. Walk was
acquired at 18 months and speech at 15 months. He was toilet trained
at 3 years of age. He went to standard school but attended at the same
time twice-weekly a treatment center for individual and group
therapy, psychomotricity and school remediation. At the age of 6
years, he entered primary school with a classroom assistant. He
appreciated activities such as music listening or memorizing tasks.
The parents reported that he did not appreciate danger, experimenting
notably with fire and autoaggressive actions (shaving his head and
manipulation of household products). No treatment was introduced.

When referred to the genetics clinic at the age of 7 years, reading
and writing were in a learning process. Global clinical examination
was normal except few hand stereotypies and behavioral abnormalities.
No specific cranio-facial dysmorphism was noticed. Both gross
psychomotor skills (climb stairs and bicycle) and fine psychomotor
skills (dressing and putting on shoes) were delayed. Behavioral
troubles during the interview included an amimic facial expression
leading to a bizarre contact, oral and motor perseverations,
ideomotor slowliness, auto-mutilation and angers when frustrated
or failing an exercise. He had restricted patterns of interests such as
recurrent questions about water cycle or electrical circuit. The IQ
was not calculable but a diagnosis of ASD was confirmed using
ADOS scale (Table 1 and Supplementary data).

Patient II-3. Patient II-3 was born premature (1650g) leading to
hospitalization during his first 8 months, but no complication was
reported. Psychomotor development was delayed with sitting acquired
at 16 months and walking at the age of 2 years. A diagnosis of autism
was proposed at the age of 3 years. He had invasive behavioral
troubles that included auto and hetero aggressive bursts and very low
interactive skills. Speech remained restricted to simple sentences with
limited vocabulary. He started attending a school for special needs at
the age of 5. Behavior worsened at the age of 6 years. Psychotropic
and sedative drugs were early introduced, and stabilized the behavioral
aggravation. Intellect was not tested but was severely impaired. He
was evaluated at 38 years of age and measurements were as follows:
weight, 72kg; height, 1.58 m (body mass index (BMI)=28.8); and
OFC, 54cm (—2 SD). Clinical examination revealed no extra-
pyramidal sign but dystonic movements of the head and hands that
were attributed to secondary effect of the treatment. The patient could
neither read nor write, and he was not autonomous for daily living.
Vineland Adaptative Behaviors Scale (VABS) for social worker aid was

evaluated by semi-structured interview and indicated very impaired
autonomy, socialization, communication and locomotion, with
equivalent developmental ages between 2 and 5 years (Table 2). The
clinical observation was in favor of a neurodevelopmental psycho-
motor and socio-emotional very early stagnation and/or regression.

Patient 1I-4. Patient II-4 was born premature after 8 months of a
normal pregnancy (weight: 2150g). His mother quickly worried
about encopresis and abnormal behaviors. No detailed data were
available regarding early psychomotor development. He was placed in
institution at the age of 5 years and followed a school for special
needs. Behavioral troubles were invasive with very low interactive
skills and auto-aggressive behavior. He was expressing with poor
speech, echolalia and frequent perseverations. He developed stereo-
typies, interests for repetitive tasks and became very intolerant to
changes. Autism was diagnosed during childhood. The evolution was
complicated with auto-mutilation, frequent hetero aggressive bursts
and tantrum. Cognitive performances had not been evaluated but
intellectual deficiency was considered as severe. He was neither able to
read nor write. Psychotropic drug treatment was introduced early
with anti-psychotic and sedatives drugs.

He was evaluated at 36 years of age and measurements were as
follows: weight, 80kg; height, 1.62m (BMI=30.8); and OFC, 54 cm
(—2 SD). Clinical examination was normal except for a marked extra-
pyramidal syndrome probably secondary to the high neuroleptics
posology. Speech was poorly understandable. He could only execute
simple orders. Daily life was evaluated in a semi-structured interview
using VABS for social worker, revealing very impaired autonomy,
communication, socialization and locomotion, with developmental
age equivalents between about 18 months and 4 years (Table 2). This
clinical observation was also in favor of a neurodevelopmental
psychomotor and socio-emotional with very early stagnation and/or
regression.

Other family members. Two maternal great uncles of I1I-1, I-3 and
I-4, were reported to present encephalopathy. They were institutio-
nalized all their life. No other detail could be available. The mother of
III-1 (sister of I1-3 and II-4) had normal scholarship, normal behavior
and obtained a high school diploma. The maternal grandmother
of the index case presented with a depression and psychotic
disturbances.

Table 1 Neuropsychological assessments of patient IlI-1 using WISC IV

Wechsler Intelligence Scale For Children Fourth Edition (WISC V)

Factorial index

Total score

Subtest's results

Verbal comprehension index 112

Perceptual reasoning index

Working memory index

Processing speed index 76b

Invalid calculation because of significant difference between two subtests

Invalid calculation because of significant difference between two subtests

Vocabulary: 11/19
Comprehension: 13/19
Similarities: 12/19
Cubes: 6/192
Concepts identification: 14/19
Matrices: 6/192
Memory of numbers: 7/192
Arithmetic: 2/19°
Code: 4/19°
Dams: 4/19P
Symbols: 1/19P

aLow, average low, cut-off score.
bSignificantly lower than standard score.
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Identification of a pathogenic missense mutation p.C266F in
MAOA

Targeted high-throughput sequencing (HTS) of the coding exons of
220 ‘ID genes’ in a cohort of 50 patients with ID (unpublished data)
led to the identification of a non-synonymous mutation in the MAOA
coding sequence in the proband III-1 (Figure 1a). This replacement of
two nucleotides ¢.797_798delinsTT (NM_000240.3), at the very
beginning of exon 8 (Figure 1b), leads to the change of a cysteine
at position 266 to a phenylalanine (p.C266F). This mutation,
confirmed by Sanger sequencing (Figure lc), was never previously
described, neither in dbSNP database nor in the 10562 X chromo-
somes of the NHLBI Exome Sequencing project. As the mutation
affects the very first bases of exon 8, we tested a possible effect on
splicing but neither the different prediction programs (Figure 1d) nor
RT-PCR analysis on blood mRNA (data not shown) revealed any
effect. The p.C266F amino-acid change that affects drastically both the
size and the chemical characteristics (hydrophobic versus polar) of the
side chain of a highly conserved residue is predicted to be damaging
according to all four in silico methods used (Figure 1d). MAOA is
composed of three functional domains namely a membrane-binding
domain, a substrate/inhibitor domain and the flavin adenine dinu-
cleotide (FAD)-cofactor-binding domain (Figure le). Interestingly, a
full-length crystal structure of the human MAOA is available (Protein
Data Bank 2Z5Y, from positions 12-524 out of 527 aa).3” The analysis
of the modeled 3D structure by the prediction program KD4v
indicates that the missense affects an aminoacid in a beta sheet
close to the FAD-binding pocket, and the bulky aromatic ring of
phenylalanine is oriented toward the FAD-binding pocket (Figure le),
which may explain the observed effect on enzymatic activity (see
below). We also genotyped the VNTR located in the MAOA promoter
and observed that the proband III-1 carries the 3R (three repeats)
allele, associated with ‘low expression’ of MAOA,3 which may thus
potentiate the effect of the missense mutation on the level of MAOA
activity.

Sanger sequencing revealed that the missense ¢.797_798delinsTT
(p.C266F) mutation is inherited from the proband’s mother, who
presents a skewed X inactivation profile (92:8), and is present in the
two severely affected maternal uncles II-3 and II-4.

Reduction of MAOA level and activity in patient III-1

A reduction of MAOA activity in the patient was firstly assessed by
the measurement of urinary catecholamine catabolites. The levels of
urinary MN and NMN, two specific MAOA substrates, exceeded
normal range, strikingly so for NMN, whereas the product VMA was
at the lower threshold (Figure 2). An in vitro assay of MAOA activity
using 5-HT, specific MAOA substrate, showed a significant reduction
(0.15 4+/—0.04 vs 0.68+4/—0.16 nmoles/mg prot/h, P<0.0001) in
patient’s III-1 fibroblasts when compared with other boys of the same
age range (Figure 3a, left panel). A quantitative radioligand binding
assay in fibroblast revealed a three-fold reduction of the binding to

Table 2 Vineland scales of patients 11-3 and 11-4

Patient 11-3 Patient 11-4
Sub-domains ~ Raw score Age equivalent score Raw score Age equivalent score
Communication 47 2-1 38 1-8
Autonomy 96 5-3 76 3-11
Socialization 67 4-1 39 1-7
Locomotion 51 2-11 51 2-11
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MAOA protein (0.11 +/—0.02 vs 0.36+/—0.08 pmoles/mg prot,
P<0.0001) in patient III-1 (Figure 3a, right panel), reflecting a
reduction of MAOA protein level confirmed by western blot analysis
(data not shown). Moreover, the plasma concentrations of 5-HIAA
and 3,4-DHPG, two products of the degradation of serotonin and
norepinephrine, respectively, reflecting MAOA activity in vivo,38:39
were found to be 40 (4.57 +/—0.3 vs 177 +/ —28 nm, P<0.0001) or
10 times (0.67 +/ —0.07 vs 7.7 +/ —0.6 nm, P<<0.0001) reduced in the
proband III-1 compared with control age-matched boys (Figure 3b).

DISCUSSION

Targeted HTS of the protein-coding sequences of 220 genes involved
in ID identified (after variant filtration using variant databases such as
dbSNP or EVS) a non-synonymous ¢.797_798delinsTT (p.C266F)
missense mutation in MAOA in a family including male patients
presenting with a phenotype overlapping with the one described by
Brunner et al in 1993>° (data submitted to ClinVar database). Two
other nonsynonymous variants were identified in this patient in genes
associated with dominant forms of ID (c.1954A>G; p.I652V in
DOCKS and ¢.2260G> A; p.V7541 in HDAC4). However, they were
both predicted to be benign and found to be inherited from one of
the unaffected parents, excluding a potential pathogenic role. The
missense mutation found in MAOA was regarded as pathogenic by all
the prediction programs. In a systematic site-directed mutagenesis
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Figure 2 Schematic representation of catecholamine and serotonin
metabolism and urinary metabolite dosages in patient IlI-1. Urinary
catecholamine metabolite dosages for patient I1l-1 have been performed at
three different days and are expressed in pmol/mmol of creatinine for VMA
and HVA and in nmol/mmol of creatinin for MN and NMN. Reference values
from Pussard E, 2009 are indicated in italic (into bracket the 2.5 and
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Figure 3 MAOA activity is decreased in the patient IlI-1 with ¢.797_798delinsTT (p.C266F) mutation (a) MAOA activity (left) and protein level (right)
measures in vitro using fibroblasts of proband Ill-1 (n=3 measures) and normal 7-year-old boys (n=13 measures). The enzymatic activity assay was
performed using [14C]-5-HT creatinine sulfate as MAOA substrate and the protein level was estimated with binding of a radioactive MAOA inhibitor [3H]Ro
41-1049. (b) Measure of the plasma 5-HT and norepinephrine metabolites 5-HIAA and 3,4-DHPG in the proband IllI-1 (n=3 measures) and in normal
7-year-old boys (n=13 measures) as a reflection of in vivo MAOA activity. ***P<0.0001 with Student’s t-test.

study of the role of cysteines in the catalytic activity of human MAOA
and MAOB, the change of cysteine 266 into a serine did not affect the
binding of the substrate, but reduced the catalytic activity by 509.%°
However, the change to a phenylalanine residue is predicted to be
much more damaging, affecting drastically both the size and the
chemical nature of the side chain, and was thus likely to have a bigger
effect on MAOA activity (Figure 1d). It should be pointed out that
missense changes affecting MAOA appear rare in the population, as in
the EVS database, none exceeds 0.5% of minor allele frequency, and
only two, ¢.515G>A (p.R172Q) and c.788A > C (p.H263L), predicted
benign by the different programs, are present in hemizygous state in
male patients (¢.515G>A in five male patients; ¢.788A>C in only
one). All the other rare missense variants are described in hetero-
zygous female patients only. This suggests that most variants causing
an amino-acid change in MAOA sequence have a phenotypic effect
and are negatively selected.

The mutation ¢.797_798delinsTT (p.C266F) we reported here is in
cis with a ‘low-activity VNTR allele’ in the MAOA promoter, and
this might worsen its effect. Indeed, biochemical investigations of
substrates and metabolites of MAOA in urine and plasma, as well as
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measurement of MAOA activity in fibroblasts of the proband all
indicated an important perturbation in the catabolism of catechola-
mines (notably norepinephrine) and serotonin. In fact, in vivo
evaluation of MAOA activity showed a more drastic effect, with a
10-40-times decrease in MAOA product (5-HIAA and DHPG) levels
in the proband’s serum compared with what is observed in control
age-matched boys, whereas in vitro reduction in enzymatic activity
showed only a 3—4-fold reduction. Such a difference might be
explained by the fact that in vitro assays use optimal substrate
conditions for enzyme function that could alleviate in part enzymatic
dysfunction manifest under in vivo conditions.

The family displays variable expressivity in male patients, with
systematic ASD and prominent behavioral disturbances, but variable
ID. Indeed, ID could not be unambiguously diagnosed in the index
case, despite some cognitive defects, while his maternal uncles had
severe ID and behavioral disturbances necessitating a high level of
psychotropic treatment. The history of maltreatment and sexual abuse
during infancy of the two uncles in opposition to the protective
familial environment of proband III-1 could explain at least in part
this intrafamilial variable expression. Large-scale studies of behavioral



consequences of high vs low activity associated to short versus long
VNTR MAOA alleles converged toward a gene/environment interac-
tion theory.*! It was suggested that maltreated children with the
MAOA genotype conferring low levels of MAOA enzyme developed
more often antisocial behavior in adulthood than maltreated children
with a high-activity MAOA genotype.? The description of
this family overlaps with the so-called Brunner syndrome,
a neuropsychiatric disorder associating ASD, borderline cognitive
abilities and behavioral abnormalities, caused by truncating mutation
in MAOA segregating in a large kindred. Severe aggressiveness was a
distinctive feature in this family, and was less obvious in the
present family, although all three male carriers of the
mutations showed auto-aggressive behavior, and the two uncles
had also a history of hetero-aggressive behavior.

The absence of finding of another mutation in the past 20 years is
puzzling, especially given the attention given to the initial 1993
reports. This could be attributable to a very low frequency of MAOA
mutations. An alternative is that the low specificity of the associated
clinical phenotype has precluded systematic testing for mutations in
this gene in patients with borderline cognitive deficiency and mainly
behavioral disorder. Indeed, apart the systematic sequencing of XLID
families by Tarpey et al*’, there is no published report of systematic
screening of mutation in patients with ID or behavioral impairments,
and a few other published XLID genes similarly lack such
confirmatory reports.** Lack of replication finding in these 20 years
might also be explained by the necessity of another genetic or
environmental event for the expression of the disease. An obvious
candidate as modifier gene is the MAOB gene that is adjacent to the
MAOA gene and carries overlapping function. We thus tested whether
the present family, as well as the original Brunner-syndrome family
carried some missense variants in MAOB that could affect enzymatic
activity, and would have cosegregated with the MAOA nonsense
mutation in the latter family. We did not identify such variant in
MAOB coding regions in patient III-1 and in one member from the
Brunner-syndrome family. This does not exclude a potential effect of
some non-coding variants.

This study showed the manifest benefit of targeted HTS for genetic
diagnosis of non-specific heterogeneous conditions such as ASD or ID
associated with behavioral troubles. Of note, the presence of abnormal
neurotransmitters in urine could be considered as a diagnostic test in
patients with such phenotype, but it is likely that the use for HTS
would considerably develop in the next years, and will be economic-
ally more appropriate than biochemical testing covering a wide range
of potential dysfunctions.

Besides the benefit of genetic diagnosis for appropriate genetic
counseling, it might also help in the patient’s management. Pharma-
cogenetics studies on Maoa-deficient mice evidenced the counter
indication of serotonergic drugs in these animals because of the risk of
serotonergic syndrome complication.*> MAOA agonists may be a
good indication for reversing the behavioral symptoms (irritability,
social withdrawal, stereotypy and repetitive speech) in the affected
members, but such medication is not yet available. The role of
atomoxetine, used in some countries for treatment of pervasive
developmental disorders by targeting norepinephrine synaptic
recapture,’® could be questionable. Also, agonists of upstream/
downstream enzyme such as the catechol-O-methyl transferase
enzyme might optimize the remaining activity of the MAO enzyme,
whereas use of inhibitors of MAOA activity should not be used.

To conclude, we are reporting on the second family with a non-
ambiguous mutation in MAOA. This family presents with ASD,
behavioral troubles, variable cognitive impairment and accumulation
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of NMN in urine associated with a phenotype overlapping with the
Brunner family. This HTS result could lead to improve management
by giving clues for possible therapeutic options.
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VI- Discussion

Intellectual disability (or intellectual developmental disorders, as referred by DSM-V) is a
generic term regrouping an extensive number of individual conditions, that all have in common
impaired intellectual and adaptative functioning. Many of them have genetic origins, and mutations
in over 300 genes have been reported in patients so far. Other neurological, neurodevelopmental
and psychiatric are frequent comorbid features of ID, all of them being also genetically highly
heterogeneous. This complex and humongous genetic heterogeneity make the task of identifying the
genetic origin of the ID in patients difficult, especially in patients presenting with no additional
features but ID (non-syndromic patients). We developed an approach based on targeted high

throughput sequencing of several hundred ID genes.

Although exome sequencing is a more exhaustive and less-biased approach, we opted for
targeted sequencing strategy for several reasons: first for economic reasons, indeed exome-
sequencing (2,000€ for a trio at 50x by BGI) is still more expensive than our targeted strategy
(600€); second for throughput reasons since in a single HiSeq2500 sequencing lane you can
sequence up to 50 patients compared to one single patient and his parents when doing exome
sequencing; then because it generates data of better quality (higher and more reproducible depth of
coverage, decreasing the number of false positives and negatives and ensuring a reliable call for
structural variants). With our approach, the diagnostic yield in a cohort of 106 patients is of 25-
29%, which is very similar to the ones reported in previous studies implementing the trio-exome
strategy (31-47% with (Rauch et al., 2012), 13-19% with (de Ligt et al., 2012), or an overall
diagnostic yield of 19-28% in 151 patients). When computing the supposed diagnostic yield of our
method when performing the analysis on the same families from those two studies (i.e. considering
only mutations reported in genes that are included in our panel), it would be of 24% in the study or
Rauch and colleagues, which is highly similar to what we observed with our cohort. It would be of
only 6% with the study of de Ligt and colleagues, but the diagnostic yield was already much lower
(13%, including only known genes and validated novel genes but excluding recessive genes in
which no biallelic mutation were found). /n fine, although many ID genes are not included in our
panel, we reach a similar diagnostic yield by increasing the quality of sequencing in the targeted
ones. For instance, O’roak and colleagues reported that a few mutations in recurrent ASD genes had
been missed by exome sequencing due to an insufficient depth of coverage, while they were
detected subsequently using the MIP approach (O'Roak et al., 2012a). Finally, the diagnostic yield
with our targeted approach is also higher than the diagnostic yield of array-CGH and fragile-X

testing altogether, which make it a relevant and efficient approach to incorporate in routine settings.

Mutations are detected evenly in males and females, and regardless of the degree of severity
of the cognitive impairment (although the diagnostic yield appears higher in females, it does not
reach significance). There is a trend of a higher diagnostic yield (36%) among patients presenting

with microcephaly, but this is not significant either. Consequently, there does not appear to be any
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key to discriminate patients with positive from negative diagnosis. Some genes that have been
exclusively described in syndromic patients may as well be involved in lesser syndromic forms, but
since never tested in other cohorts of patients this could have never been highlighted. One of the
best illustrations is T7CF4, which was initially implicated in Pitt-Hopkins syndrome and has been
now demonstrated to be also involved in non-syndromic intellectual disability (Hamdan et al.,
2013).

Once again, the interrogation regarding the location of the ‘missing’ mutations in the
remaining 75% of patients arises. Although we consider this strategy as successful, a considerable
proportion of patients still remain without diagnosis. We know that we were not exhaustive in
including ID genes, and especially for the autosomal and syndromic forms. We may have missed
mutations because located in non-targeted regions essential for a correct expression of the gene (in
enhancers, polyadenylation signal, promoter regions, deep intronic mutations creating competing
splice sites, etc). Patients may also carry mutations in known ID genes that are not included in our
panel and that cannot be guessed by clinical examination alone because either they present with
atypical clinical features deviating from the classical phenotype, or because they present with non-
syndromic ID. Mutations may also be located in novel ID genes, since we expect a large number is
still left to discover. Lastly, we cannot rule out a more complex oligogenic or multifactorial

scenario, where several rare variants in different genes contribute to the phenotype of the patient.

In current analyses (for both targeted sequence and exome sequencing), we only consider
candidate variants under the monogenic scenario, with full penetrance. We posit that is the main
weakness of current analyses. Indeed, in exome sequencing for instance, variants that are inherited
from a parent are filtered out under the dominant scenario. Similarly, we discard variants located in
supposedly dominant genes when also reported in unaffected relatives. This statement is also to
relate with our study trying to discriminate ‘true’ versus false positive XLID genes (Piton ef al.,
2013). Indeed, in this study we only assess the validity of each mutation by considering it fully
penetrant and disease causing by itself. We therefore discarded all variants reported in healthy
individuals, or genes for which haploinsufficiency seemed to be tolerated in controls. We do not
imply that those variants cannot play a role in the observed phenotype in patients, rather that they

do not fully explain the phenotype by themselves.

However, we know that many disorders associated with autosomal dominant inheritance
present with incomplete penetrance, and high intrafamilial phenotypic variability. For instance
some SLC2A1 mutations, although presumably responsible for severe GLUT1 deficiency syndrome,
are inherited from mildly affected to asymptomatic parents (reviewed in (Leen et al., 2010)). This is
also observed with CNVs, where most CNVs associated to ID are of reduced penetrance: many are
(maternally) inherited from healthy parents. The question whether the phenotype in patients
originates from an oligogenic model (additional variants in other genes leading to the phenotype),

or a hypomorphic model (another variant in frans reducing the expression of the gene) is still open.
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I- Introduction

1. Myelin, and the myelination process

Brain development depends on the correct sequence of several steps, among which the
establishment of white matter referred to as the ‘myelination’ process. The myelination process is
one late step, which starts around the 24™ week of gestation and continues throughout childhood
and adulthood. Late in the embryonic life, myelination starts with the axons of primary sensory
neurons being myelinated first (necessary for vision, audition,..., myelinated during late pre-natal
period and shortly after birth) while the axons of cells associated to more complex cognitive
functions get myelinated later in childhood. Although myelination starts in fetal life, very little

myelin is present in the brain at birth.

The myelination process starts with the proliferation, migration and maturation of
oligodendrocyte progenitor cells. Those progenitors differentiate into pre-myelinating
oligodendrocytes that align along target axons. Under appropriate environmental signals, mature
oligodendrocytes start producing a dielectric material composed of fatty substances called myelin,
which wraps around most neuronal axons and acts as an electrical insulation (Figure 30). The
myelin sheath becomes more compacted as the number of wrapping turns, determined by the axonal
diameter. Such lipid constitution ensures insulation of the axons from electrically charged atoms
and molecules located in the surrounding fluid of the nervous system. Besides lipids, myelin is also
composed of water and of diverse lipoproteins (mainly the proteolipid protein PLP, the myelin basic
protein MBP and the myelin oligodendrocyte glycoprotein MOBP). Different cells supply such
multi-layered myelin sheath from which most of the cytoplasm is extruded: Schwann cells in the

PNS, oligodendrocytes in the CNS. Oligodendrocytes can provide myelin around multiple axons

contrary to Schwann cells, which spiral around one single axon.

Figure 30 (from (Emery, 2010)): Schematic view of the oligodendrocytes maturation and
initiation of the myelination process.
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White matter itself is composed of glial cells (astrocytes, oligodendrocytes and microglia,
altogether representing up to 50% of the brain volume and 90% of brain cells) and myelin (40-50%
of dried weight). It is also considered as a brain compartment, connecting different functional

regions through long-distance fibers (commissural, projection or associative fibers).

Myelin sheaths guarantee faster conduction of the electric nerve impulses along the axon,
10-100 times faster that would allow non-myelinated axons (the speed mostly depends on axonal
diameter and thickness of the myelin sheaths). Indeed, the action potential propagates along the
axon in a continuous manner when not myelinated, or by a saltatory process from one Ranvier node
(or myelin sheath gaps) to the next when myelinated. By improving the speed conduction of electric
messages, myelin participates in improving the overall functional efficiency of brain networks.
Such tight interactions between neurons and oligodendrocytes appear not to be restricted to
insulation properties, but may also influence neuronal size and axon diameter, and contribute to

neural signaling (Lin and Bergles, 2004).

2. Definition of leukodystrophies

Leukodystrophies are a group of highly genetically and clinically heterogeneous heritable
disorders, grouped together based on MRI findings demonstrating abnormalities of the white matter
in the central nervous system. Such abnormalities reflect impairment of the production and/or
maintenance of the myelin sheaths around neuronal axons, resulting in non or de-myelinated axons.
They affect approximately 1 person in 8000 in the population (O Boespflug-Tanguy, personal

communication).

In an attempt to discriminate leukodystrophies from leukoencephalopathies, the
neuropathology of leukodystrophies is proposed to involve primarily oligodendrocytes, astrocytes
or other non-neuronal cell types while that of leukoencephalopathies involves primarily neurons of
the cerebral cortex or other grey matter structures (van der Knaap, in preparation).
Leukodystrophies do not include acquired myelin disorders (e.g. multiple sclerosis), infectious
damages (e.g. progressive multifocal leukoencephalopathy), toxic disorders, vascular insults, and
inborn error of metabolism (IEMs) for which systemic illness involving another organ that the brain

predominates.

In leukodystrophies, primary impairment of the white matter leads generally to regression of
motor and cognitive skills with association of severe neurological symptoms. Motor defects
manifest as hypotonia in early childhood and evolve to different degrees of spasticity. Peripheral
nerve involvement is present in certain forms, which result in a combination of spasticity and
reduced muscle reflexes. Other features such as ataxia, cognitive impairment, or global
development delay are often reported in patients. Seizures are reported in some patients, but are

rather unusual.
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3. Genetics

The etiology of such heterogeneous disorders is thought to be mainly genetic, even though
over 50% of patients with undetermined leukodystrophies remain with no molecular diagnosis
because of the heterogeneity and complexity of these disorders (Schiffmann and van der Knaap,
2004).

Almost 50 genes have been reported so far as implicated in a specific form of
leukodystrophy, involving genes encoding for myelin constituents such as proteolipid protein (PLP)
or myelin basic protein (MBP), glial-specific proteins such as glial fibrillary acidic protein (GFAP)
or connexin 47, or factors essential for protein synthesis regulating myelin formation and
degradation such as EIF2B subunits or RNA polymerase III subunits (Gencic ef al., 1989; Brenner
et al., 2001; Leegwater et al., 2001; Uhlenberg et al., 2004; Linnankivi et al., 2006; Bernard et al.,

2011; Saitsu ef al., 2011). Most genes are implicated in autosomal recessive forms.

4. Classification

MRI is the gold standard test to perform in patients with suspected leukodystrophy.
Leukodystrophies are usually classified into the four hypomyelinating, de/dysmyelinating,
vacuolating/cystic and undetermined subclasses depending on lesions detected on MRI profiles
(Table 17).

Demyelinating, dysmyelinating disorders

Demyelinating and dysmyelinating disorders originate from a substantial destruction of

myelin leading to unmyelinated axons.

X-linked adrenoleukodsytrophy belongs to this category and is one of the most frequent
leukodystrophies with an assessed incidence of about 1:17,000 males (Bezman et al., 2001). It is an
X-linked disorder, caused by a mutation in ABCDI. Male patients can unpreferentially develop in
an unpredictable way either a rapidly progressive childhood cerebral form, an adult form, or the
adrenomyeloneuropathy that is much more progressive and primarily affects the peripheral nervous
system. 60% of carrier females develop after 40 years of age a mild or moderate form of
adrenomyeloneuropathy. ABCD]I-related disorders can be diagnosed by a biochemical test
demonstrating an accumulation in serum and tissues of very long chain fatty acids, which are an

integral part of myelin.

Krabbe disease also belongs to this family. It can manifests at any onset, but the infantile
form appears to be the most frequent. The prognosis is usually between 5 months and 14 years. It is

an autosomal recessive disorder caused by biallelic mutations in GALC encoding for
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galactocerebroside 3 galactosidase. Those mutations lead to an impaired activity of GALC and the
accumulation of cerebrosides resulting in apoptosis of oligodendrocytes and demyelination. The
remarkable feature of this disorder is the observation of globoid cells, which are multinucleated

macrophages.

Metachromatic leukodystrophy is caused by biallelic mutations in ARSA, which result in
deficiency in the lysosomal enzyme arylsulfatase A or in PSAP that is implicated in the stimulation
of ARSA. In both cases, the accumulation of sulfatide leads to injury of oligodendrocytes and
Schwann cells that will go under apoptosis. MRI findings highlight diffuse white matter
abnormalities, sparing association fibers. Both are autosomal recessive disorders of any infantile,

juvenile or adult onset.

Alexander disease is an autosomal dominant disorder characterized by heterozygous
mutations in GFAP, coding for the glial fibrillary acidic protein that is an intermediate-filament
protein specifically expressed in astrocytes. Mutations are usually gain-of-function mutations
resulting in an overexpression of altered GFAP. The production of myelin is also significantly
reduced. Alexander disease can be histologically diagnosed by the report of cytoplasmic GFAP
inclusions in astrocytes, called Rosenthal fibers (reviewed in (Sawaishi, 2009)). Patients also

present with megalencephaly.

Hypomyelinating disorders

Hypomyelination disorders are white matter disorders characterized by a significant

permanent deficit in myelin originating from a defect in its development or production.

Pelizacus-Merzbacher disease is a rare X-linked disorder caused by mutation in PLPI
encoding for two isoforms of myelin proteolipid proteins: PLP and DM20. Altogether, both account
for about half of the total protein content of the CNS. The most severe cases are observed when the
mutation affects both isoforms. The entire duplication of the gene is the most frequent mutation
responsible for this disorder. The consequences are deficient myelination, with central white matter
being significantly reduced or even absent. Mutations can also be reported in GJC2, encoding
connexin 47 that is specifically expressed in oligodendrocytes and whose expression is regulated in
concert with other myelin genes (Menichella et al., 2003). The Pelizacus-Merzbacher-like disorder
is associated with an autosomal recessive mode of inheritance. MRI analysis generally reveals

symmetric confluent white matter abnormalities.

Fucosidosis is caused by biallelic mutations in FUCAI coding for the a-L-fucosidase (Kretz
et al., 1989), which is a lysosomal enzyme responsible for degrading glycoproteins and glycolipids
containing fucose. Mutations result in the accumulation of a-L-fucose-rich storage products that are
supposed to be neurotoxic (Galluzzi et al., 2001). In MRI analysis, myelin sheaths appear disrupted,

and glial cells filled with lipid granular material.
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Mutations in the genes coding for the two subunits of RNA polymerase III (POLR3A and
POLR3B) cause the 4H
hypogonadism; (Bernard et al., 2011; Saitsu et al., 2011)). Biallelic mutations in either gene disrupt

syndrome (hypomyelination, hypodontia and hypogonadotropic

the RNA polymerase III function that is proposed to result in a global decreased expression of
tRNAs during development, and resulting impaired protein synthesis. MRI analyses reveal diffuse

hypomyelination.

Demyelinating/dysmyelinating
disorder

Hypomyelinating disorders Vacuolating and cystic

disorders

Cystical leukoencephalopathy

Fucosidosis without megalencephaly

Alexander disease

Canavan disease Folate receptor defect Glycine leukoencephalopathy

Hypomyelination with atrophy

of the basal ganglia and Leukoencephalopathy with

Krabbe disease

cerebellum

calcifications and cysts

Leukoencephalopathy with
metaphyseal chondrodysplasia

Hypomyelination and
congenital cataract

Megalencephalic
leukodystrophy with cysts

Hypomyelination, hypodontia, Progressive cavitating

Metachromatic leukodystrophy hypogonadgtroplc leukoencephalopathy
hypogonadism
Metachromatic leukodystrophy | Hypomyelination with
with multiple sulfatase monocarboxylate transporter-8 | Aicardi—Gouticres syndrome
deficiency deficiency
Pelizacus—Merzbacher disease Cerebrotendinous
X-linked adrenoleukodystrophy | and Pelizacus—Merzbacher-like .
xanthomatosis

disease

Mitochondrial disorders Sialic acid storage disorder

Tremor-ataxia with central
hypomyelination

Table 17 (adapted from (Kohlschutter and Eichler, 2011)): Classification of leukodystrophies
based on MRI findings

Vacuolating and cystic disorders

Vacuolating, cavitary or cystic disorders refer to a smaller group of leukodystrophies whose
MRI signature is a diffuse abnormal and swollen white matter, which are associated with

macrocystic or microcystic changes.

EIf2B-related disorders (notably leukoencephalopathy with vanishing white matter, VWM)
are caused by biallelic mutations in the genes encoding the subunits of the eukaryotic initiation
factor-2B (elf2B1-5) that is a protein required for correct protein synthesis. Altered elF2B assembly

results in an apparent increased density of abnormal oligodendrocytes with vacuolated cytoplasm.

131




Results - Part 11
Targeted sequencing for the diagnosis of Leukodystrophies

MRI analyses generally reveal progressive rarefaction and cystic degeneration of white matter, with

the remaining myelin sheaths appearing thinner.

Megalencephalic leukoencephalopathy with subcortical cysts is an autosomal recessive
disorder caused by biallelic mutations in MLC1 or MLC2/HEPACAM. One cue for the diagnosis of
patients is the presence of perinatal macrocephaly. Both proteins localize in axons and their
junctions with astrocytes, and are implicated intro cell-cell contacts and brain ion-water
homeostasis leading to defects in brain volume regulation (reviewed in (van der Knaap ef al.)). MRI

shows subcortical vacuolizations and cysts of the white matter and thinner myelin sheaths.

Biallelic mutations in L2ZHGDH are responsible for L2-hydroxyglutaric aciduria leading to a
neurotoxic accumulation of L-2-hydroxyglutarate in the central nervous system due to impaired a
L-2-hydroxyglutarate dehydrogenase activity. Characteristic MRI findings show spongiform
degeneration, cystic cavitations in subcortical white matter and cerebellar atrophy (van der Knaap ef
al., 2007).

5. Diagnosis of leukodystrophies

Diagnosing leukodystrophies is challenging. In some cases, MRI analyses alone or with
additional clues (phenotypic features, biochemical markers, electrophysiological analyses...) can
help defining clinical entities and directing toward the right candidate gene. About 30-40% of
individuals still remain without precise clinical diagnosis despite extensive investigations and even
less have a molecular diagnosis (only 1/3 in the LeukoFrance cohort; O Boespflug-Tanguy,
personal communication). Precise diagnosis in adult forms appears even less efficient (Labauge and
Boespflug-Tanguy, 2010). Clinicians often face with overlapping or incomplete forms of
leukodystrophy making selection of the right candidate tough and of low efficiency. Other clinical
forms show extensive genetic heterogeneity, with five implicated genes for Aicardi-Goutieres or for
CACH/VWM diseases.

As mentioned previously, the main key for the diagnosis of leukodystrophies is given by

MRI findings (see Figure 31). However, there are some other cues that can be used.
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Figure 31 (from (Costello et al., 2009)): Decision tree for the diagnosis of leukodystrophies
using MRI patterns.

VWM: Vanishing-White matter disease, PMD: LBSL: HDLS:, MLC: CTX:, MLD:, X-ALD: X-linked
adrenoleukodystrophy, HIE, PKU: phenylketonuria, MS: multiple sclerosis.

Physical examination

Age of onset of the disease, marking the apparition of the first neurological symptoms
occurring in a previously healthy child or adult can bring suspicion towards leukodystrophies but
hardly points out towards one particular disorder due to the phenotypic variability (in terms of age
of onset and severity) reported in patients. No particular dysmorphic features are reported in
patients with leukodystrophies, apart from macrocephaly/megalencephaly for some with Alexander,
Canavan, megalencephalic leukodystrophy with cysts, or VWM disease.

Electrophysiological and nerve conduction tests

Some electrophysiological or nerve conduction investigations can highlight reduced
velocities, which are the marker of involvement of long spinal tracts and peripheral nerves. This can
be helpful in discriminating some forms of leukodystrophies from others. In some cases, the

observed abnormalities are correlated with the severity of the disease in patients, such as in Krabbe

disease.
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Laboratory test

Blood

Cellular elements

Lymphocyte granulation in metachromatic leukodystrophy—
multiple sulfatase deficiency

Anemia in mitochondrial disorders

Very long chain fatty
acids

Elevated in X-Adrenoleukodystrophy (and other peroxisomal
disorders)

Lysosomal enzyme
activities

Arylsulfatase A low in metachromatic leukodystrophy
Galacto-cerebrosidase low in Krabbe disease

Fucosidase low in fucosidosis (several other lysosomal storage
disorders may show hypomyelination

Lactate Elevated in LBSL, other mitochondrial disorders
Asialotransferrins Elevated in congenital disorders of glycosylation
Cholestanol Elevated in cerebrotendinous xanthomatosis
Urine

Sulfatides Elevated in metachromatic leukodystrophy
NNA (organic acids) Elevated in Canavan disease

Organic acids

Organic acid disorders

Free sialic acid

Elevated in sialic acid storage disorder

Cerebrospinal fluid

Cellular elements

Elevated in Aicardi-Goutieres syndrome

Total protein

Elevated in Krabbe disease, metachromatic leukodystrophy (young
patients)

Asialotransferrins

Elevated in VWMD

5-Methyltetrahydrofolate

Low in folate receptor defects (while normal in blood)

Lactate

Elevated in LBSL, other mitochondrial disorders

o-interferon

Aicardi-Goutieres syndrome

Glycine (CSF:serum ratio)

Elevated in glycine leukoencephalopathy

Free sialic acid

Elevated in sialic acid storage disorder

Biopsy
Generally useful for morphological studies and fibroblast
cultivation ;

Skin Metachromatic leukodystrophy: demyelinated nerve fibers may be

seen ;
Krabbe disease: crystalloid inclusion bodies;
Other inclusion bodies of storage disorders

Table 18 (adapted from (Kohlschutter and Eichler, 2011)): Metabolic, biochemical and other

laboratory investigations that are useful to discriminate certain forms of leukodystrophies

NAA: N-acyl aspartate; VWMD: vanishing white matter disease; LBSL: leukoencephalopathy with

brainstem and spinal cord involvement and lactate elevation.
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Biochemistry/metabolic studies

Some biochemical investigations on blood, urine or cerebrospinal fluid may be useful to
diagnostic one particular form of leukodystrophies. However, there are themselves of low yield,
expensive and might be invasive. Some tests are useful when performed early in the diagnostic
process, but most of the time such investigations come as confirmatory tests when a prior suspicion

is made based on MRI or electrophysiological findings (Table 18).
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The gene selection was made in consultation with several experts in leukodystrophies (Prof.

Bertini, Prof. Boespflug-Tanguy, Dr Mochel, Dr Burglen, Prof Rodriguez, Dr Sedel). Due to non-

stringent size restrictions, we included as many genes as possible. Some genes were included

although the clinical, imaging and molecular investigations were proposed to lead unambiguously

to the specific syndrome. Indeed, we wanted to assess in an unbiased manner if there were some

atypical phenotypes. This resulted in a large set of genes, implicating in leukodystrophies and

leukoencephalopathies, and a few research candidate genes. In total, 68 genes were included, 47

leukodystrophy genes, and 21 leukoencephalopathy genes (see Table 19).

Official

# exons

Disorder Gene across all (iene see Talzgetesi-
Symbol isoforms (bp) region size
Leukodystrophies
X-linked Adrenoleukodystrophy ABCDI 10 19,894 2,738
Peroxﬁsomal acyl-CoA-Oxidase 4COX] 15 37.927 8,749
Deficiency
Sjogren Larsen syndrome ALDH3A2 11 28,845 4,301
Metachromatic leukodystrophy ARSA 9 5,420 2,043
Canavan disease ASPA 7 25,297 1,205
Hereditary Diffuse Leukodystrophy With
Spheroids (HDLS) CSFIR 22 60,082 5,221
Cerebroretinal microangiopathy with
calcifications and cysts (CRMCC) crel 23 23,275 8,545
Cerebrotendinous Xanthomatosis CYP27A41 9 33,545 2,789
Leukoencephalopathy with brainstem and
spinal cord involvement and lactate DARS?2 17 33,886 4,296
elevation (LBSL)
elF2B1 9 12,754 2,385
Leukodystrophy with Vanishing WM elF2B2 8 6,683 2,000
Disease (or CACH) elF2B3 12 136,201 2,714
elF2B4 13 6,106 2,681
elF2B5 16 10,290 3,777
Hypomyelination with congenital cataract | FAMI1264 11 72,893 6,697
Fucosidosis FUCAl 8 23,288 2,451
Globoid cell Leukodystrophy
(Krabbe disease) GALC 18 60,652 5,195
Polyglucosan Body Disease (PGBD) GBEI 16 272,101 3,771
Alexander Disease (AxD) GFAP 9 9,927 4,482
Oculodentodigital dysplasia GJAI 2 14,129 3,210
Pelizaeus Merzbacher like-disease GJC2 2 10,113 2,461
Megalepcephahc Leukodystrophy with HEPACAM | 7 17163 3.917
subcortical cysts
D-Bifunctional Protein Deficiency HSD17B4 25 89,893 4,522
L2-hydroxyglutaric aciduria L2HGDH 10 69,796 6,571
Autosomal Dominant Leukodystrophy LMNBI 1 60.398 3.851

with Autonomic disease (ADLD)
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189 minus syndrome MBP 10 153,986 7,546
Megalepcephalic Leukodystrophy with MLCI 13 26,539 4,840
subcortical cysts
PEX1 24 41,509 5,570
PEX6 17 15,371 4,525
. . . PEX26 5 13,112 4,531
Peroxisome biogenesis disorders (PBD) PEXI0 6 7.770 2.404
PEXI2 3 3,843 2,803
PEX2 5 20,787 4,819
Pelizaeus Merzbacher (PMD) PLPI 8 16,109 3,562
4H syndrgme (hypomyelination,. POLR3A 3 54,392 8.084
hypodontia and hypogonadotropic
hypogonadism) POLR3B 29 152,541 5,905
Metachromatic leukodystrophy due to
SAP-b deficiency PSAP 15 35,028 3,723
RNASEH24 | 8 7,035 1,746
Aicardi-Goutiéres Syndrome RNASEH2B 12 60,783 2,878
RNASEH2C | 4 3,266 2,982
RNAse T2 deficient leukoencephalopathy | RNASET2 9 27,074 1,906
Aicardi-Goutiéres Syndrome SAMHD 1 16 60,020 4,071
SCPx deficiency SCP2 17 124,389 4,626
Sialic acid storage disorders SLCI7A45 11 60,636 3,820
SOX10-associated disorders SOX10 4 12,221 3,022
Multiple sulfatase deficiency SUMF1 9 106,138 1,607
Aicardi-Goutiéres Syndrome TREX1 1 1,816 1,856
Leukoencephalopathies
AIMP1 related disorder AIMP] 9 33,615 3,661
AMACR Deficiency AMACR 5 21,130 3,552
Leukoencephalopathy with ataxia CLCN2 15,508 4,353
Combined oxidative phosphorylation
deficiency 12 (COXPD12) EARS2 ? 35,363 4,395
Fatty Acid Hydr.oxylase-Assomated FAOH 7 61.874 2,729
Neurodegeneration
Muscular dystrophy-dystroglycanopathy | FKRP 4 12,530 3,748
(MDDG) FKTN 11 82,989 8,038
3-Hydroxy-3-Methylglutaryl-CoA Lyase HMGCL 9 23.583 2,062
Deficiency
HSPDI related disorder HSPDI
(or MitCHAP-60 disease) (HSP60) 13 13,691 3,024
Cerebral Autosomal Recessive
Arteriopathy with Subcortical Infarcts HTRAI 9 53,384 2,634
and Leukoencephalopathy (CARASIL)
Congenital Muscular Dystrophy (CMD) LAMA2 65
(MDC14) 633,425 12,717
o-dystroglycanopathies LARGE 16 647,355 4,923
Mucolipidosis type IV MCOLNI 14 11,400 2,916
POMGNTI 23 31,625 4,828
a-dystroglycanopathies POMTI 20 20,905 4,380
POMT? 21 45,927 6,040
Dihydropterine reductase (DHPR) ODPR 7 25.842 1,993
deficiency
Allan-Herndon-Dudley syndrome SLC1642 6 112,437 4,381
Epileptic encephalopathy, early infantile | SPTANI 57 81,109 10,771
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) TREM?2 5 4,681 1,200
Nasu Hakola Disease TYROBP 3 3,909 933
SRY 1 897 937
Total 897 4,118,102 | 281,613

Table 19: List of targeted genes mostly implicated in leukodystrophies, but also in
leukoencephalopathies.

2. Cohort Description

135 patients were included in total, with any type of leukodystrophy on basis of MRI
analysis. Our cohort was rather even in terms of sex distribution (78 males, 57 females; see Table
18). Fifteen patients were positive controls (mostly females), i.e. had a molecular diagnosis prior to
inclusion and served as proof of concept. For all remaining patients, inclusion criteria were based
upon non-extensive prior molecular investigation and availability of DNA from both parents, and
ideally of other family members. Most patients were recruited through the European

Leukodystrophy consortium, and clinical features were extensively and consistently provided.

3. Proof of principle yield

Among the 15 samples with known mutations, we were able to detect mutations in 13/15.
One heterozygous mutation was missed because it was located in the non-targeted 5’UTR region of
GJC2. We were not aware of such recurrent mutation at the time of the design otherwise this region
would have been targeted as well. Another heterozygous mutation in DARS2 was missed by the
variant calling pipeline due to misalignment on the reference genome. The second version of the
pipeline now detects this indel correctly, which is of particular importance since it is one of the
recurrent DARS2 mutations. We also detected correctly three large structural variants: one
hemizygous duplication of PLPI, one heterozygous triplication of PLPI in a female (Figure 32),
and one heterozygous deletion encompassing both ARS4 and MLC! (Figure 33), which was in fact
a translocation. We could not map the exact breakpoints of the deletion since we did not have
enough targeted genes on that chromosome. Interestingly, we also detected mutations that differed
from the ones originally proposed by the clinicians. In one patient with only a single heterozygous
missense mutation (c.274C>T, p.Pro92Ser) in MLC1, we detected a second heterozygous splice site

mutation (c.177+1G>T, p.?) that had been missed by Sanger sequencing.
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Figure 32: Illustration of a heterozygous triplication of PLPI in patient CRN163.

A. Comparison of the depth of coverage between patient CRN163 (red) and the mean of 8 random patients
from the same sequencing run (black); B. Log?2 ratio of the fold change (mean/CRN163) demonstrating the
presence of a heterozygous triplication of PLP1 (values close to -1).

In another patient, which was initially sent for a homozygous missense mutation
(c.1151C>T, p.Pro384Leu, 1rs41272687) in CYP27A1 (the diagnosis of cerebrotendinous
xanthomatosis being suspected on the basis of a high cholestanol in serum), we detected a
heterozygous frameshift mutation in PLPI (c.37 38insA, p.Gly13Glufs*26). The initially reported
CYP27A1 missense variant was not in our final list of candidates, and had been filtered out by some
of our criteria. The missense mutation had already been reported in the literature in patients, but
when looking at its frequency in the Exome Variant Server, it was reported in 237 carriers, and 2
individuals at the homozygous state. Its overall MAF is of 1.9%, which is far too frequent when
compared to the incidence of the disease in the general population (and was bypassing our filtering
criteria, requiring a MAF<0.4% in EVS). A total of 0.04% individuals would be homozygous for
this variant, which is already more than the frequency of the disease itself. In sight of these new
findings, the clinical data were reviewed and appeared compatible with a PLP/ mutation in a

female.
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Figure 33: Illustration of a heterozygous deletion encompassing ARSA and MLCI in patient
CRN147.

A-B. Comparison of the depth of coverage between patient CRN147 (red) and the mean of 8 random patients
from the same sequencing run (black) in MLCI (A.) and ARSA (B.); C. Log2 ratio of the fold change
(mean/CRN147) demonstrating the presence of a heterozygous deletion of ARSA (values close to 1). The
corresponding graph for the log2 ratio of MLC1 had a highly similar profile (data not shown).

4. Diagnostic yield

Among the 120 patients without known molecular diagnosis, 20 carried certainly causative
mutations and 10 probably or possibly causative mutations for an overall diagnostic yield of 17-
25%. The overall diagnostic yield was similar between males (12/76, 16%) and females (8/44,
18%). Most mutations were identified in autosomal recessive genes (14/20), a few in all three X-
linked genes included in the design, and only a single one in the autosomal dominant gene GFAP.
Among the five mutations in the X-linked genes, 4/5 were detected in males. Two mutations (one
hemizygous entire deletion of the gene and one hemizygous full duplication of the gene) were
reported in PLPI, two in SLC16A42 (one hemizygous frameshift mutation, one hemizygous splice
mutation) and one missense variant in ABCDI. Among the other genes EIF2B2, POLR3A, POLR3B
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were hit twice in the cohort and RNASEH2B was hit four times, each time involving the recurrent

mutation (c.529G>A, p.Alal77Thr) either at heterozygous or homozygous state.

Positive i iti i ic (n= .
il controls With positive diagnostic (n=21) Yield (per

Gender | (n=135) _ category)

(n=13) Xlinked Autosomal | Autosomal

enes recessive dominant | Total
g genes genes

Male 78 (58%) 2 4 8 0 12 12/76 (16%)
Female 57 (42%) 13 1 6 1 8 8/44 (18%)
Total 135 15 5 14 1 20 2017120 (17%)

Table 20: Cohort description and diagnostic yield per category.

One interesting finding is the report of two variants affecting the same aminoacid residue
Thr567 in CSFIR, implicated in hereditary diffuse leukoencephalopathy with spheroids (HDLS;
(Rademakers et al., 2012)). One is inherited from the father, and reported in two unaffected
brothers. Nonetheless, in sight of the clinical presentation of the proband CRN206 (maniac
depression, apraxia and severe gait disturbances reflecting a diffuse leukoencephalopathy with an
onset of 20 years old) the implication of CSFIR seems highly probable. The other proband
(CRN198) presents with an adrenal insufficiency and a motor neuron disease with demyelination, of
onset at 30 years of age. The clinical spectrum associated with CSF'/R mutations is very vast, from
less severe symptoms of speech disorders, to cognitive impairment, depression, gait disturbances or
epilepsy (Rademakers ef al., 2012). The age of onset of the disease is also highly variable (from 23
to 78 years old), which prevents from considering any carrier individual as definitively healthy.
Also, a large intrafamilial variability is often reported. Within 6 years after the onset of the disease,
patients often die of dementia. HDLS patients may be clinically diagnosed as frontotemporal
dementia, Alzheimer disease, multiple sclerosis, Parkinson disease or CADASIL. MRI analyses are
initially characterized by asymmetrical patchy abnormalities within the white matter, but that
progress towards a confluent and symmetrical pattern. Carriers of the probably pathogenic missense
that appear to be unaffected shall undergo MRI analyses, which would give better insights on the
nature of this variant. The co-segregation analyses of the second missense will also shed some light
in this regard.

Another intriguing finding is the full duplication of MBP in a patient (Figure 34). Indeed,
MBP is mainly implicated in the 18q deletion syndrome, characterized by ID, cerebral
abnormalities and congenital malformations (cardiac and skeletal defects, dysmorphic features, etc).
Due to its function (encoding the myelin-basic proteins, second most abundant CNS myelin protein
after PLP), MBP has been considered as a reasonable candidate to explain the dysmyelinating
disorder observed in many patients with the 18q syndrome. The recurrent reports of full

duplication/deletion of PLPI in patients with Pelizacus-Merzbacher disease or spastic paraplegia
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type 2 fostered the testing of deletions/duplications of MBP in patients with undetermined
Leukodystrophies, which led to negative results (Vaurs-Barriere et al., 2006).

LG B Sex | Gene Mutation Inheritance P
ID status

X-linked genes

CRNI154 |F PLPI c.37 38insA, p.Gly13Glufs*26 htz ? Certain
CRNI193 |M |PLPI Full deletion, hemz Inherited Certain
CRN284 |M |PLPI Full duplication, hemz ? Certain
CRN238 |M SLCI16A42 c.1621+2T>C, p. ?, hemz Inherited Certain
CRN271 |M  |SLCI6A42 c.534 549del, p.Phel79Alafs*20, hemz | ? Certain
CRN299 |F ABCDI c.896A>G, p.His299Arg, htz ? Possible
Autosomal recessive genes

CRN214 |M |ALDH3A2 c.25 50del, p.Arg9Alafs*36, hmz ? Certain

> + i

o ¢ o |DRTO s s et
CRN211 |F EIF2B2 ¢.512C>T, p.Ser171Phe htz + 9 Certain

¢.570del, p.lle190Metfs*2, htz

¢.638A>G, p.Glu213Gly, htz +
CRN249 |M |EIF2B2 ¢.599G>T, p.Gly200Val, htz. ? Certain
Both variants are in trans

¢.318A>T, p.Leul06Phe, htz +

RN296 |F EIF2B ? i
CRN29 . ¢.338G>A, p.Argl13His, htz Certain
CRN175 |F MLCI c.177+1G>T, p.?, hmz ? Certain

¢.2434G>A, p.Gly812Ser, htz + Inherited from .
CRN216 \F | POLR3A ¢.1988T>C, p.Ile663Thr, htz cach parent | CoTAIM
c.1045C>T, p.GIn349*, htz + .
2 b ()
CRN277 |M | POLR34 ¢2360-3C>G, p. 7. htz ? Certain
¢.1568T>A, p.Val523Glu, htz + o .
CRN253 |M | POLR3B ¢.2084-6A>G, p.2, htz ! Certain
¢.385C>T, p.Argl29Trp, htz + o .
CRN244 |M | POMGNTI ¢.636C>T, p.=. Both are in trans ’ Certain
CRN192 |M |RNASEH2B |¢.529G>A, p.Alal77Thr, hmz ? Certain
¢.529G>A, p.Alal77Thr, htz + o .
CRN257 IM I RNASEHZB 1 ¢ 136del, p.Glyd6Glufs*18, htz ' Certain
CRN274 |M |RNASEH2B |¢.529G>A, p.Alal177Thr, hmz ? Certain
CRN297 |F RNASEH2B | ¢.529G>A, p.Alal77Thr, htz + ? Certain
POLR3B: ¢.2899A>C, p.Ser967Arg,
POLR3A4 or  |htz +¢.1346T>C, p.Leud449Pro htz
’ ?
CRN266 \M |\ pOLR3B | POLR3A: ¢.1745G>A, p.Arg582His, |- Probable
htz + ¢.2534C>T, p.Thr845lle, htz
¢.535A>G, p.Thr179Ala htz + .
’ ?
CRN172 |M | FKRP ¢.1043T>G, p.Leu348Arg htz ’ Possible
CRN241 |M |LAMA2 c.8357G>A, p.Arg2786His, htz + ? Possible
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c.6128A>G, p.GIn2043Arg htz
LAMA2: ¢.2512G>A, p.Gly838Arg , htz
Liror | SSHECT P T
CRN285 |M | SOXI0 or T ’ ? Unlikely
SPTAN] p-Arg258Leu, htz
SPTANI (dominant): ¢.2197C>G,
p.-Arg733Gly, htz
Autosomal dominant genes
CRN174 |F GFAP ¢.235C>T, p.Arg79Cys, htz de novo Certain
CRN267 |M |SPTANI ¢.1534T>G, p.Phe512Val, htz ? Probable
CRNI198 |F CSFIR c.1699A>G, p.Thr567Ala, htz ? Possible
CSFIR: c.1700C>T, p.Thr567Met, htz .
CSFIR or ’ ’ Inherited (Pa), .
CRN206 (M GBEI (or GBEI: c.1618+3_1618+6del, p.2, | W "o o (Ma) Possible
htz +?)
: >
SPTANI or SPTANI: ¢.6728C>G, p.Ser2243Trp, '
CRN235 (F  |'yepp; htz ? Possible
HSPDI: c.185T>C, p.Val62Ala, htz
CRN208 |M |SOXI10 c.782G>A, p.Arg261His, htz ? Unlikely
CRN264 |M |SPTANI ¢.7309-12_7309-11del, p. ?, htz ? Unlikely
Single allele in autosomal recessive genes
CRN204 |F GBEI c.691+2T>C, p.?, htz + ? ? VOUS
MBP: full duplication
CRN199 |M | MBP or ARSA | ARSA: ¢.109 116del, ? Possible
p-Asp37Leufs*36, htz + ?
CRN200 |M | PEXI ¢.2097dup, p.11e700Tyrfs*42 htz + ? ? VOUS
CRN273 |M |POLR3A ¢.3013C>T, p.Argl005Cys, htz + ? ? Possible
CRN239 |M | POLR3B c.1568T>A, p.Val523Glu, htz + ? ? Unlikely
CRN270 |M |RNASEH2B |¢.529G>A, p.Alal77Thr, htz + ? ? VOUS
CRN278 |M |RNASEH2C |c.404del, p.Glul35Glyfs*14, htz + ? ? VOUS
CRN258 |M |SAMHDI c.2T>A, p.Metl?, htz, +? ? Unlikely
Table 21: Candidate variants detected by NGS in 122 patients with undetermined

leukodystrophies.

M: male; F: female; in bold: previously reported mutations in other patients; ?: co-segregation analyses
pending; VOUS: variant of unknown significance.

The report of a duplication of MBP appears very unusual: some 18q23 duplications have

been reported but never encompassing MBP. No structural variants affecting the full length MBP

are reported in the database of genomic variants (DGV) except one duplication encompassing the

last three exons of the longest MBP isoform (Xu et al., 2011). Co-segregation analyses of this CNV

along with the mapping of the breakpoints will demonstrate whether gene expression may be

disrupted or not and provide more insights regarding its putative impact.
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Figure 34: Illustration of the duplication of MBP in patient CRN199.

A. Comparison of the depth of coverage between patient CRN199 (red) and the mean of 8 random patients
from the same sequencing run (black); B. Log2 ratio of the fold change (mean/ CRN199) demonstrating the
presence of a heterozygous duplication (values close to -0.5).

Lastly, we also identified single truncating alleles (splice site disruptions, frameshift
variations or start loss) at the heterozygous state in six patients (CRN206, CRN204, CRN199,
CRN200, CRN278 and CRN258 in GBEIxX2, ARSA, PEX1, RNASEH2C and SAMHD1 respectively)
in autosomal recessive genes. We posit that either we missed the second mutation (located in a non
targeted region), either there might be a polymorphic allele in trans suggesting a hypomorphic
mechanism such as in TAR syndrome (Albers et al., 2012), or that there might exist some dominant
forms associated to some of these genes (which does not seem plausible at least for ARSA4, due to
the frequency of the pseudodeficiency allele). The co-segregation analyses will permit us to

conclude at least regarding the last hypothesis.
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5. Clinical findings

PLP]

CRN193 carries a full hemizygous deletion of PLPI and is now 24 years old. He presents
with a general psychomotor retardation and regression with a spastic tetrapyramidal syndrome. He
presented delayed seating and standing acquisitions, and never acquired walking. In early infancy,
he was operated for vesicoureteral reflux. Since 15 years old, he cannot reach the vertical position.
He also had many urinary tract infections. He now moves with an electric wheelchair, and is less
and less interacting socially. His status seems to progressively deteriorate. MRI analyses show
diffuse bilateral white matter abnormalities, sparing the basal ganglia and association fibers. He
undertook an extensive metabolic balance that appeared normal (arysulfatase, hexosaminidase,
alphagalactosidases, galactosylceramides, very long chain fatty acid; sialic acid, folate and
neurotransmitters levels in CSF). The only abnormal finding was high sulfatides level in urine. He
also had multiple nevi requiring dermatological monitoring. He has three healthy brothers and
sisters. His sister’s son presents at 15 months old some neurological symptomes, with

developmental delay and convulsions. He will hence be tested for the deletion of PLP]I.

CRN-284 is a male of 25 years-old, who was first hospitalized at 6 months of age for a
severe hypotonia, developmental delay and nystagmus. An MRI analysis at 16 months of age
demonstrated a diffuse abnormality of the white matter, evocative and compatible with Pelizaeus-

Merzbacher disease.

SLCI16A42

CRN-238 is a male of 24 years-old presenting with major hypotonia and speech delay. MRI
analysis demonstrates a delayed myelinisation without cerebellar syndrome. Intellectual disability is
not mentioned. One brother presents with similar clinical features. The mutation is maternally
inherited, and detected in both affected brothers.

CRN-271 is a male of 20 years-old, with an early-onset major hypotonia, epilepsy and
nystagmus. Intellectual disability is not mentioned. A maternal uncle died of unknown cause at 15

months of age. MRI analysis in the proband demonstrates hypomyelination.

RNASEH2B

CRN-192 carries the recurrent mutation (¢.529G>A, p.Alal77Thr) at the homozygous state,
although the parents are not supposedly consanguineous. Both are Moroccan but from distinct
regional origin. There is no other familial history of neurodevelopmental disorders. The patient
acquired walking at 13 months, so without particular delay. At the same age, he developed an

episode of intense fever without apparent infectious origin that persisted for a month. The first
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neurologic symptoms appeared at 22 months-old, when he developed gait disturbances, with
recurrent falls, and speech delay. MRI analyses showed hyperintensity of the periventricular white
matter with a discrete enlargement of the lateral ventricles and thinning of the corpus callosum. No
other abnormalities were noted among all other tests (electromyography, electroencephalogram,
auditory and visual tests, CPKs, metabolic tests). At 33 months old, IRM showed no evolution, with
similar abnormalities of white matter. At 5 years old, the patient presents with a stable pyramidal
syndrome of lower limbs. His legs are a little stiff when walking, resulting in still a few falls. There
are no apparent learning disabilities and correct speech capacities despite of the initial delay. The

patient presents now with a phenotype of stable spastic paraplegia.
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I1I- Discussion

Leukodystrophies are a large group of genetically heterogeneous disorders with poor
diagnostic yield in patients when no evident imaging, metabolic or morphological clue is detected.
The proposed method of targeted sequencing of 68 genes implicated in leukodystrophies or
leukoencephalopathies in a cohort of 120 patients without molecular diagnosis led to a diagnostic
yield of 17-25%. Most of the detected mutations are located in autosomal recessive genes, but most
reported genes associated to leukodystrophies and leukoencephalopathies are associated with an
autosomal recessive mode of inheritance. With only 3 X-linked genes included in our design, we
detected mutations in patients in all three of them highlighting their importance. A single causative

mutation (and two putative, in CSF/R) was detected in autosomal dominant genes.

Interestingly, several genes were hit more than once, with a particular recurrence of
mutations in the Aicardi-Goutiéres syndrome gene RNASEH?2B, reported in 4/120 patients (i.e. 3%,
95% confidence interval: 0.6-6%). In all patients, RNASEH2B mutations invariably involve the
recurrent mutation p.Alal77Thr at either heterozygous or homozygous state. Other genes such as
the X-linked genes PLP1, SLC16A2 or the autosomal genes EIF2B2 and POLR3A were also hit at
least twice. Such genes might be more recurrent leukodystrophy genes, which will be confirmed by
studying larger cohorts of patients. Alternatively, the clinical spectrum associated to some genes
may have been incomplete, and the patients of our cohort may represent one end of the spectrum
with atypical clinical features that were not considered initially as related to mutations in those

genes.

Regarding the relevance of the targeted sequencing approach, this design is almost exclusive
concerning the reported leukodystrophy genes. In sight of the substantial proportion of patients
without mutations in those genes, we can issue several assumptions. First, many leukodystrophy
genes remain to be discovered, which explains why we do not find mutations in many patients.
Second, the presumed white matter disorders primary involving glial cells or myelin abnormalities
reported in those patients might be hardly distinguishable from those where the white matter defects
are secondary and result from neuronal involvement or other systemic manifestations. Indeed, many
genetic and mitochondrial leukoencephalopathy genes were not included in our design. Although
most patients with positive diagnosis carry mutations in leukodystrophy genes, two of them carry
mutations in SLCI6A2 responsible for Allan-Herndon-Dudley syndrome, which was initially
identified as gene associated to severe ID and later associated to white matter defects. Both patients
were still addressed for a leukodystrophy diagnosis, based on MRI findings. We thus posit that this
rather low (or insufficient) diagnostic yield may be due to the non-specific clinical feature of white-
matter defects, as detected by MRI. Although a few leukodystrophy disorders demonstrate highly
specific MRI patterns (e.g. butterfly pattern in metachromatic leukodystrophy, characteristic pattern
in Krabbe disease), the others might be confounded with non primary white matter defects, reported

in patients with spastic paraplegia, epileptic syndromes, or ID. It would be interesting for instance
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to screen some of the negative patients presenting with additional cognitive defects with our
targeted ID panel.

The diagnostic yield of this approach is still significant. The main interrogation is: what
would be the diagnostic yield in cohorts of leukodystrophy patients if performing exome
sequencing instead? The implementation of exome sequencing on negative patients from our cohort
would answer to both our hypotheses, either many patients carry mutations in novel leukodystrophy
genes or many patients carry mutations in known genes associated to secondary white matter
defects. If the first hypothesis proved to be correct, another updated targeted design could be tested
in order to compare both diagnostic yield, and estimate the proportion of novel genes left to
discover. In any case, the results of such large-scale exome study will shed much light on the
genetics of leukodystrophies, and delineating precisely the boundary of primary white matter

disorders.
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During my PhD, I developed targeted next-generation sequencing to test its efficiency as an
alternative method for the molecular diagnosis of three different disorders (or group of disorders):
Bardet-Biedl and Alstrém syndromes, intellectual disability, and leukodystrophies. I analyzed over
400 patients with this method (164 patients with BBS or other related ciliopathies, 106 patients with
ID and 135 in Leukodystrophies). A positive diagnostic identifying the genetic etiology of the
disease could be reported via the diagnostic laboratories of Strasbourg University Hospital or of
Robert Debré in 125 patients (79 patients with Bardet-Biedl or Alstrém syndrome, 26 patients with
ID, 20 patients with leukodystrophy). Obtaining a molecular diagnosis is primordial for patients and
families since it marks the end of a laborious diagnostic search and of a long phase of
misunderstanding and guilt regarding the disease of a close relative. It can also have major
consequences on the medical prognosis and care of patients, and can even indicate therapeutic
options. At the broader level of the family, it is the first step towards genetic counseling, allowing

the calculation of recurrence risks.

The overall diagnostic yield reached with targeted NGS in all three disorders is nonetheless
variable. For a disorder of relative genetic heterogeneity and specific clinical manifestations like
Bardet-Biedl syndrome, the diagnostic yield is as high as 81% in patients that comply with the
diagnostic criteria. For such disorders, targeted NGS seems a highly efficient method to implement
in routine diagnostic settings. For disorders of much more extensive genetic heterogeneity, and with
larger clinical variability such as intellectual disability or leukodystrophies, the diagnostic yield
reached with targeted NGS is much lower (25% and 17% respectively). To assess whether the
implementation of targeted NGS is relevant in such disorders, a comparison with the efficiency of
alternative diagnostic methods is required. While for the molecular diagnosis of intellectual
disability targeted-NGS still seems to be a reasonable approach, for the one of leukodystrophies it
still needs to be compared to the efficiency of other strategies such as exome or full genome

sequencing.

As illustrated throughout this manuscript, the emergence of next-generation technologies has
tremendously improved our understanding of the genetic causes of many genetically heterogeneous
disorders. Soon, multifactorial disorders will also benefit from this technology. Whether NGS
technologies are ‘the’ ultimate solution or not will be proven within the next few years. Targeted
sequencing seems to be a relatively efficient approach for disorders of limited genetic heterogeneity
or of homogeneous clinical entity. As long as it remains of much higher throughput, higher quality,
and lower costs than exome sequencing, targeted sequencing will remain the optimal choice for the
diagnosis of those disorders. However, the more exome sequencing will tend to perfection (i.e. with
an even and sufficient depth of coverage across all exons and with reduced costs) the more targeted
sequencing will become obsolete. Among other advantages, it will allow a universal
implementation whatever the condition (chromosomal and monogenic disorders, cancer genomics,
etc.), which will simplify considerably the task for diagnostic laboratories. The diverging point will

be at the bioinformatic pipeline step, requiring various strategies to handle the data depending on
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whether single nucleotide variants, indels, structural variants, mosaic or multiple events are sought.
Deciphering the putative oligogenic model of neurodevelopmental disorders for instance will
depend on our capacity to develop accurate and pertinent programs to model the oligogenic scenario

and then process and analyze the data.

The same requirements apply for full genome sequencing. At the very emergence of next-
generation sequencing technologies, the throughput of sequencers was considerably restricting their
application for full genome sequencing. Using the initial NGS machines, the first human genome
was sequenced in two months at a depth of coverage of less than 10X (Wheeler et al., 2008). Now,
a full genome can be sequenced in a single run in as little as a day using the ultra high throughput
HiSeq2500 sequencer from Illumina. The limitations now lie in our capacity to interpret the
generated data. For now, we are only able to interpret mostly variants located within coding regions,
which means that in a full-genome we are only able to analyze 1.5% of the data corresponding to...
the exome. This is the reason of the slow inertia associated to full genome projects. However, some
teams do advocate full-genome sequencing instead of exome-sequencing for prenatal diagnosis,
particularly since reducing the sample processing time (i.e. removing the enrichment step)
delivering the results more rapidly, and leading to a more even representation of exons than in
exome sequencing by eliminating the bias introduced with the enrichment step (Saunders et al.,
2012). One of the major challenges within the next decade in human genetics lies in our capacity to
understand and model the impact of variations, and the application of this through the development
of bioinformatics programs capable of analyzing and interpreting complex data from well-defined

patients with full genome sequencing.

A prior requirement will nonetheless be to gather and share accurate and extensive clinical
information for each patient analyzed. Indeed, it is currently one of the obstacles the community is
facing with the development of large public databases overflowing with variants detected by
massive high-throughput sequencing studies, where returning to the phenotype and clinic of the
person carrying a variant is impossible. This precludes accurate interpretation of the impact of a
particular variant on an individual’s phenotype. The development of a database of SN'Vs and indels
on the model of the DGV (database of genomic variants) database is necessary, with even more
extensively detailed clinical manifestations. For instance, in ID where there are over 300 genes
identified, we can consider that there are approximately the same number of rare disorders or
syndromes. The rarity of each disorder in terms of affected patients complicates considerably the
studies of genotype-to-phenotype correlations, or the evaluation of efficacy of specific pre or post-
symptomatic treatments under development. An extensive clinical evaluation and report would be
therefore crucial for both, but are often not available because of the limited time available for
clinicians to this task for each patient. One alternative that we are currently trying to develop and
we feel would be much more efficient, is ‘patients-oriented’ databases. In such databases, the
clinical features would be provided by patients’ families who presumably would find those highly

valuable and may be highly motivated in providing such information. The approach was already
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proven successful in GWAS and clinical discovery for Parkinson’s disease, type 2 diabetes and
other medical phenotypes (Do et al., 2011; Tung et al., 2011; Wicks et al., 2011). In clinically
heterogeneous disorders, such databases would allow refining clinical features associated with a
particular rare gene defect. In genetically heterogeneous or multifactorial disorders such as ID or
ASD, that information would be of high value to recruit patients for a global treatment proposed for
ID or ASDs that are often consider as a single clinical entity, and then to follow on a longitudinal
manner the putative benefits or negative effects of the treatments according to each particular gene
defect. Indeed, one treatment might be highly efficient for many gene defects, but inefficient in
another. The development of such complete ‘genotype + phenotype’ public databases appears

essential and would open the way towards personalized medicine.

Assuming we overcome these huge challenges leading to a comprehensive understanding of
genetic variants and their implication in disease, what comes next? In which way will societies
incorporate NGS technologies in daily lives? In the same line as the Gatfaca movie (which was
rather visionary for 1997) one of the obvious short-term outcomes is the routine implementation of
prenatal exome (or full genome) sequencing to select against genetic disorders. This will hopefully
be tightly controlled (in some countries) by ethical laws and jurisdictions and will only allow
terminating pregnancies when the impact on the fetus’ genotype is associated with high probability
to a severe and incurable disorder. Another outcome that might soon be proposed by private
companies would be performing exome sequencing in couples to determinate whether they are
‘genetically compatible’ or not. For instance, if both carry a heterozygous mutation in a same gene
associated to an autosomal recessive monogenic disorder they may be advised to monitor the
pregnancy for the apparition of suspicious signs or simply perform Sanger (or exome) sequencing to
screen the gene of concern. Pre-conception screening is already systematically done for high
prevalence diseases in some countries (e.g.: B-thalassemia in Cyprus). I believe that, as time will
pass, our way of selecting against disorders will become more and more stringent (since our
understanding will increase more and more regarding the impact of each genetic variation). The null
risk for genetic disorders will nonetheless probably never exist, since there will always be de novo
mutations or structural rearrangements occurring or epigenetic modifications that will lead to

disorders that we will not have yet fully understood.

In parallel, as we unravel the genetics of many disorders, developments on therapeutic
research evolve rapidly, highlighting therapeutic targets or molecular therapeutic tools, but still
rarely leads to effective treatments. For instance, in Fragile-X syndrome, the better understanding of
FMRP function and its mRNA targets led to the identification of several therapeutic targets
currently under clinical trials: the use of some mGluRS5 antagonists suggested modest (and uneven)
clinical benefits, and some are under phase III clinical trials (Berry-Kravis et al., 2009; Jacquemont
et al., 2011); the use of GABA, and GABA} agonists although proved efficient in FXS animal
models still remained to be proved efficient in human, and was under a large-scale phase III clinical

study that was stopped (Berry-Kravis et al., 2012); matrix metalloproteinase agonists were also
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tested in human and suggested to efficiently improve cognitive, language and behavioral defects
(Utari et al., 2010). Nonetheless, the evaluation criteria in clinical trials mostly involve behavioral

or physiological parameters, and never evaluate their impact on cognitive function.

Another neurodevelopmental disorder, X-linked adrenoleukodystrophy (ALD), was a pioneer
disease for testing and proving the efficiency of bone-marrow transplantation (Aubourg et al., 1990)
and later of gene therapy using lentiviral vectors (Cartier et al., 2009). Treatments with other
compounds such as valproic acid usually used as an antiepileptic have also been proposed
(Fourcade et al., 2010; Salsano et al., 2012). Nonetheless, forty years after its first suggestion
(Friedmann and Roblin, 1972), apart for ALD very few gene therapies have been approved and
proposed for routine treatments of genetic disorders (Leber congenital amaurosis, and severe
combined immunodeficiencies; (Maguire et al, 2008; Fischer et al, 2010)). One recent
breakthrough theoretically opening new therapeutic hopes for Down syndrome patients is the
success of inactivation of one extra-copy of chromosome 21 in patients’ stem cells using genome
editing (Jiang et al.,, 2013). This inactivation of the supernumerary chromosome already
demonstrated efficiency in in vitro studies and opens new therapeutic avenues using ‘chromosome
therapy’, if used at embryonic stages. Nonetheless, in child or adult patients, i.e. at postnatal stages,
this option does not appear possible since every cell of the patient (especially the ones from the

CNS) would need to inactivate their supernumerary chromosome to stop the disease.

Other research seem to move towards molecular therapeutics and personalized medicine using stop-
codon read-through, exon-skipping or genome editing approaches. Some are under preclinical or
clinical trials. Stop codon read through and exon skipping strategies aim at forcing the production of
a protein whose encoding transcripts are otherwise rapidly degraded due to nonsense-mediated
mRNA decay in patients’ stem cells. Both approaches are under clinical trial for Duchenne
muscular dystrophy, but appear deceptive at first sight (Bhagavati, 2014). The genome editing
approaches (using CRISPR, zinc finger nucleases or TALEN) aim at correcting a point mutation, by
replacing a nucleotide to change a premature stop codon into another amino acid residue. Such
genome editing was recently proven to be efficient on primate embryos (Niu et al., 2014).
Nonetheless, this approach only seems to be applicable at embryonic stages, or for genetic disorders
in which a specific type of cells is affected (e.g. autoimmune diseases). Altogether, the development
of efficient therapeutic strategies for genetic disorders thus appears to be of low yield (e.g. Lesch-
Nyhan syndrome, characterized in 1968, first gene therapy trials in animals in 1984, still no
treatments available 30 years late ; (Kelley, 1968; Miller et al., 1984)). We can posit that the future
implementation of routine exome/genome prenatal screening might outstrip the usefulness of these

therapies, making them obsoletes.

Supposing a therapy is found for one particular disorder, for which prenatal diagnosis was
previously accepted, how do the laws evolve in regard of this particular disorder? Are prenatal

diagnoses still authorized or not? The requirements for prenatal diagnosis in France, according to
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the French law are the following: ‘there should be a high probability that the unborn child suffers
from a disorder of particular gravity recognized as incurable at the moment of diagnosis.” Severe
disorders for which therapeutic options exist should not therefore be accepted as the object of
prenatal diagnoses’ demands. Nonetheless, when consulting the figures related to the disorders for
which prenatal diagnoses were performed in France over the last few years, some disorders such as
hemophilia or Sickle-cell disease appear (15 and 22 medical abortions respectively in 2011; Agence
de Biomédecine source), confirming that the answer remains not so evident. Also, as prenatal
diagnoses are controlled in France by regional pluridisciplinary expert commissions, the acceptation
of prenatal diagnosis demands may vary from one to another center, leading to what we could call
‘clinical tourism’ (i.e. families presenting demands successively to several regional commissions). |
feel that there should be homogeneous guidelines providing with a clearer definition regarding what
is a ‘severe’ disorder, in order to provide a homogeneous and less subjective consideration for

prenatal diagnoses in France.

To conclude, next-generation sequencing is a fantastic tool that opened the way towards
novel diagnostic approaches. For patients, molecular diagnosis is the first step towards genetic
counseling but also personalized medicine and therapeutic options, whether they are gene therapies,
molecular therapeutics or pharmacologic treatments. Nonetheless, the generalization of the

application of NGS as a diagnostic or preventive tool raises many ethical issues.
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Appendix 1: DPYI9L2 deletion as a major cause of
globozoospermia.

Koscinski I*, Elinati E*, Fossard C, Redin C, Muller J, Velez de la Calle J, Schmitt F, Ben Khelifa
M, Ray PF, Kilani Z, Barratt CL, Viville S.

Aim of the study: Reporting DPY19L2 deletions in four consanguineous families as responsible for

the globozoospermia phenotype in affected males, and dissecting the underlying mechanism
responsible for those recurrent duplications.

Contributions: Minor. Performed bioinformatic mining to understand the molecular mechanism
responsible for the DPY/9L2 deletions recurrently observed in patients. Analyzed and identified
two Alu elements within flanking LCRs, suggesting a nonallelic homologous recombination
(NAHR) mechanism. Wrote the findings accordingly.
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REPORT

DPY19L2 Deletion as a Major Cause of Globozoospermia

Isabelle Koscinski,1:211 Elias Ellnati, 21! Camille Fossard,2 Claire Redin,? Jean Muller,2:3
Juan Velez de la Calle,* Frangoise Schmitt,> Mariem Ben Khelifa,é Pierre Ray,®7.8 Zaid Kilani,?
Christopher L.R. Barratt,1© and Stéphane Viville!.2*

Globozoospermia, characterized by round-headed spermatozoa, is a rare (< 0.1% in male infertile patients) and severe teratozoospermia
consisting primarily of spermatozoa lacking an acrosome. Studying a Jordanian consanguineous family in which five brothers were diag-
nosed with complete globozoospermia, we showed that the four out of five analyzed infertile brothers carried a homozygous deletion of
200 kb on chromosome 12 encompassing only DPY19L2. Very similar deletions were found in three additional unrelated patients, sug-
gesting that DPY19L2 deletion is a major cause of globozoospermia, given that 19% (4 of 21) of the analyzed patients had such deletion.
The deletion is most probably due to a nonallelic homologous recombination (NAHR), because the gene is surrounded by two low copy
repeats (LCRs). We found DPY19L2 deletion in patients from three different origins and two different breakpoints, strongly suggesting
that the deletion results from recurrent events linked to the specific architectural feature of this locus rather than from a founder effect,
without fully excluding a recent founder effect. DPY19L2 is associated with a complete form of globozoospermia, as is the case for the
first two genes found to be associated with globozoospermia, SPATA16 or PICK1. However, in contrast to SPATA16, for which no preg-
nancy was reported, pregnancies were achieved, via intracytoplasmic sperm injection, for two patients with DPY19L2 deletion, who

then fathered three children.

In a previous work, we described the identification of
a mutation in SPATA16 (MIM 609856) responsible for
a complete form of globozoospermia (MIM 102530) in
three affected brothers of an Ashkenazi Jewish family.!
We report here the involvement of DPY19L2 on chromo-
some 12 in cases of complete forms of globozoospermia.
Our study started with the analysis of a Jordanian family
of ten siblings, including two sisters and three brothers
who were naturally fertile (all of them having 3-7 children)
and five affected brothers with a complete form of globo-
zoospermia (Figure 1A). Intracytoplasmic sperm injection
(ICSI) was performed for the five brothers at the Farah
Hospital, Amman, Jordan, and despite a total of 20 cycles
there was only one single-term pregnancy, as well as two
miscarriages.? Because of the consanguineous marriage of
the grandparents, who were first-degree cousins, we postu-
lated that the genetic abnormality was transmitted as an
autosomal-recessive disorder. Four of the five affected indi-
viduals, Globol to Globo4 (IV-1 to IV-4 in Figure 1A), and
all three fertile individuals, brothers B1 to B3 (IV-5 to IV-7
in Figure 1A), consented to give blood samples for research
(Figure 1A).

We performed a genome-wide scan analysis of all seven
brothers, using 10K SNP arrays (Affymetrix Genechip).
Regions of homozygosity were defined by the presence of
at least 25 consecutive homozygous SNPs. We identified
a unique region of 30 homozygous SNPs shared by the

four affected brothers; the fertile brothers were heterozy-
gous for this region (Figure 1B). This region of about
6.4 Mb on chromosome 12 (positions 63060074 to
69409722, on the GRCh37/hg19 version of the human
genome, corresponding to SNPs rs345945 and rs2172989;
see Table S1 available online) contains 101 genes, 40 of
which are expressed in the testis, according to the UCSC
Genome Browser® (Table S2), and thus are potentially
involved in spermatogenesis. We selected DPYI9L2 as
the most plausible candidate gene because of its predomi-
nant testis expression and its potential involvement in
cellular polarization.* The spermatozoon is a highly polar-
ized cell, and the initial stages of spermiogenesis involve
polarization of the round spermatid. Functional studies
of DPY-19 (an ortholog of DPY19L2) in C. elegans high-
lighted its role in the establishment of polarity in the
migrating neuroblasts.* DPY19L2 is composed of 22 exons
and belongs to the DPY19L family® coding for proteins
harboring 9-11 predicted transmembrane domains. This
gene family, encompassing four genes and six pseudo-
genes, has a complex evolutionary history involving
several duplications and pseudogenizations.® In particular,
DPY19L2 stems from an initial duplication of DPY19L1
on chromosome 7, followed by a recent relocalization on
chromosome 12 in humans, leaving the initial copy on
chromosome 7 as a pseudogene (DPY19L2P1). This evolu-
tionary event may rely on the presence of low copy repeats
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Figure 1. Pedigree and Linkage Analysis of the Jordanian Family

(A) Jordanian pedigree showing second-degree consanguinity.

(B) SNP array results of the four infertile and three fertile brothers
for the region of chromosome12. Shared regions of homozygosity
are visualized by the HomoSNP software, which displays one
patient per line. The areas of homozygosity with 25 or more
SNPs are black, whereas homozygosity regions defined by 15-25
consecutive SNPs are gray. Regions of heterozygosity are light
gray. The four affected siblings, Globol to Globo4 (IV-1 to 1V-4),
share a region of homozygosity of 6.4 Mb on chromosome 12,
which is not shared by the three fertile brothers, B1 to B3 (IV-5
to IV-7).

(LCRs) surrounding the DPY19L2 locus (Figure 2A).
Because of the high level of conservation between
DPY19L2 and DPY19L2P1,° the design of DPY19L2-
specific oligonucleotides was complex. PCR conditions
were optimized for exons 2, 7, 9, 10, 13, 17, and 21, result-
ing in specific amplifications in controls but never in the
patients, suggesting a large deletion of the whole gene
(Figure 2B). In order to better characterize the two
described LCRs surrounding DPY19L2, we performed
a Blastn analysis® using a 100 kb region up- and
downstream of the gene. This approach revealed a highly
similar duplicated region (96.5% identity), corresponding
to the two identified LCRs (Figure 2B). The telomeric LCR
(named here LCR1) is 26,998 bp long and is located
upstream of exon 1 (64,119,249-64,146,247), and the
centromeric LCR (named here LCR2) is 28,200 bp
long and starts ~1000 bp downstream of exon 22
(63,923,419-63,951,619). In order to define as precisely
as possible the breakpoints within the recombined LCRs,
specific oligonucleotides were designed to walk on both
sides of the deletion (Figures 2B-2D and Table S4). This
allowed us to define a first target segment of 107 bp, which
we named DPY19L2-BP1. Further refinement is not
possible because of the high percentage of identity shared
by the two LCRs (Figure 2E and Figure S1). The exact size of
the deletion is 195,150 bp. All three healthy brothers B1,
B2 and B3 are homozygous wild-type.

The DPY19L2 deletion was then screened in 24 globo-
zoospermic patients from 20 independent families, origi-
nating from Algeria, France, Iran, Italy, Lybia, Morocco,
and Tunisia. Twelve of them had a complete form of globo-
zoospermia, and six had a partial form (defined as between
20% and 90% of the spermatozoa having round heads”).

For the remaining two, we did not have any detailed infor-
mation (Table 1). We found a similar deletion of DPY19L2
in three unrelated cases presenting with a complete form
of globozoospermia (Figures 2C and 2D), two cases origi-
nating from France (Globol7 and Globol8) and one
familial case from Algeria comprising two brothers
(Globo7 and Globo8). One of the French patients
(Globo17) had two children, born after ICSI treatment
(Table 1). We localized the breakpoints for all three
additional patients. For Globo18, the deletion breakpoints
are located, as suggested by the PCR walk (Figure 2D), in
the same 107 bp LCR area (DPY19L2-BP1) as that of the
Jordanian family. Both of his parents are heterozygous
for the deletion, as demonstrated by the possibility of
amplifying both the recombined region (i.e., absence
of DPY19L2) and exon 10 (i.e., at least one copy of
DPY19L2) (Figure 2C). The analysis of Globo7 and Globo8
allowed us to identify a different breakpoint, which we
named DPY19L2-BP2, (Figure 2D), in an area of 296 bp,
positioned 169 bp 3’ to the 107 bp area. Interestingly,
Globol7 is a heterozygous composite, because the two
different breakpoints (DPY19L2-BP1 and DPY19L2-BP2)
could be observed (Figure 2D). The analysis of his parents
showed their heterozygous status for the deletion and
allowed us to detect the two different breakpoints on
each allele. The maternal allele carries DPY19L2-BP2
and the paternal allele carries DPY19L2-BP1. For both
parents we could amplify exon 10, demonstrating the
presence of at least one copy of DPY19L2 (Figure 2C).
The deletion of DPY19L2 was not found in the homozy-
gous state in 105 European-descent males and 101 fertile
Jordanian males.

Several studies have reported copy-number variants
(CNVs) at the genome-scale level that are fully available
and searchable in databases such as the Database of
Genomic Variants (DGV).. DGV reports, in its latest version
(November 2010), 66,741 CNVs from 42 studies. At the
DPY19L2 locus, DGV references 29 CNVs that are described
by 12 different studies encompassing different ethnic
groups (Figure 3 and Table S3). Considering only the nonre-
dundant CNVs identified in non-BAC (bacterial artificial
chromosome) studies and those that are fully overlapping
DPY19L2, only five studies can be considered.®*'* The
detailed inventory of the CNVs revealed 64 duplications
and 22 heterozygous deletions out of 4886 patients studied,
whereas no homozygous deletion was reported (Table 2).
Interestingly, about three times more duplications than
deletions can be observed at this locus. This is surprising
because in most of the cases studied, deletions are more
frequent than duplications.'* We do not have a clear expla-
nation for this, but it would be of interest to determine
whether the heterozygous status is affecting male fertility,
which would explain the selection against deletion. The
frequency of heterozygous deletion in the surrounding
region of DPY19L2 is 1/222, implying an overall disease
risk of ~1/200,000 (see Table 2). Examining the localization
of the CNVs, one can observe that all deletion breakpoints
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Figure 2. Analysis of DPY19L2

107 bp
DPY19L2-BP1

296 bp
DPY19L2-BP2

(A) Schematic representation of DPYI19L2 flanked by two LCRs, LCR1 and LCR2. LCR1 is located upstream of the gene and LCR2
downstream. Different sequences were amplified on both sides of the gene in order to determine the breakpoints: “a,” “b,” and “c”
sequences are localized in LCR1, whereas “d” and “e” sequences are localized in LCR2. Mismatches between the two LCRs sequences
are represented by (*) in the 5’ side and by (.) in the 3’ side.

(B) PCR results of DPY19L2 exons and flanking regions. Patients Globol, Globo7, Globo17, and Globo18 are deleted for exons 2, 7, 9, 10,
13,17, and 21, whereas the positive control showed an amplification of all of these exons. All patients showed specific amplifications for
region “a” in LCR1 and region “e” in LCR2. Globo1 and Globo18 are missing region “b” in LCR1, which is not the case for Globo7 and
Globol7. Globo7 is the only patient missing region “d” in LCR2. A DNA ladder was included on both sides of each gel for accurate deter-
mination of the PCR band size.

(C) PCR of DPY19L2 breakpoints. This PCR was performed with the use of the “LCR1a forward” and “DPY19L2-BP reverse” primers
(Table S4). The four globozoospermic patients showed a fragment of 1700 bp. The fertile brother (B1, IV-5 in Figure 1A) is homozygous
wild-type, because no fragment was amplified, whereas parents of Globo18 (P1 and P2) and Globo17 (P3 and P4) are heterozygous.
A fertile man (positive control) was used as control of the PCR specificity. Amplification of exon 10 (lower panel) was used to control
the presence or absence of DPY19L2.

(D) Table summarizing the PCR results of the four patients: (+) indicates presence of a PCR band at the corresponding size, and (-)
indicates absence of a PCR band.

(E) Schematic representation of the breakpoint area determined for Globo1, Globo18, and the paternal allele of Globo17. The breakpoint
area (DPY19L2-BP1) identified by PCR and sequencing is defined between the two discontinued lines and represented by a hatched box
in the recombined LCR.

(F) Schematic representation of the homologous recombination that occurred in Globo7 and the maternal allele of Globol7. The
breakpoint area (DPY19L2-BP2) identified by PCR and sequencing is defined between the two discontinued lines and represented by

a hatched box in the recombined LCR.

recorded in DGV fall into the two LCRs, and this is also true
for most of the duplications (Figure 3).

Considering the presence of highly conserved LCRs
surrounding DPY19L2, the most probable mechanism to
explain the multiple occurrence of this deletion would be
NAHR between highly similar sequences. Indeed, such
a mechanism has been reported for a large number of
disorders involving deletions, duplications, inversions, or
gene fusions'>™!” (reviewed in'%). It is estimated that this
is one of the most common mechanisms responsible for
genomic disorders. So far, no obvious founder effect has
been described for genetic disorders involving NAHR.'*
That we found the DPYI9L2 deletion in patients from
three different origins (the two French cases are not known
to be related), that two different breakpoints were
observed, and that Globo18 is not sharing the same haplo-
type of the Jordanian brothers (Table S1) strongly suggest
that the deletion results from recurrent events linked to

the specific architectural feature of this locus rather than
from a founder effect, without fully excluding a recent
founder effect. It is worth noting that the two identified
breakpoints are located near an Alu repeat (AluSq2), one
being fully included in this repeated element (Figure S1).

Interestingly, the patients with DPYI9L2 deletion
present a complete globozoospermia yet have normal or,
in one case (Globo8), near-normal concentration of sperm
(Table 1). This contrasts with the case in which SPATA16 is
mutated, suggesting that DPY19L2 may disrupt only sper-
miogenesis and not germ cell proliferation and meiosis. It
should also be noted that, despite the testicular expression
of the other three members of the DPY19L family,® it does
not appear that there is functional redundancy. No homo-
zygosity was found for the loci of the other functional
DPY19L genes.

We selected DPY19L2 as the primary candidate linked to
globozoospermia in our Jordanian family because of its
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Table 1. List of Globozoospermic Patients

Sperm Concentration

Progressive Acrosome less Fertilization Attempts

Patient Origin SNP Screening (Million/mL) Motility (%) Morphology (%) and Results
Complete Globozoospermia

Globo1l Jordan Yes 52 22 100 6 ICSI failed
Globo2 Jordan Yes 223 4 100 3 ICSI failed
Globo3 Jordan Yes 118 4 100 4 ICSI failed
Globo4 Jordan Yes 22 30 100 3 ICSI failed (1 miscarriage)
Globo5 France No ND ND 100 ND

Globo6 France No ND ND 100 ND

Globo7 Algeria No 90 10 100 ND

Globo8 Algeria No 13.2 2 100 ND

Globo9 France No 0.35 ND 100 1 ICSI failed
Globo10 France Yes 38 ND 100 1 ICSI succeeded
Globo1l1 France Yes 109 40 100 2 ICSI failed
Globo12 ND No ND ND 100 DSI

Globo13 Iran No 10.5 ND 100 ND

Globo14 Tunisia No 52.6 25 100 ND

Globo15 Tunisia No ND ND 100 1 ICSI failed
Globol6 Libya No 4 8 100 3 ICSI failed
Globo17 France Yes 78 45 100 IMSI succeeded twice
Globo18 France Yes 71 30 100 ND

Partial Globozoospermia

Globo19 Italy No 50 ND ND 1 ICSI failed
Globo20 France Yes 0.6 ND 84 1 IUI + 3 ICSI failed
Globo21 France Yes 2 ND ND 2 ICSI failed
Globo22 Morocco No ND ND ND ND

Globo23 France Yes ND ND 95 1 ICSI succeeded
Globo24 France Yes ND ND 98 1 ICSI succeeded
Globo25 Tunisia No 59 50 88 ND

Globo26 Tunisia No 100 49 99 ND

Globo27 ND No ND ND ND ND

Globo28 ND No ND ND ND ND

Abbreviations are as follows: ND, not determined; ICSI, intracytoplasmic sperm injection; IUl, intrauterine insemination; IMSI, intracytoplasmic morphologically

selected sperm injection; DSI, donor sperm insemination.

testicular expression and function of the DPY-19 ortholog
in C. elegans, involved in the polarization of neuroblasts.*
This would suggest that DPY19L2 is not directly involved
in the biogenesis of the acrosome, as for SPATA16" or
PICK1 (MIM 605926),'®' but rather in preceding steps
associated with, for example, the polarity of the spermatid,
therefore allowing the correct positioning of the different
organelles such as the acrosome or the flagella. However,
this hypothesis is not supported by the examination of
the immature germ cells in the semen of three globozoo-
spermic patients (Globo7, Globol7, and Globo18). For

Globo7, all stages of spermatogenesis could be observed
(Figure 4A) and there was no obvious abnormality in the
earlier stages of germ cells. In contrast, no proacrosomal
vesicle was observed in the round spermatids, yet they
appeared correctly polarized. Indeed, the polarization of
the spermatid was indicated by the correct positioning
of the chromatoid body (in the area of the attachment of
the flagellum to the spermatid nucleus) observed in elon-
gating spermatids. In Globol7 and Globol8 semen
samples, we observed elongating spermatids as well as
spermatozoa that are comparable to that of Globo7
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(Figures 4C-4F). In contrast to what is observed in
C. elegans, the function of DPY19L2 does not seems to be
involved in the polarization of the spermatozoa but,
rather, in the formation of the acrosome.

DPY19L2 is the third gene identified as being associated
with globozoospermia''® and, according to our data, the
most frequently mutated in this phenotype. Indeed, in
our series of 21 unrelated cases, we identified four indi-
vidual cases, meaning that the DPY19L2 deletion is found
in 19% of the globozoospermic cases. Looking at the
frequency of heterozygous deletion in control popula-
tions, we would expect an incidence of 1/200,000 for
homozygous individuals, whereas the incidence of globo-
zoospermia is estimated at less than 0.1% in infertile
males.” Although we cannot fully exclude a positioning
effect, we do not believe that this could explain the
observed phenotype, because the four genes surrounding
the DPY19L2 locus (two centromeric: AVPRIA and
PPM1H; two telomeric: TMEMS5 and SRGAPI) are not ex-
pressed in the testis and their function has no relation
with cell polarity or acrosome formation.

Considering that round-headed spermatozoa do not
have a higher incidence of chromosomal abnormali-
ties??? and that pregnancy can be obtained through
ICSI, albeit at a low frequency,*?*2¢ it is reasonable to
propose ICSI treatment for all globozoospermic patients.

It will be interesting to enlarge the cohort of patients and
establish which conditions are able to give rise to live
births. Indeed, so far, no pregnancies have been obtained
with patients carrying a SPATA16 mutation' (data not
shown), in contrast to patients with DPY19L2 deletion.
Such an analysis may suggest that a genetic test would
assist in determining the best option for treatment.

Our strategy has proven its interest and should be
extended to other countries, given that family clustering
of male infertility cases has been found in other studies
and appears to be related to patterns of consanguineous
marriage over generations.?”%®

Supplemental Data

Supplemental Data include Supplemental Material and Methods,
four tables, and one figure and can be found with this article on-
line at http://www.cell.com/AJHG.
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Figure 4. Seminal Germ Cells in Patients with DPY19L2 Deletion
(A) Detailed seminal germ cell of Globo7. There is no evidence of defective spermatogenesis in immature germ cells; the spermatid
polarization and elongation is consistent with controls: e.g., the correct positioning of the chromatid body (blue arrows), except for

the absence of the acrosomal vesicle.

(B) Spermatozoa and spermatids of fertile controls. The acrosome is clearly observed in spermatozoa and elongating spermatid (arrows).
(C-E) Spermatozoa and spermatid of Globo17, Globo18, and Globo7, respectively. The spermatozoa present the typical round head and
an absence of acrosome. No evident polarization abnormality in seminal spermatids was observed in the globozoospermic patients.
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Appendix 2: Globozoospermia is mainly due to DPY19L2
deletion via non-allelic homologous recombination involving two
recombination hotspots.
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To date, mutations in two genes, SPATA16 and DPY19L2, have been identified as responsible for a severe
teratozoospermia, nhamely globozoospermia. The two initial descriptions of the DPY19L2 deletion lead to a
very different rate of occurrence of this mutation among globospermic patients. In order to better estimate
the contribution of DPY19L2 in globozoospermia, we screened a larger cohort including 64 globozoospermic
patients. Twenty of the new patients were homozygous for the DPY19L2 deletion, and 7 were compound het-
erozygous for both this deletion and a point mutation. We also identified four additional mutated patients.
The final mutation load in our cohort is 66.7% (36 out of 54). Out of 36 mutated patients, 69.4% are homozy-
gous deleted, 19.4% heterozygous composite and 11.1% showed a homozygous point mutation. The mech-
anism underlying the deletion is a non-allelic homologous recombination (NAHR) between the flanking
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low-copy repeats. Here, we characterized a total of nine breakpoints for the DPY19L2 NAHR-driven deletion
that clustered in two recombination hotspots, both containing direct repeat elements (A/uSq2 in hotspot 1,
THE1B in hotspot 2). Globozoospermia can be considered as a new genomic disorder. This study confirms
that DPY19L2 is the major gene responsible for globozoospermia and enlarges the spectrum of possible
mutations in the gene. This is a major finding and should contribute to the development of an efficient mo-

lecular diagnosis strategy for globozoospermia.

INTRODUCTION

Globozoospermia is a rare and severe teratozoospermia char-
acterized by round-headed spermatozoa lacking an acrosome.
The acrosome plays a crucial role during fertilization, allow-
ing the spermatozoa to penetrate the zona pellucida and to
reach the oocyte cytoplasmic membrane (1). Therefore,
patients suffering from a complete form of globozoospermia
are infertile. Round-headed spermatozoa do not present
chromosomal abnormalities (2—4) and pregnancy can be
obtained through ICSI, although at a low frequency (5—10).
Previous analysis of globozoospermia families allowed us to
identify mutations in two genes, SPATAI6 and DPYI9L2
(11,12). The deletion of exon 4 in SPATAI6 was found in
an Ashkenazi Jewish family with three affected brothers. No
other mutations were identified in a screen of 21 patients. A
large deletion of ~200kb encompassing the entire
DPYI9L2 locus was detected in a consanguineous Jordanian
family and in three additional unrelated patients (12). The
gene, located on 12q14.2, has 22 exons encoding for a 9 trans-
membrane domain protein and is flanked by two low-copy
repeats (LCRs) sharing 96.5% identity. The mechanism under-
lying the deletion is most probably a non-allelic homologous
recombination (NAHR) between the flanking LCRs (13).
Indeed, sequences with high nucleotide similarity (usually
>95%) can serve as substrates for NAHR or ectopic recom-
bination (14—16). Recently, a study of recurrent rearrange-
ments associated with Smith—Magenis syndrome (SMS,
MIM 182290) showed that NAHR crossover frequencies are
correlated with the flanking LCR length and are inversely
influenced by the distance between the LCRs (17). Homolo-
gous recombination on the Y chromosome is also known to
impair fertility (18,19). However, so far, the deletion of
DPYI9L2 is the first example where CNVs on autosomes
are reported to be a causative infertility factor (20).

In our initial study, 19% of our patients (4 out of 21) were
observed with such a deletion (12). In contrast, Harbuz et al.
(21) detected a higher rate of DPYI9L2-deleted patients
(75%) in a cohort mainly composed of Tunisian patients.
The difference is probably due to the broader geographic dis-
tribution of our patients (i.e. Algeria, France, Iran, Italy,
Libya, Morocco and Tunisia).

In order to better estimate the contribution of DPY/9L2 in
globozoospermia, we screened the largest cohort of globo-
zoospermic patients to date, including 64 patients (from 13
different countries) and corresponding to 54 genetically inde-
pendent individuals for all types of mutations. Twenty of the
new patients were homozygous for the DPYI9L2 deletion,
and seven were compound heterozygous for this deletion
and a point mutation. We also identified four additional

mutated patients. The final mutation load in our cohort is
66.7% (36 out of 54). Out of 36 mutated patients, 69.4% are
homozygous deleted, 19.4% heterozygous composite and
11.1% showed a homozygous point mutation.

Recombination hotspots have been associated with genomic
disorders and, when analyzing the sequence in the breakpoint
(BP) cluster region, a common degenerate 13mer motif
(CCNCCNTNNCCNC) was found (22), which has recently
been elucidated as the PRDM9 recognition binding motif
(23-25). Here, we characterized nine new BPs for the
DPYI9L2 NAHR-driven deletion defining two recombination
hotspots, one containing the PRDM9 recognition motif.

In this study, we confirmed that DPY19L2 is the major gene
responsible for globozoospermia, we enlarged the spectrum of
possible mutations in the gene (deletion of the whole locus,
nonsense, missense, splicing mutations and partial deletion)
and we present globozoospermia as a new genomic disorder.
This is a major finding and should contribute to the develop-
ment of an efficient molecular diagnosis strategy for globo-
zoospermia.

RESULTS

Deletion screening

In addition to our initial cohort of 21 patients, we recruited 33
new globozoospermic patients. As a first step, we screened for
the deletion of DPYI9L2 in all 33 patients by performing a
PCR of exon 10 and a PCR encompassing the previously
described deletion BPs. Of these 33 new patients, 13 (Globo
29-31, 36, 39, 45, 48, 51, 54, 56, 57, 59, 61) did not show
any amplification of exon 10, whereas the PCR of DPYI9L2
BPs revealed a fragment of 1700 bp, suggesting a homozygous
deletion and a BP located within the 1700 bp fragment
(Fig. 1A). Eight patients (Globo 28, 32, 33, 47, 50, 53, 58,
60) did not show any amplification at all, suggesting a homo-
zygous deletion, but with a BP situated outside the tested
region. We confirmed the deletion of most of the gene by
testing for the presence of exons 4 and 16, which could not
be amplified. Using specific oligonucleotides to walk on
both sides of the deletion, we were able to amplify a
common region of 1600 bp for two patients (Globo 28, 32).
Sequencing of the 1600 bp fragment identified two BPs
within an area of 117 bp (BP8 and BP9) (Fig. 2A). This
second region of recombination is localized 9450 bp 3’ of
the first one (Fig. 2B). For a third patient (Globo 33), we
were able to amplify a fragment of 1500 bp. Sequencing of
this fragment revealed another BP within a region of 265 bp
(BP7) (Fig. 2A). This third region of recombination is situated
693 bp 3’ of the first one (Fig. 2B). For four patients (Globo
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Figure 1. (A) PCR results of DPYI9L2 exon 10 and the BPs. Patients Globol, Globo7, Globo17, Globol8, Globo29, Globo30, Globo31, Globo36, Globo28,
Globo32, Globo33 are deleted for exon 10, whereas Gobo5, Gobo9, Gobo35, Gobol3, Gobo19, Gobo26 and the positive control showed an amplification of
all of this exon. Globol, Globo7, Globol7, Globol8, Globo29, Globo30, Globo31, Globo36, Globo28, Gobo5, Gobo9, Gobo35 showed an amplification for
BP a, whereas Globo29 and Globo33 showed an amplification for BP b. For Globo39, 40, 42, 43, 45-48, 50, 51, 53, 54, 56—61, data are not shown. (B) Minigene
constructs used to test the splicing of exon 11. Mt, mutant form of exon 11; WT, wild-type form of exon 11; Ct, construct without any cloned exon; NT, non-
transfected cells; W, water. (C) PCR results for DPY19L2 exons 5, 6 and 7. Globo13 and Globo46 are deleted for exons 5 and 6, whereas Globo55 is deleted for

exons 5, 6 and 7. The positive control showed amplification of all these exons.

50, 53, 58, 60), we were not able to identify the BP. Five
patients (Globo 35, 40, 42, 43, 46) showed an amplification
of both exon 10 and the 1700 bp BP fragment, suggesting
that these patients are heterozygous for the DPY19L2 deletion
(Fig. 1A). For the seven (Globo 34, 37, 38, 44, 49, 62, 63)
remaining patients, exon 10 was detected, but no deletion
could be found. Since we found one patient heterozygous
for the deletion, we checked all remaining patients from our
previous cohort. We identified two patients (Globo 5, 9)
who were heterozygous for the DPYI9L2 deletion (Fig. 3A).

Point mutation screening

In a second step, in conjunction with screening for the
DPYI9L2 deletion, we sequenced all coding exons and
intron boundaries in the 7 compound heterozygous patients
for the deletion and the 23 non-deleted patients (the exon lo-
calization of the mutations are shown in Fig. 2A). Concerning
the heterozygous patients, sequence analysis of Globo5
revealed a variation in exon 8 (c.869G>A), leading to an
amino acid change of a highly conserved residue (p.R290H)
that was predicted to be deleterious by two programs: Poly-
Phen and SIFT (Supplementary Material, Table S1). Globo9
exhibited a variation in exon 9 (c.1033C>T), introducing a
premature stop codon (p.Q345X). Globo35 presented a vari-
ation in exon 15 (¢.1478C>Q), leading to a non-synonymous

mutation (p.T493R). This mutation is predicted to be deleteri-
ous by PolyPhen and tolerated by SIFT. Globo40 showed a
variation in exon 21 (¢.2038A>T), introducing a premature
stop codon (p.K680X). Globo42 and 43, two unrelated
patients, showed the same nucleotide deletion in exon 11
(c.1183delT), introducing a premature stop codon
(p-S395LfsX7). Globo46 presented a deletion of exons 5 and
6. An aberrant splicing between exons 4 and 7 would give
rise to a frame shift, introducing a premature stop codon (Sup-
plementary Material, Table S1).

Among non-deleted patients, four, descending from consan-
guineous families, were found homozygous for a mutation.
Globo26 showed a homozygous variation in exon &
(c.892C>T), leading to a non-synonymous mutation
(p-R298C), located at a strictly conserved amino acid position.
This mutation is predicted to be deleterious by both PolyPhen
and SIFT. Globo19 presented a homozygous donor splice-site
mutation in intron 11 (c.12184-1G>A). Splice-site models
(see Materials and Methods) predicted that the mutation dis-
rupts the 5" splice site of intron 11.

Unfortunately, the DPY19L2 protein presents a testis-
restricted expression, and we were not allowed to use fresh
sperm cells or to perform a testicular biopsy in these patients,
in order to verify the predicted aberrant splicing in vivo. In
order to test the prediction, minigene constructs were made, in-
cluding either the wild-type (WT) or mutated form of exon 11
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Figure 2. (A) For each LCR, the specific nucleotide differences within the hotspot regions are shown at the top. The length and distance between the different
nucleotides are displayed at the bottom. The recombination region is represented for each patient by a black bar. The patients are ordered according to the nine
BPs. (B) The DPY19L2 locus is represented together with the two LCR, the HapMap recombination hotspots, the nine different BPs and the identified mutations
(missenses are marked with a star and larger deletions are represented using a black horizontal line).

and flanking intronic sequences. These minigene constructs
were transfected into COS1 and HeLa cells, and transcripts
were analyzed by reverse transcription-PCR (RT-PCR) 48 h
after the transfection. As shown in Figure 1B, WT exon 11
is invariably included in the final mRNA, as confirmed by
the sequencing of the PCR product. In contrast, the mutated
exon gives rise to one aberrant splicing form, leading to
exon 11 skipping. An aberrant splicing of exon 11 could even-
tually give rise to a new splicing between exons 10 and 12 and
would produce a protein with a deletion of 28 amino acids
from position 378 to 406, corresponding to the seventh trans-
membrane helix (position 372-394).

We identified a homozygous deletion of exons 5 and 6 in
Globo13. In order to pinpoint the two BP zones, subsequent
amplifications on both sides of the exons were performed.
Amplification across the deletion gave rise to a PCR fragment
of 3500 bp for Globol3, whereas no amplification was pos-
sible from a control subject known to be fertile (Fig. 1C). Ana-
lysis of the sequence allowed the determination of the BPs and
showed an insertion of 73 bp that corresponds to a part of a
LINE sequence (Supplementary Material, Fig. S1). The dele-
tion encompasses a 15.7 kb region with one BP located
8.35kb from the 5" side of exon 5 and the second one
436 kb from the 3’ side of exon 6. An aberrant splicing
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two hotspots and their size. Hotspot 1 and hotspot 2 contain direct repeat elements, 4/uSq2 and THE1B, respectively. (B) The chart showing the distribution of
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deleted and/or mutated for DPY19L2. Among these patients: 69.4% have a complete deletion of DPYI9L2 in the homozygous state; 19.4% have a complete
deletion associated with a point mutation or a partial deletion; 11.1% have a point mutation or a partial deletion in the homozygous state.

between exons 4 and 7, if not degraded, would give rise to a
frame shift, producing a truncated protein of 226 amino
acids due to a premature stop codon at position 227. Since
no repetitive sequence could be detected nearby, the deletion
could be explained by a non-homologous end joining, which
is often associated with the insertion of a DNA fragment at
the BP (14). Globo46, who is compound heterozygous, also
presented a deletion of exons 5 and 6, but with different
BPs. Finally, Globo55 presented a deletion of exons 5, 6 and
7. An aberrant splicing between exons 4 and 8 would give
rise to a protein with a deletion of 91 amino acids from pos-
ition 196 to 287, corresponding to transmembrane domains
3, 4 and 5, at positions 195-215, 243-265 and 269-286, re-
spectively (Supplementary Material, Table S1).

None of the variations described here were found, either in
dbSNP v134 or when testing at least 188 control chromosomes.

BP analysis

We mapped linkage disequilibrium (LD) patterns and recom-
bination rates in HapMap2 on chromosome 12. We observed
that both LCR positions correlate with strongly suggested

recombination spots, thus confirming the NAHR, which is
the mechanism hypothesized to be responsible for the
disease (26). Many other disorders involving NAHR
between LCRs have been identified, such as DiGeorge syn-
drome/velocardiofacial syndrome, Williams—Beuren syn-
drome, Prader—Willi syndrome or Charcot—Marie—Tooth
disease type 1A, which belong to the group of genomic
disorders (27).

Previously, we identified two BPs (BP 1 and 2) localized
close together in a region of 296 bp containing an Alu repeti-
tive element (12). Sequence analysis of the amplification
product across the deletions identified seven new BPs (BP3-9).
Interestingly, seven of the BPs (BP1-7) are located in a
small region of 1.7 kb, whereas the other two (BP§8-9) are
located in an area of 117 bp, 9.5 kb away from the first one
(Fig. 2B). The underlying sequences of the BPs, as well as
their genomic positions, are given in Supplementary Material,
Figure S1. We can therefore suggest the presence of two re-
combination hotspots (hotspot 1 and 2, see Fig. 3A), compris-
ing BP1-7 and BP8-9, respectively, both containing direct
repeat elements (4/uSq2 in hotspot 1, THEIB in hotspot 2).
Interestingly, it was shown that AHR/NAHR hotspots

$10Z ‘€z dunf uo SImogqsens VA e /310" seumolpioyxo-guryy/:dyy woiy papeojumo



3700 Human Molecular Genetics, 2012, Vol. 21, No. 16

usually cluster within small regions of 1-2kb of almost
perfect identity, with repeat elements, transposons or minisa-
tellites located nearby that act as substrates for double-strand
breaks (22). Analysis of these hotspots in NAHR disorders
identified a 13mer CCNCCNTNNCCNC motif frequently
present in the flanking LCRs (22). We analyzed the sequences
surrounding both identified recombination hotspots involved
in the DPYI9L2 deletion and indeed found the PRDMO9
13mer recognition motif (which is part of the THE1B repeat
element), but only in hotspot 2 (Fig. 3A). Interestingly,
hotspot 2 also coincides perfectly with a previously identified
recombination hotspot (28) of chromosome 12 (Fig. 2B).

In total, we identified 32 patients with at least one deleted
allele, among which BP1 occurs seven times, BP2 six times,
BP4 five times, BP5 three times, BP6 three times and BP3,
7, 8, 9 were found only once (Fig. 3B). All recurrent BPs
were found among patients originating from different
regions, and patients from the same country showed different
BPs (Fig. 3A). Out of 36 mutated patients, 69.4% were homo-
zygous deleted, 19.4% heterozygous composite and 11.1%
showed a homozygous point mutation (Fig. 3C).

DISCUSSION

The DPY19L2 deletion was identified as being the major cause
of globozoospermia in two different studies (12,21). It was
shown by both groups that the most probable mechanism
explaining this deletion is NAHR mediated by two LCRs sur-
rounding DPY19L2. Thus, globozoospermia can be considered
a new genomic disorder (27,29). Although both reports
described a deletion rate of high frequency, a large difference
was observed. Indeed, 19% (4 out of 21) of globozoospermic
patients were found deleted in our study, whereas the other
reported a frequency of 75% (15 out of 20). This difference
could be due to a bias either in patient recruitment or in the
limited number of patients analyzed. The higher frequency
observed in Harbuz et al. (21) could be explained by the
fact that most of the patients were Tunisians, whereas in our
study, the patients were from seven different countries. Unfor-
tunately, Harbuz ef al. (21) were unable to localize the BPs,
making it impossible to exclude a local founder effect in
this cohort of globozoospermic patients. We present here the
analysis of a larger cohort of globozoospermic patients,
which allowed us, first, to refine the frequency rate of the
deletion in our cohort, and, second, to enlarge the mutation
spectrum. Indeed, in the context of this study and our previous
work, we identified 24 homozygous deleted patients, 7 patients
heterozygous for the deletion and presenting a point mutation
in the remaining allele and 4 homozygous patients presenting
a non-sense, a splicing mutation or deletions of exons 5 and 6
or exons 5 to 7 (Fig. 3A). In total, we identified nine BP zones,
of which seven are clustered in a region of 1.7 kb and two in
an area of 117 bp situated ~9 kb away from the first spot of
recombination. Both regions seem to define two ectopic re-
combination hotspots for DPYI9L2 deletion (Supplementary
Material, Fig. S1), each being <2 kb (in LCRs of ~27 kb)
and containing a repeat element. Hotspot 1 accounts for
almost all NAHR-driven DPYI9L2 deletions. In spite of its
lower frequency, hotspot 2 contains the PRDM9 recognition

binding motif, further supporting its involvement in the re-
combination mechanism (23,30). In addition, the fact that
hotspot 2 coincides perfectly with a previously identified re-
combination hotspot supports the observation that NAHR
and AHR share common features, including association with
identical hotspot motifs.

We did not find any predominating BP. The fact that the
same BPs are shared by patients from completely different
regions and that patients from the same country can show dif-
ferent BPs tends to exclude any founder effect, even a recent
one, and strongly suggests that the deletion results from recur-
rent events linked to the specific genomic architectural feature
of this locus.

Our study allows us to calculate a more accurate prevalence
of DPYIY9L2 involvement in globozoospermia as a new
genomic disorder. We analyzed a cohort of 54 globozoosper-
mic patients and found that 36 of them were mutated for
DPYI9L2 (66.7%). Despite the identification of subtle muta-
tions, the most frequent alteration remains the deletion of
the whole gene. Indeed, more than two-thirds (69%) of our
patients are homozygously deleted, which also suggests that
in one out of three of the cases, a search for point mutations
is justified. We still have 18 patients with no identified muta-
tion in DPYI19L2, including 3 pairs of brothers, suggesting that
new genes remain to be identified.

Since they do not present any other symptoms, globozoos-
permic patients are always recruited via in vitro fertilization
centers. Considering the low frequencies of fertilization and
birth obtained so far, one can wonder whether it is justified
to propose that these couples go through the burden of such
a heavy technology. A recent report, describing one globo-
zoospermic patient, suggested that globozoospermia could be
associated with the absence of phospholipase C zeta (PLCY).
This might explain the absence of fertilization, since PLC{
is the main physiological actor responsible for oocyte activa-
tion (31). An artificial activation, via a treatment with
calcium ionophore, could improve fertilization rates and help
to obtain embryos, thus increasing the chance of pregnancy
(32). Such calcium ionophore activation treatment has been
previously used successfully, considerably improving the fer-
tilization and pregnancy rates in patients deficient for oocyte
activation, including globozoospermic patients (33,34). It
would be of great interest to see, in a larger cohort of globo-
zoospermic patients, whether calcium ionophore activation
would allow a better pregnancy rate and whether there is
any correlation between the presence of a mutation in either
DPYI9L2 or SPATA16 and the pregnancy outcome. We are
currently collecting DNA from globozoospermic patients for
whom ICSI attempts have been done with or without oocyte
activation.

MATERIALS AND METHODS

Patient recruitment and DNA preparation

Patients were selected by in vitro fertilization centers through a
semen analysis implemented according to World Health
Organization recommendations. Globozoospermia was diag-
nosed using a spermocytogram after a Harris—Shorr coloration.
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Genomic DNA was extracted either from peripheral blood
leukocytes using QIlAamp DNA Blood Midi Kit (QIAGEN,
Germany) or from saliva using Oragene DNA Self-Collection
Kit (DNAgenotech, Ottawa, Canada), according to the manu-
facturer’s instructions. This study was approved by the local
Ethical Committee (Comité de protection de la personne,
CPP) of Strasbourg University Hospital. For each case ana-
lyzed, informed written consent was obtained according to
CPP recommendations.

PCR analysis

PCR covering all the exons of DPY19L2 and their exon—
intron boundaries or the previously identified deletion (previ-
ously identified BPs BP1 and BP2) was performed using
genomic DNA, and amplicons were sequenced by GATC
(Konstanz, Germany). For the newly identified deletions, 5’
and 3’ walks were then carried out to identify the BPs. All
primer sequences and PCR conditions are available in Supple-
mentary Material, Table S2. Because of the high conservation
level of duplicated regions, special care was taken to choose
specific oligonucleotides with a unique sequence specifying
a single location.

Plasmids and transfection

To study the effect of the c.12184+ 1G> A splice mutation, we
constructed WT and mutated hybrid minigenes, using the
pDUP33 vector (35). The genomic DNA region from
Globo26 or from a control containing exon 11 (87 bp) and in-
tronic flanking sequences (654 bp upstream from the 5’ exon
end and 329 bp downstream from the 3’ exon end) were
PCR-amplified using a forward primer (DPY19L2el1BamHI;
5’-GGGCCCtacatatggtattggtgatatcca-3’) and a reverse primer
(DPY19L2el1Bglll;  5-AGATCTcactgcaatgagtacttaacc-3').
The 1063 bp PCR products were purified from agarose gel,
using the Gel Band Purification Kit (Amersham Biosciences),
and were sequentially digested by BamHI and Bg/II. The insert
was directionally cloned into the first intron of B-globin in the
Dup33 plasmid. Recombinant plasmids were sequenced to
confirm the presence of the mutated or the WT sequence.
Transfection of plasmid DNA (WT, mutant and control
pDUP33) in Cos and HeLa cells and RT-PCR were performed
as previously described (11).

Bioinformatic analysis

Single-nucleotide variations (SNVs) were analyzed using the
Alamut software (Interactive BioSoftware), which systematic-
ally gives access to several prediction algorithms. In particu-
lar, missense variations were tested with SIFT (36) and
PolyPhen v2 (37). Missense and intronic variations were ana-
lyzed for splicing effects, using MaxEntScan (38), NNSPLICE
(39) and HSF (40).

Allelic crossover hotspots [build 37 (36)], recombination
rates from HapMap Phase II [build 36 (28)] and LD patterns
from the 1000 Genomes project [build 37 (41)] were mapped
onto the DPY19L2 locus using the UCSC browser (42).
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Pyruvate constitutes a critical branch point in cellular carbon metabolism. We have
identified two proteins, Mpc1 and Mpc2, as essential for mitochondrial pyruvate
transport in yeast, Drosophila, and humans. Mpc1 and Mpc2 associate to form an
~150 kilodalton complex in the inner mitochondrial membrane. Yeast and
Drosophila mutants lacking MPC1 display impaired pyruvate metabolism, with an

product of a recent gene duplication
event. Mpcl, Mpc2 and Mpc3 co-
localize with mitochondria (Fig. 1A
and fig. S2A), consistent with pub-
lished mitochondrial proteomic studies
(9, 10). The mitochondrial localization
of Mpcl and Mpc2 was confirmed by
biochemical fractionation (Fig. 1B).
Mpcl, Mpc2, and Mpc3 were enriched
in mitochondrial membranes (fig.
S2B), consistent with the presence of
predicted transmembrane domains in
their sequences (fig. S1). Mpcl and
Mpc2 were resistant to protease treat-
ment unless the mitochondrial outer
membrane was ruptured (Fig. 1B and
fig. S2C), implying that they are em-
bedded in the mitochondrial inner
membrane. Chromatographic purifica-
tion of tagged variants of Mpcl and
Mpc2, followed by mass spectrometry,
revealed that Mpc2 and Mpc3 were
among the major interacting proteins
of Mpcl, and Mpcl and Mpc3 were
among the major interacting proteins
of Mpc2 (table S1). Consistent with
this, immunoprecipitation of tagged
Mpcl co-purified Mpc2 and vice versa
(Fig. 1C, lanes 3,4). In addition, Mpc2
can interact with itself (Fig. 1C, lane
8), while an Mpcl homotypic interac-
tion was not detected (Fig. 1C, lane 7).

accumulation of upstream metabolites and a depletion of tricarboxylic acid cycle
intermediates. Loss of yeast Mpc1 results in defective mitochondrial pyruvate
uptake, while silencing of MPC1 or MPC2 in mammalian cells impairs pyruvate
oxidation. A point mutation in MPC1 provides resistance to a known inhibitor of the
mitochondrial pyruvate carrier. Human genetic studies of three families with
children suffering from lactic acidosis and hyperpyruvatemia revealed a causal
locus that mapped to MPC1, changing single amino acids that are conserved
throughout eukaryotes. These data demonstrate that Mpc1 and Mpc2 form an

essential part of the mitochondrial pyruvate carrier.

Pyruvate occupies a pivotal node in the regulation of carbon metabolism
as it is the end product of glycolysis and a major substrate for the tricar-
boxylic acid (TCA) cycle in mitochondria. Pyruvate lies at the intersec-
tion of these catabolic pathways with anabolic pathways for lipid
synthesis, amino acid biosynthesis, and gluconeogenesis. As a result, the
failure to correctly partition carbon between these fates lies at the heart
of the altered metabolism evident in diabetes, obesity and cancer (1, 2).
Due to the fundamental importance of pyruvate, the mitochondrial py-
ruvate carrier (MPC) has been studied extensively (3, 4). This included
the discovery that a-cyanocinnamate analogs, such as UK-5099, act as
specific and potent inhibitors of carrier activity (5). In spite of this char-
acterization, however, the gene or genes that encode the mitochondrial
pyruvate carrier remain unknown (6, 7).

As part of an ongoing effort to characterize mitochondrial proteins
that are conserved through evolution, we initiated studies of the Mito-
chondrial Pyruvate Carrier (MPC) protein family (originally designated
BRP44 and BRP44L in humans) (8). This family contains three mem-
bers in S. cerevisiae, encoded by YGLOSOW, YHRI62W and YGR243W,
hereafter referred to as MPC1, MPC2 and MPC3, respectively. Mpc2
and Mpc3 are 79% identical in amino acid sequence and appear to be the

Blue native-polyacrylamide gel elec-
trophoresis (BN-PAGE) showed that
both Mpcl and Mpc2 migrated as part
of an ~150 kilodalton (kDa) complex
(fig. S2D). Loss of Mpc2 prevents
Mpcl from migrating in this complex,
while an mpclA strain showed elevated
Mpc2 complex formation (fig. S2E).
We conclude that Mpcl and Mpc2
form a multimeric complex embedded
in the mitochondrial inner membrane,
with Mpc2 likely being the major structural subunit.

Mutant yeast strains were subjected to a variety of growth condi-
tions. The mpclA and mpc2A cells displayed mild growth defects on
non-fermentable carbon sources like glycerol, with greater effects on
glucose medium (fig. S3) and a strong growth defect in the absence of
leucine (Fig. 1D). In contrast, mpc3A mutant displayed no apparent
growth phenotypes. Yeast, Drosophila or human MPCI orthologs, but
not human MPC2, could rescue the mpclA growth phenotype (Fig. 1E),
indicating that Mpc1 function is conserved through evolution.

To analyze the physiological function of MPCs in a multicellular an-
imal, we extended our studies to the Drosophila ortholog of MPC1
(dMPC1; encoded by CG14290), which also localized to mitochondria
(fig. S4). Analogous to yeast mpclA mutants, dZMPCI mutants (fig. S5)
were viable on standard food, but sensitive to a carbohydrate-only diet,
with rapid lethality after transfer to a sucrose medium (Fig. 2A). While
ATP was reduced in dMPCI mutants (Fig. 2C), along with TAG and
protein (fig. S6B,C), carbohydrates were elevated, including the circulat-
ing sugar trehalose (Fig. 2D), glucose (Fig. 2E), fructose, and glycogen
(fig. S6A,D). These results suggest that dMPCI mutants are defective in
carbohydrate metabolism and may consume stored fat and protein for
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energy. Consistent with this, the lethality of dMPC1I mutants on the sug-
ar diet was rescued by expression of the wild-type gene in tissues that
depend heavily on glucose metabolism: the fat body, muscle, and neu-
rons (Fig. 2B).

Metabolomic analyses revealed that pyruvate was highly elevated,
while TCA cycle intermediates were significantly depleted in dMPCI1
mutants on the sugar diet (Fig. 2F). Similarly, glycine and serine, which
can interconvert with glycolytic intermediates, were elevated in the mu-
tants on the sugar diet (fig. S6E), while glutamate, aspartate, and proline,
which can interconvert with TCA cycle intermediates, were depleted
under these conditions (fig. S6F). Consistent with this, metabolomic
analysis of mpclA and mpc2A yeast mutants revealed elevated pyruvate
levels (Fig. 3A), depletion of malate (fig. S7), depleted acetyl-CoA, and
clevated CoA levels (Fig. 3B). Taken together, these results suggest that
MPC] mutants are unable to efficiently convert cytosolic pyruvate to
mitochondrial acetyl-CoA to drive the TCA cycle and ATP production.

These phenotypes could arise from either a defect in mitochondrial
pyruvate uptake or the conversion of mitochondrial pyruvate into acetyl-
CoA by the pyruvate dehydrogenase (PDH) complex. Yeast lacking
Mpcl, however, had nearly wild-type PDH activity, unlike the strong
decrease seen in pdalA mutants (Fig. 3C), which lack PDH function
(11). A decrease in PDH activity also does not explain the growth defect
of mpcIA mutants, which is more severe than that of the pdalA mutant
(fig. S8). However, combining the mpcIA allele with a deletion for
mael, which encodes a malic enzyme that converts malate to pyruvate in
the mitochondrial matrix (/2), revealed a profound growth defect on
glucose medium that was completely rescued by plasmid expression of
either MAEI or MPCI (Fig. 3D). Importantly, mitochondria from the
mpel A mutant displayed almost no uptake of '*C-pyruvate, which could
be fully rescued by plasmid expression of wild-type MPC! (Fig. 3E).
Moreover, Mpcl appears to be a key target for UK-5099, which is an
inhibitor of the mitochondrial pyruvate carrier (5). The maelA mpclA
double mutant displayed reduced growth on glucose medium lacking
leucine, and this phenotype could be effectively rescued by transgenic
expression of wild-type MPCI in the absence, but not the presence, of
UK-5099 (Fig. 3F). By screening for MPCI mutants that could grow in
the presence of UK-5099 we recovered a D118G substitution in Mpcl
that conferred UK-5099 resistance (Fig. 3F). Moreover, while *C-
pyruvate uptake into mitochondria expressing wild-type MPCI was
almost completely inhibited by UK-5099, efficient pyruvate uptake that
is resistant to UK-5099 was recovered upon expression of MPCI-D118G
(Fig. 3G). We conclude that Mpcl is a key component of the mitochon-
drial pyruvate carrier that corresponds to the activity studied for decades
by Halestrap and others (3, 73).

Depletion of MPC1 in mouse embryonic fibroblasts (fig. S9) caused
a modest decrease in pyruvate-driven oxygen consumption under basal
conditions, and a stronger reduction in the presence of carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone (FCCP), which stimulates maximal
respiration (Fig. 4A). Similar results were also seen upon silencing
MPC?2 (Fig. 4B, fig. S9). This suppression of pyruvate oxidation, which
occurred without affecting components of the oxidative phosphorylation
machinery (fig. S9B,C), suggests that mammalian Mpcl and Mpc2 me-
diate mitochondrial pyruvate uptake in a manner similar to that seen in
yeast and Drosophila.

We have previously described a French-Algerian family with two
offspring that exhibited a devastating defect in mitochondrial pyruvate
oxidation (/4) (Fig. 4C, Family 1). We subsequently discovered two
additional families, each with one affected child who displayed a similar,
but less severe, phenotype (Fig. 4C, Families 2 and 3). Linkage analysis
and homozygosity mapping allowed us to focus on one candidate region
on chromosome 6 (163,607,637-166,842,083, GRCh37/hg19). This in-
terval contained 10 potential candidate genes: PACRG, QKI, C6orfl18,
PDE10A4, SDIMI, T, PRR18, SFT2D1, RPS6KA2, and BRP44L, which is

the human MPCI. DNA sequencing of the exons and intron/exon
boundaries of the MPCI gene in fibroblasts from the affected patients in
families 2 and 3 revealed the same molecular lesion, ¢.236T>A, causing
a predicted p.Leu79His alteration (Fig. 4D). Analysis of DNA from fam-
ily 1 revealed a distinct sequence change, ¢.289C>T, which resulted in a
predicted p.Arg97Trp mutation (Fig. 4D). Both of the affected residues
are conserved through evolution between MPC/ orthologs, and Arg97 is
conserved amongst both MPC1 and MPC?2 orthologs (fig. S1).

Cells from the affected individuals in families 1 and 2 exhibited im-
paired basal and FCCP-stimulated pyruvate oxidation (Fig. 4E), while
glutamine-driven oxygen consumption was normal or elevated, demon-
strating that they have not acquired a generalized impairment of mito-
chondrial respiration (Fig. 4E). As expected, expression of wild-type
human MPC] in the cells from family 2 (Fig. 4F) or family 1 (Fig. 4G)
either completely or partially rescued the defect in FCCP-induced py-
ruvate oxidation. Moreover, expression of the MPCI-Leu79His allele
was less effective at suppressing the yeast mpclA growth defect relative
to wild-type human MPCI (Fig. 4H), while the stronger MPCI-
Arg97Trp allele was essentially inactive (Fig. 4H), suggesting that
MPC1 function is evolutionarily conserved from yeast to man.

In summary, the data presented herein demonstrate that the
Mpcl/Mpc2 complex is an essential component of the mitochondrial
pyruvate carrier in yeast, flies and mammals. This is consistent with
experiments performed in rat liver, heart, and castor beans, which impli-
cated proteins of 12-15 kDa in mitochondrial pyruvate uptake (/5) —
similar to the molecular weights of Mpcl (15kDa), Mpc2 (14kDa) and
Mpc3 (16kDa). Although these individual sizes are relatively small,
Mpcl and Mpc2 form a complex of ~150kDa, suggesting that an oligo-
meric structure mediates pyruvate transport. Definitive proof that the
Mpcl/Mpc2 complex is the mitochondrial pyruvate carrier, however,
awaits the reconstitution of pyruvate transport in a heterologous system
[Herzig, et al., accompanying manuscript (/6)]. Finally, it is important to
note that the degree to which carbohydrates are imported into mitochon-
dria and converted into acetyl-CoA is a critical step in normal glucose
oxidation as well as the onset of diabetes, obesity and cancer. Thus, like
PDH, which is controlled by allostery and post-translational modifica-
tion (/7), the mitochondrial import of pyruvate is likely to be a precisely
regulated process (18, 19). The identification of Mpcl and Mpc2 as crit-
ical for mitochondrial pyruvate transport provides a new framework for
understanding this level of metabolic control as well as new directions
for potential therapeutic intervention.
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Fig. 1. Mpc1 and Mpc2 are evolutionarily-
conserved  mitochondrial inner membrane
proteins. (A) Mpc1-GFP and mitochondrial
targeted RFP (mtRFP) coexpressed in yeast cells.
(B) Intact mitochondria, hypotonic-swollen
mitoplasts, and TritonX-100-solubilized
mitochondria from a strain expressing Mpc1-V5
and Mpc2-Hisg/HA> with (+) or without (-)
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Fig. 4. Mammalian MPC1 and MPC2 are required for
normal pyruvate metabolism. (A-B) Pyruvate-driven
respiration in mouse embryonic fibroblasts (MEFs)
under basal and FCCP-stimulated conditions in cells
transfected with either control (cont.) siRNAs or three
different siRNAs (si1-3) targeted to either MPC1 (A) or
MPC2. (B) p-values relative to control. (C) Pedigrees
of families 1, 2, and 3. Circles indicate females,
squares males, and diamonds unknown sex. Black
indicates deceased and white living. Arrows mark
individuals from whom fibroblasts were obtained. (D)
The protein region of MPC1 containing the predicted
amino acid substitutions from all three families aligned
by ClustalW. (E) Pyruvate- (left) and glutamine- (right)
supported respiration of fibroblasts harboring either
L79H or R97W MPCT1 mutations. (F) Pyruvate-
supported respiration of either a control or L79H
patient cell line after transduction with the indicated
vector. (G) Pyruvate-supported respiration of either a
control or R97W patient cell line after transduction
with the indicated vector. (H) Serial dilutions of wt or
mael1A mpc1A yeast strains carrying the indicated
plasmid grown on medium lacking uracil for plasmid
selection at 30°C for 40 hours. Both long (L) and short
(S) forms of R97W were used (with or without exon 4).
*** P <0.001, ** P<0.01,*P<0.05 1P <0.10 and
NS=not significant (Student’s ¢ test). Mean+SEM.
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NGS-based approaches for the diagnosis of \S
intellectual disability and other genetically
heterogeneous developmental disorders

Résumé

Certaines maladies héréditaires monogéniques sont caractérisées par une grande hétérogénéité
génétique. Chez des individus présentant un phénotype clinique similaire, les mutations
causales peuvent étre retrouvées dans un des génes parmi un sous-ensemble décrits comme
impliqués dans la maladie. Cette hétérogénéité¢ génétique limite considérablement les offres
diagnostiques pour les patients, et une majorité reste sans diagnostic moléculaire. Nous avons
développé une approche diagnostique alternative par séquencage a haut débit ciblé (ciblant
spécifiquement les régions codantes des genes d’intérét par capture d’exons), au travers de
trois pathologies génétiquement hétérogenes: le syndrome de Bardet-Biedl (19 geénes décrits),
les leucodystrophies (50 genes), et la déficience intellectuelle (>400 génes). Au vu de son
efficacité dans le syndrome de Bardet-Biedl et la déficience intellectuelle (80% et 25% de
mutations détectées respectivement, soit des taux nettement supérieurs a ceux des méthodes
précédentes), elle est depuis appliquée en routine diagnostique. Au-dela du diagnostic, cette
approche permet de maniére non biaisée de revoir la contribution de chacun des génes dans la
pathologie et donc d’identifier les geénes récurrents, et d’établir de nouvelles corrélations

génotype/phénotype.
Summary

Some monogenic disorders are characterized by a vast genetic heterogeneity. In individuals
with similar clinical phenotype, causative mutations can be found in one gene from a subset
described as implicated in the disease. Such genetic heterogeneity limits considerably the
diagnostic offer for the patients, and a majority is left without molecular diagnosis. We
developed an alternative diagnostic approach by targeted high throughput sequencing
(specific to the coding regions of genes of interest by a technique of exon capture) through
three genetically heterogeneous disorders: Bardet-Biedl syndrome (19 genes reported),
leukodystrophies (50 genes), and intellectual disability (>400 genes). In light of its efficiency,
this approach has since been implemented in diagnostic routine for Bardet-Biedl syndrome
and intellectual disability (80% and 25% of diagnostic yields respectively, significantly higher
than those of previous methods). Beyond diagnosis, this approach allows unbiased means to
assess the contribution of each gene in the disease and highlight recurrent genes, and establish
new correlations genotype to phenotype, overall providing much insight in the genetics of a

particular disease.



