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Résumé de la these

La déficience intellectuelle (DI) est une trouble du neurodéveloppement caractérisée par une extréme
hétérogénéité génétique, avec plus de 700 genes impliqués dans des formes monogéniques de DI.
Cependant un nombre important de génes restent encore a identifier et les mécanismes
physiopathologiques de ces maladies neurodéveloppementales restent encore a comprendre. Mon
travail de doctorat a consisté a identifier de nouvelles causes génétiques impliquées dans la DI. En
utilisant différentes techniques de séquencage de nouvelle génération, j'ai pu augmenter le taux de
diagnostic chez les patients avec DI et identifié plusieurs nouvelles mutations (dans AUTS2, THOCS,
etc) et nouveaux geénes (BRPF1, NOVA2, etc) impliqués dans la DI. Pour les moins caractérisés, j'ai
effectué des investigations fonctionnelles pour valider leur pathogénicité, caractériser les mécanismes
moléculaires qu'ils affectent et identifier leur réle dans cette maladie.

Mes travaux de doctorat permettront d’améliorer et d’accélérer la possibilité d’obtenir un diagnostic
moléculaire qui donnera acces a un meilleur suivi et a une meilleure prise en charge pour les patients.
Cela permettra également de mieux comprendre les mécanismes physiopathologiques impliqués dans
ces troubles neurodéveloppementaux. Ces connaissances aideront éventuellement a identifier de

nouvelles cibles thérapeutiques.

PROBLEMATIQUE

Les troubles du neurodéveloppement sont les conséquences cliniques d’anomalies survenues a un
moment au cours du développement du cerveau. Ces anomalies peuvent étre des facteurs
environnementaux ou des mutations génétiques dans des génes fortement exprimés dans le cerveau
jouant un réle dans son processus de développement (prolifération des précurseurs neuronaux,
migration des neurones et établissement des connections entre neurones). La déficience intellectuelle
(DI), caractérisée par I'apparition de troubles des fonctions cognitives et des capacités adaptatives
avant I’age de trois ans, et les troubles du spectre autistique (TSA), caractérisés par des troubles de la
communication, des interactions sociales et la présence d’intérét et de comportements répétés et
restreints, constituent des troubles du neurodéveloppement fréquents dans la population (>2% des
enfants) et représentent un enjeu majeur de santé publique. Les connaissances sur les mécanismes
génétiques impliqués dans les différentes formes de DI ou de TSA ont considérablement progressé au
cours des derniéres années, en raison du développement de nouvelles technologies de séquencage
permettant d’étudier le génome en partie ou en intégralité. A aujourd’hui, plus de 700 génes ont été
impliqué dans des formes de DI, cependant un nombre important de génes restent encore a identifier

et les mécanismes physiopathologiques de ces maladies neurodéveloppementales restent encore a



comprendre, ce qui complique l'obtention d’un diagnostic moléculaire pour les patients. Cette
hétérogénéité au niveau moléculaire rend la recherche exhaustive de mutations souvent trés
compliguée et une tres grande proportion de patients atteints de maladie génétiquement hétérogénes
demeurent ainsi non diagnostiqués sur le plan moléculaire. De plus, il peut arriver qu’il ne soit pas
possible de conclure en I'état quant a la pathogénicité potentielle de certaines variations identifiées.
Il est alors nécessaire de les valider fonctionnellement pour démontrer qu’elles affectent la fonction
de la protéine correspondante et qu’elles peuvent affecter des voies moléculaires cellulaires a la base
du développement de la maladie. Cette validation fonctionnelle peut prendre beaucoup de temps et
retarde d’autant I'obtention du diagnostic. 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 spécifique).

SITUATION DU SUJET DANS LA LITTERATURE INTERNATIONALE

En raison du biais de sexe conséquent observé dans la DI (1.3-1.4 hommes atteints pour une femme)
et suite a l'identification dans les années 60 de grandes familles avec ségrégation clairement liée a I'X,
la recherche des génes responsable s’est principalement concentrée —et ce jusqu’a récemment— sur
les genes du chromosome X, et donc responsables de DI liée a I’X (XLID). A ce jour, et grace aux efforts
de larges consortiums internationaux, une centaine de genes de XLID a été identifiée (Gécz et al., 2009;
Lubs et al., 2012; Ropers, 2010; Tarpey et al., 2009). Il reste encore des genes a identifier sur le
chromosome X (Hu et al., 2016) qui pourraient étre impliqués dans des formes de DI, si I'on en croit

les nombreuses familles avec DI liées a I’X mais sans mutation identifiée aprés séquencgage d’exome.

La recherche de génes autosomiques associés a la DI récessive s’est développé de facon 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 de suivies du séquencage systématique des
génes candidates. Cette approche a permis l'identification de plus de 100 génes de DI autosomique
récessive (Kaufman et al.,, 2010; Kuss et al., 2011). Au cours des deniers années, |'utilisation des
nouvelles technologies de séquencage ont été utilisés dans des larges cohortes des familles
consanguines, soulignent |'efficace de ces techniques pour le diagnostic mais aussi pour I'identification

des nouvelle genes impliquées dans le DI récessive (Najmabadi et al., 2011; Riazuddin et al., 2016).

En raison de I'impact de la DI sur I'aptitude a la reproduction, I’"hypothése d’un mode de transmission
autosomal dominant familial avait longuement été délaissée, puisque supposé trés 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 chez les patients sporadiques
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(seule personne atteinte de la famille). Ceci a depuis été largement confirmé par l'identification de
mutations ponctuelles tronquantes de novo reportées dans des quelques cas simplex de DI, au début
dans une petite cohorte de 10 patients (Vissers et al., 2010) dont I’ADN (et celui de leurs parents non-
atteints) avait été séquencé par Whole Exome Sequencing (WES). Ensuite, il a été montré sur des
cohortes légérement plus larges (50-100 patients) que le WES permettait d’obtenir un taux de
diagnostic important pour la DI (de Ligt et al., 2012; Rauch et al., 2012). Le WES est trés efficace
également pour identifier de nouveaux genes impliqués dans la DI, comme cela a été démontré par le
consortium « Deciphering Develompental Disorder Study » qui a séquencé par WES plus de 4,000
familles avec troubles du neurodéveloppement et a appliqué une analyse statistique pour identifier

des nouveaux genes associés a ces conditions (Deciphering Developmental Disorders Study, 2015).

Introduction of NGS
technologies
Introduction of
700 microarrays
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Identification des nouveaux genes impliqués dans la DI en cours des années
(Adapted from (Vissers et al., 2016))

Une étude de séquencage du génome entier (Whole-Genome Sequencing, WGS) sur 50 patients dont
I’'exome avait été préalablement analysé (de Ligt et al., 2012) a montré que trois quarts des variations
de novo avaient été manqué par le WES, principalement d( a des limitations techniques. De méme,
les auteurs ont aussi détecté des variants structuraux qui n’avaient pas identifié précédemment dans
les analyses de microarrays. Dans I'ensemble, avec le WGS, ils ont estimé qu’une grande proportion
des cas de DI sévére peut étre expliqué par des mutations de novo situées ou affectant une séquence

codante (Gilissen et al., 2014).



Dans les dernieres années, de nombreux nouveaux genes impliqués dans la DI ont été identifiés, et de
nombreux autres sont encore a identifier. Cette augmentation du nombre de genes impliqués dans la
DI et les TSA aide a mieux comprendre les mécanismes physiopathologiques qui conduisent a ces
fréquents troubles du neurodéveloppement. Par exemple, ces derniéres années, plusieurs génes
impliqués dans le remodelage de la chromatine ont été récemment identifiés comme impliqués dans

la DI, soulignant une voie moléculaire qui avait été jusque-la sous-estimée (SETD5, KDM6A, MOZ, etc).

RESULTATS

Mon travail de doctorat consiste a identifier de nouveaux génes et de nouveaux mécanismes
moléculaires impliqués la DI, ainsi qu’a caractériser les signatures cliniques et moléculaires associés a

certaines formes génétiques, pour mieux les diagnostiquer, les comprendre, et les prendre en charge.

J'ai utilisé des approches de séquengage ciblé et de séquencage d’exome entier (WES) pour analyser
I’ADN de patients avec DI avec ou sans troubles du spectre autistique (TSA) pour identifier de nouvelles
mutations et de nouveaux génes impliqués dans ces deux maladies neurodéveloppementales. J'ai
notamment analysé plusieurs centaines de génes candidats pour 86 patients avec DI et/ou TSA ainsi
que I'exome entier pour 36 patients pour lesquels aucune mutation n’avait pu étre mise en évidence

par séquencage ciblé. J'ai identifié en total 26 variations pathogénes.

Confirmation de I'implication de génes de DI récemment identifiés et compréhension des

mécanismes moléculaires altérés

L'identification de ces mutations m’a permis de confirmer I'implication dans la DI/TSA de génes
récemment publiés comme le gene ZBTB20, THOC6, AUTS2, et plusieurs d’autres. La description de
nouveaux patients porteurs d’'une mutation dans ces génes permet de mieux définir le spectre clinique
associé a chacune de ces entités génétiques comme c’est le cas pour le syndrome de Primrose causé
par des mutations dans le géne ZBTB20 pour lequel nous avons mis en évidence une hypothyroidie
associée (Mattioli et al., 2016). Pour certaines mutations faux-sens, c’est-a-dire qui ne changent qu’un
ou plusieurs acides aminés de la protéine correspondante, j’ai réalisé des études fonctionnelles pour
étudier leurs conséquences sur |'expression et la localisation de la protéine et démontrer leur
pathogénicité. En particulier, j'ai étudié trois variations faux-sens identifiées dans le géne THOC6 et
présentes a I’état homozygote chez un garcon avec DI. L’haplotype constitué de ces trois variations est
présente chez plusieurs autres patients avec DI et présentant des signes cliniques similaires et
représente donc une mutation récurrente pour cette forme de DI. La protéine THOC6 est impliquée

dans le transport et la maturation des ARN messagers et normalement est localisée dans le noyau. En



surexprimant la protéine THOC6 avec chacune de ces variations ou I'ensemble des trois dans des
cellules Hela, j’ai montré qu’une de ces variations en particulier et la combinaison des trois conduisait
a une mauvaise localisation de la protéine THOCSG, restreinte au cytoplasme (Mattioli et al. Manuscrit

en cours d’écriture).

L'identification de mutations dans des geénes connus permet également d’analyser certains
mécanismes physiopathologiques impliques impliqués la DI. Je me suis intéressée en particulier a
mieux comprendre le syndrome de DI causée par des mutations du gene AUTS2, dans lequel j'ai
identifié 4 variations conduisant a I'apparition d’'une protéine tronquée. Trés peu de mutations
ponctuelles ont été identifiées dans ce gene et la plupart des mutations rapportées étant des délétions.
J'ai réalisé des études transcriptomiques (séquencage d’ARNm) dans des fibroblastes de 4 patients
porteurs de mutations dans AUTS2 comparé a 4 individus contréles et j’ai mis en évidence que la
régulation du cycle cellulaire et notamment les mécanismes impliqués dans la séparation des
chromatides (protéines du centrosome et des kinétochores) étaient altérés chez les patients avec une
mutation dans le gene AUTS2. De fagon intéressante, certains de ces genes dont I'expression est
altérée sont des génes impliqués dans des formes de DI avec microcéphalie sévére. Je souhaite
poursuivre cette étude en analysant s’il existe une éventuelle altération des centrosomes (analyse du
fuseau mitotique) dans les fibroblastes de patients. J’aimerais également, en collaboration avec deux
équipes de l'institut, analyser chez la souris inactivée pour Auts2 si I’expression des mémes geénes est
dérégulée (souris Auts2 +/-, collaboration avec Yann Herault) mais également étudier le réle d’AUTS2

et de ces génes cibles au cours du développement du cerveau (collaboration avec Juliette Godin).
Identification de quatre nouveaux génes impliqués dans la DI

Les analyses WES ont permis l'identification de mutations candidates dans 4 nouveaux génes de DI
(BRPF1, NOVA2, UNC13A, NARS). La réalisation d’études fonctionnelles et I'identification de mutations
dans ces génes chez d’autres patients/familles présentant les mémes signes cliniques sont nécessaires

pour confirmer I'implication de ces genes dans la DI.

J'ai démontré pour la premiere fois que le géne BRPF1 était responsable d’une forme de DI avec retard
de croissance, microcéphalie, hypotonie et paupiére tombante (ptosis). Une analyse WES a révélé une
délétion a I'état hétérozygote dans le géne BRPF1, entrainant un décalage du cadre de lecture et
I’'apparition d’'un codon stop prématuré. Cette variation est présente chez tous les individus atteints
de la famille (six personnes avec DI légére et d’autres anomalies du développement). BRPF1 code une
protéine impliquée dans la régulation de la transcription, via I'activation d’histones acétyltransférases
de la famille MYST, comme les protéines MOZ et MORF qui sont également impliqués dans des formes

de DI. J'ai entrepris des validations fonctionnelles pour mieux comprendre les conséquences de la
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mutation sur la fonction de BRPF1. Dans un premier temps, j'ai montré sur des fibroblastes d’un des
individus atteints que I’ARN muté était exprimé et échappait particulierement au mécanisme de
dégradation des ARN non-sens. J'ai observé ainsi que la mutation conduisait a une protéine tronquée.
En surexprimant le cDNA muté ou normal de BRPF1 dans des cellules HEK293 avec ses partenaires
(MOZ, ING5, MEACS), j’ai démontré que l'interaction avec MOZ était préservée tandis que l'interaction
avec ING5 et MEACG est abolie quand BPRF1 est muté. La localisation cellulaire est également affectée.
Jai également montré que la mutation conduisait a une diminution de I'acétylation de I'histone H3
(H3K23) est a une augmentation de I'expression de génes HOX. Via les bases de données et les
nouveaux outils d’échange de données phénotypiques et génotypiques (Decipher et Genematcher),
j’ai pu avoir connaissance d’au moins 6 autres patients avec mutations ou délétions du géne BRPF1.
J’ai montré qu’ils présentaient tous une DI légére a modérée, avec ptosis uni ou bilatéral et/ou
blépharophimosis. L'ensemble de ces résultats, reportant BRPF1 comme un nouveau géne impliqué

dans la déficience intellectuelle, a été récemment publié (Mattioli et al., 2017).

Toujours par WES, j’ai identifié, cette fois chez un cas sporadique, une mutation de novo conduisant a
I"apparition d’une protéine tronquée dans le géne NOVA2. Ce géne code une protéine impliquée dans
la régulation de I'épissage, et jouant un réle important au cours du développement du cerveau. La
patiente présente une DI, une microcéphalie et une épilepsie et j'ai pu identifier, en échangeant avec
des collégues, quatre autres mutations dans ce géne chez des patients avec signes cliniques similaires.
Au niveau fonctionnel, en surexprimant I’ADNc humaine de NOVA2 muté dans des cellules Hela ou
NOVA2 n’est pas exprimé, j’ai démontré la présence des protéines tronquées qui ne sont pas capable
de réguler I'épissage alternatif de génes connu pour étre ciblé par NOVA2. J’ai démontré aussi que la
réduction de I'expression de NOVA2 altére |'épissage alternatif dans des précurseurs neuronaux
humains en culture. En paralléle, en collaboration avec une autre équipe de mon institut de recherche,
j’ai entrepris d’étudier les conséquences d’une inactivation de ce géne in vivo en utilisant le modeéle
zébrafish, qui permettra de mesurer I'effet sur la taille de la téte ou le développement de crises
d’épilepsie comme ce qui est observé chez les patients (collaboration avec Christelle Golzio). Les
résultats de ces études génétiques et fonctionnelles, rapporteront le gene NOVA2 comme un nouveau

géne de déficience intellectuelle.

Chez une autre patiente, j’ai identifié une mutation tronquante héritée et un faux-sens de novo dans
le gene UNCI3A, qui code une protéine impliqué dans la régulation de la libération des
neurotransmetteurs dans les synapses des cellules nerveuses. Une mutation homozygote dans ce gene
avaient déja été identifiées mais cette fois-ci chez un patient avec microcéphalie et une myasthénie

fatal. Il sera intéressant d’étudier les conséquences de ces variants sur le cycle des vésicules
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synaptiques. Des études fonctionnelles seront effectuées en collaboration avec Dr. Lipstein (Max-Plank

Institute for Experimental Medicine).

Dans un autre cas sporadique, j'ai identifié une mutation de novo qui entraine la suppression d’un
domaine fonctionnel située a la fin de la protéine NARS, une protéine impliquée dans la formation des
tRNAs. En recherchant des autres patients avec une mutation dans le méme gene, j'ai découvert 3
jeunes enfants avec la méme mutation présente dans mon patient et plusieurs autres cases avec des
mutations faux-sens mais homozygote. Nous sommes actuellement en contact avec des autres équipes
pour effectuer des études fonctionnelles in vitro —pour vérifier 'activité catalytique- (Hubert Becker,

UDS, Strasbourg) et in vivo (Andreea Manole, UCL, London).

CONCLUSIONS ET PERSPECTIVES

Les résultats que j'ai obtenus permettent de mieux comprendre les mécanismes génétiques et
moléculaires impliqués dans la déficience intellectuelle et les troubles du spectre autistique, via d’'une
part I'identification a la fois de nouvelles mutations et de nouveaux génes, mais également via |'étude

des conséquences moléculaires et cellulaires de certaines mutations, in vitro et in vivo.

Les perspectives de ce travail seront d’étudier également d’autres mécanismes génétiques impliqués
dans la Dl et les TSA. En effet, si les études de séquencage ciblé et d’exome conduisent a I'identification
d'une mutation causale dans une portion importante de patients, qui pourrait aller jusqu’a 40%
(Gilissen et al., 2014), un nombre non négligeables de patients (et plus encore pour les TSA) reste sans
mutation identifiée aprés ces analyses. Certaines formes de DI sont causées par des mutations
localisées dans les introns ou les promoteurs des génes pouvant avoir des conséquences sur
I’expression (épissage, niveau d’expression) des ARNm correspondants. En fait, on a entrepris
d’identifier ces mutations en utilisant deux technologies haut-débit, le séquencage d’ARN et le
séquencage de génome entier, chez des patients avec DI ou TSA et pour lesquels aucune mutation n’a

pu étre mise en évidence par WES.

Mes travaux de doctorat permettront d’améliorer et d’accélérer la possibilité d’obtenir un diagnostic
moléculaire qui donnera acces a un meilleur suivi et a une meilleure prise en charge pour les patients.
Cela permettra également de mieux comprendre les mécanismes physiopathologiques impliqués dans
ces troubles neurodéveloppementaux. Ces connaissances aideront a identifier de nouvelles cibles

thérapeutiques.
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1. DEFINITION OF INTELLECTUAL DISABILITY

Intellectual disability, previously named mental retardation, is one of the most common
neurodevelopmental disorder that affects about 1% of the worldwide population (Maulik et al., 2011),
representing one of the major public health-care and social problem, even though this percentage may
vary according to the socioeconomic status and geographical regions. It has been observed a higher
prevalence of affected males, with an estimated sex-ratio of 1.3 males/ females (McLaren and Bryson,
1987).

Several definitions have been proposed for ID. According to the AAIDD (American Association on
Intellectual and Developmental Disability), ID is characterized by limitations in intellectual functioning
as well as in adaptive behaviour, which includes everyday social, conceptual and practical skills, starting
before the age of 18 years (www.aaidd.org). Similarly, the World Health Organization defines ID as “a
significantly reduced ability to understand new or complex information and to learn and apply new
skills (impaired intelligence), resulting in a reduced ability to cope independently (impaired social
functioning), and begins before adulthood, with a Ilasting effect on development”

(http://www.euro.who.int). In the DSM-V, ID is renamed as Intellectual Development Disorder and it

is defined as a disorder that affects intellectual and adaptive functioning in conceptual, social and
practical domains, with onset during the developmental period. The diagnostic criteria of ID have been
revised in the DSM-V to accentuate the importance of both the clinical assessment and the use of
standardized intelligence tests, which give a numerical output known as Intelligence Quotient (1Q).

ID is described to be two standard deviation or more below the average 1Q score of the population,

which is considered at 100. Therefore, an IQ score equal to or below 70 is classified as ID (Figure 1).

N 34.1% | 34.1%

Standand
Derigtion

1S Soore E3 | as 100 ns 130 145

Figure 1:1Q distribution curve in the general population

Several IQ tests exist and they have been standardized in order to compare different individuals of the

same age from the same population. One of the most common is the Wechsler test, which has an
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adapted version for children ranging from 6 to 16 years - the Wechsler Intelligence Scale for Children
(WISC) - and one for adults - the Wechsler Adult Intelligence Scale (WAIS). Both tests return a general
IQ score based on four indexes: the verbal comprehension, the perceptual reasoning, the working

memory and the processing speed.

According to the 1Q score it is possible to classify the degree of severity of ID into 4 main categories:

mild, moderate, severe and profound.

- MILD ID (50 < 1Q score < 70): this group includes the majority of ID cases (~85%). Individuals
are self-sufficient and have developed good communication skills. They can access education
although with special needs.

- MODERATE ID (35 < 1Q score < 50): it concerns 10% of ID individuals. They are able to
communicate, even if the language could be impaired. They may need help for several
activities of daily living.

SEVERE ID (20 < 1Q score < 35): it is present in 3-4% of ID patients. Their communication abilities

are limited and they may also present a motor delay. They need assistance for everyday
routine.

- PRODOUND ID (20 < 1Q score): it is the less frequent ID as it affects 1-2% of ID individuals.
Patients are not autonomous and they require permanent assistance for daily-life activities.

The language is often absent or limited to few words.

In addition to the intellectual functioning, also the adaptive behaviour is tested, by evaluating different
domains among which communication, daily living skills, socialization and motor skills. The Vineland
Adaptive Behaviour Scales (VABS) is one of the most regular test.

Despite these common guidelines for the evaluation and classification of ID, most of the time these
tests are not performed, mainly because they take a long time and require a special consulting, which
are not always available. Therefore, the diagnosis and the evaluation of the degree of ID is often done
by clinical geneticists or by child neurologists, based on the global skills presented by the patient during

the visit.

2. COMORBIDITIES OF ID

The phenotype of patients affected by ID is extremely heterogeneous, not only because of the severity
degree, but also for the occurrence of other symptoms. ID can be present alone - i.e. there are no other
clinical features - and this is classified as isolated ID. Isolated ID is defined by the sole presence of ID,
without other clinical features. This condition is extremely rare as it is difficult to rule out the presence

of less apparent anomalies, such as neurological or psychiatric ones.
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. Epilepsy 22%
Neurological features Balance disorder | 20%
ASD 24-30%
Neuropsychiatricfeatures | Anxiety disorder |17%
ADHD 10%
Cerebellar 20-30%
Musculo-skeletal |[4-8%
Malformations Cardiac 4-6%
Urogenital 2-3%
Gastrointestinal 2-4%

Table 1: Frequency of co-morbid traits in ID patients (adapted from (Petterson et al., 2007))

Conversely, ID is most of the time associated with other symptoms, and this is referred to as syndromic
ID. Patients with syndromic ID have several additional clinical features, most of them affecting the
central nervous system, ranging from neurological to neuropsychiatric ones, but other organs might
also be affected (Table 1).

The presence of such distinctive symptoms might be helpful for the diagnosis, since an alteration of a
specific gene may be associated with an association of different specific clinical manifestations. For
this purpose, the use of a standardize vocabulary of phenotypic abnormalities, as proposed by the
Human Phenotype Ontology (HPO), is extremely valuable for the better delineation and identification
of a specific syndromic ID. Similarly, also the presence of some peculiar facial traits (facial
dysmorphisms) is particularly important for the diagnosis. As a matter of fact, these peculiar traits
represent one of the most specific clinical criteria of the syndrome itself (e.g. Down, Kabuki, Noonan

syndrome, ...).
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A SWSM B [Letter| Feature{syorgan system
(syndromic SWOSH short stature, growth failure

Kk oo (syndromic NS microcephaly
i i * rucrura without {non- earllv lethality/reduced lifesp
maliormations " epilepsy
of organs/ stluctur.ai gynciromic) overgrowth/macrocephaly
brainfimp) Maiformations) progression/regression”

neurological symptoms”
malignancies
immunological anomalies
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Figure 2: Bipartite clinical monogenic ID-classification (Kochinke et al., 2016)

It has been proposed a clinical classification of the monogenic forms of ID according to two main
aspect: the severity, clinical manifestation and penetrance on one side and the presence or not of
other symptoms (referred to as “syndromicity”) on the other one (Kochinke et al., 2016). The different
ID disorders are grouped into 9 main classes and this gives a practical amount of information (Figure
2). Clinical comorbidities are listed in 27 different categories and they have been linked to the
syndromic ID only when the reported frequency was associated to at least 20-30% of the patients
(Kochinke et al., 2016). This classification was used to cluster phenotypically similar groups of ID to
detect which ID symptoms co-occur the most frequently. This analysis demonstrated also that some
specific clinical traits accompanying ID are more significantly associated to alterations in a specific
molecular process than others (Kochinke et al., 2016). For example, many ID-genes implicated in a
syndromic ID with behavioural anomalies code for proteins with synaptic function.

However, it is not unusual to observe a plethora of different phenotypes in patients with the same
disrupted gene or even with the same mutation in one family. The high comorbidity between ID and
other neurodevelopmental disorder (i.e. Autism Spectrum Disorder) suggests common molecular
pathways, which will be discussed in another section (Genetic Overlap between Neurodevelopmental

Disorders, pg. 32).

3. ETIOLOGY OF ID

The causes of ID are various and variable, and many are still not yet identified, hindering the process
of diagnosis. Nevertheless, the causes of ID can be classified into two main groups: the environmental

and the genetic factors, which can also overlap.
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Both factors might alter one of the neurodevelopmental stages during the pre-, peri- and post-natal
period, as depicted in Figure 3. Indeed, brain development is a tightly regulated process that depends
on the sequential coordination of proliferation of neuronal precursors, migration and differentiation
into neurons, establishment/pruning of synaptic contacts, etc. The myelination is also essential for the
correct development and functioning of the brain. The alteration of one of these steps might lead to
brain dysfunction, sometimes associated with brain malformations that can be detected with
neuroimaging technique, such as the Magnetic Resonance Imaging (MRI). Also environmental factors
may affect these crucial mechanisms or even modulate the genetic effects and should not be

underestimated.
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Figure 3: Environmental and genetic factors causing ID over neurodevelopmental stages (Chiurazzi and Pirozzi, 2016)

3.1 ENVIROMENTAL FACTORS

It is difficult to calculate the frequency of ID caused by environmental factors since it is not always
possible to ascertain the association of some factors, therefore there is no available and reliable
diagnostic test. The occurrence of some ID varies according to the socio-cultural background, as some
of these causes are linked to the maternal lifestyle as well as to the health-care quality. Moreover,

many external risk factors are not yet identified.

Among the known environmental factors of ID, it is possible to distinguish three main groups: toxic,

infectious and traumatic causes.
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- The toxic causes are related to the exposure to certain chemical compounds during the pre-
and post-natal period. One of the most frequent toxic cause is the Foetal Alcohol Syndrome
(FAS). Other toxic causes include exposure to drugs (e.g. amphetamine, opioids), lead and
pollutants. Also maternal metabolic disorders are included in this category.

- The infectious causes are due to exposure to infectious disease during the pre- and post-natal
period, such as cytomegalovirus infection during pregnancy and post-natal meningitis.

- The traumatic causes of ID are linked to a physical lesion of the brain (e.g. vascular accidents),
lack of oxygen (i.e. asphyxia) as well as lack of nutrients necessary for the proper brain

functioning.

3.2 GENETIC CAUSES

The genetic causes of ID accounts for a large amount of ID cases. In most of the cases a unique genetic
event is responsible for the pathology. These genetic anomalies range from whole-chromosome
alterations, deletions or duplication of one or several genes, copy number variant, to single nucleotide

substitutions in single gene.

3.2.1 CHROMOSOMAL ABNORMALITIES
Chromosomal anomalies are the most frequent cause of ID, therefore karyotype was, during a long

time, one of the first diagnostic test to be performed. According to the nature of the anomalies they
can be subdivided into different categories: the aneuploidy (abnormal number of chromosome,
supernumerary or missing chromosome), large balanced and unbalanced structural variations
(translocation, inversion duplication and deletion larger than 5Mb). Chromosomal abnormalities have
been implicated in ID since long time, starting with the identification of the trisomy 21 as the cause of
the Down syndrome (Lejeune et al., 1959), which is still one of the most frequent cause of ID (Rauch
et al., 2006). Initially, due to technique limitations, it was possible to detect only chromosomally
abnormal aneuploidies. Beside the trisomy 21, there are few chromosomal aneuploidies since only few
of them are able to survive to term and a small number of them are implicated in ID (beside the trisomy
21, trisomy 18 and 13) (Regan and Willatt, 2010). As the molecular cytogenetic technologies advanced

- including high resolution karyotyping and fluorescent in situ hybridization (FISH) — it enabled the
identification of other cytogenetic rearrangements associated to ID, such as balanced or unbalanced
translocation and inversion, deletions and duplications larger than 5Mb. However, they are usually

private event, identified in only one patient.

3.2.2 COPY NUMBER VARIATIONS (CNVs)
This category comprises deletions, insertions, duplications and also complex multi-site variants that

lead to an imbalanced genetic dosage. They mainly originate from a non-allelic homologous

recombination (NAHR) or a non-homologous end joining (NHEJ) events. The augmented use of array
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comparative genomic hybridization (aCGH) improved the discovery and the identification of such
submicroscopic rearrangements ranging from kb to Mb.

It has been estimated that CNVs account for about 12% of the human genome in the general
population and they encompass many genes, disease loci, functional elements and segmental
duplication (Redon et al., 2006), therefore it is complicated to evaluate the CNV contribution to ID.
Nevertheless, it has been reported a general enrichment of CNVs in ID cases compared to non-affected
individuals, particularly CNVs larger than 400 kb and in patients with a malformation (Cooper et al.,
2011). Furthermore, deletions and duplications of dosage-sensitive regions are thought to be
responsible for many clinical phenotype observed in genomic disorders (Lupski, 1998).

According to their frequency, CNVs can be subdivided into two groups: the recurrent and the non-
recurrent ones. The non-recurrent CNVs differ in size and they are usually found in a single person.
They mainly originate from a NHEJ events, thus they usually have a different breakpoint, which explains
the observed differences. Conversely, the recurrent ones are found in multiple individuals, they have
the same size and share the same breakpoint of occurrence, since almost all of them arise from a
recurrent NAHR rearrangement in the same low-copy repeats genomic regions. For example, in
chromosome 7 - involved in the Williams-Beuren syndrome - the region is flanked by highly
homologous clusters of genes and pseudogenes, predisposing to a misalignment during meiosis
leading to unbalanced recombination. For instance, 98% of patients affected by this microdeletion
syndrome have breakpoints occurring in medial and centromeric duplicons, leading to a deletion of
approximately 1.5 millions bp (Pober, 2010).

In both cases, patients may have a similar syndromic ID and sharing a minimal region (called critical
region) encompassing few or only one gene, narrowing down the potential ID candidate genes. It is
therefore challenging to dissect these critical regions to identify the gene(s) responsible for the main
phenotype as well as the gene(s) that modulate the expressivity of the related clinical features.
However, it remains still difficult to predict the pathogenicity of critical regions encompassing only
non-coding regions; such variants may have a direct impact on the gene expression regulation (e.g.
distal promoter and enhancers), the chromatin conformation or in the genome’s architecture,
resulting in regulatory changes which could lead to alterations of gene expression (Haraksingh and
Snyder, 2013; Lupiafiez et al., 2016).

3.2.3 MONOGENIC FORMS OF ID

Monogenic forms of ID are caused by mutations affecting a single gene, which include single nucleotide
variants (SNVs) and small insertions or deletions (indels). They may be classified according to their
inheritance mode, mainly: dominant or recessive X-linked, autosomal-dominant or autosomal-

recessive.
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At the beginning, the research of these genetic causes of ID have been hampered by technical
limitations as well as by a high clinical and genetic heterogeneity. Mutations were first identified in
recognizable ID syndromes in multiple patients or in large families. However, the investigation of non-
syndromic or non-specific ID was more complicated, since they could not be considered as an unique
group, precluding the overlap of interfamilial mapping data (van Bokhoven, 2011).

The introduction of the next generation sequencing (NGS) technologies simplified the disease-gene
identification. As a matter of fact, there has been a notable increment in the number of identified
genes over the years; first with the introduction of genomic microarrays and, then, with the NGS, as

illustrated in Figure 4.
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Figure 4: Identification of genes implicated in ID over the years, according to their inheritance mode (Vissers et al., 2016)

The identification of novel ID genes enabled a better understanding of the affected molecular
pathways involved in ID, as to pinpoint common molecular pathways or biological processes, it is
important to comprehend the role of the different proteins encoded by the ID genes. For example, a
large portion of ID genes associated to cortical malformations are related to neurogenesis or neuronal

migration.
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Up to now, more than 700 genes have been implicated in monogenic forms of ID, across different
studies of X-linked, autosomal-dominant and autosomal-recessive ID. Despite this high number, the
curve of the number of the novel ID genes did not yet reach a saturation, indicating that there are still

genes that remain to be identified.

3.2.3.1 X-LINKED INTELLECTUAL DISABILITY (XLID)
Due to the sex bias observed in ID patients (1.3-1.4 affected males for 1 female) and to the

identification of large families with an evocative X-linked segregation, the X-chromosome have been
deeply investigated to identify causative ID genes. Over the years, the intensive studies on the X-
chromosome of several groups with international consortiums from all over the world have led to the
identification of more than 100 genes implicated in XLID (Lubs et al., 2012).

The first implication of the X-chromosome in ID was the observation of a chromatid break in the
extremity of the long arm of the X-chromosome in two brothers affected by ID, in 1966 (Lubs, 1969).
This cytogenetic marker was recurrently observed in children with a similar syndromic ID, which
consisted of a variable degree of ID, speech delay, peculiar facial dysmorphisms (large ears, long face
and prominent jaw), macroorchidism and behavioural disorder (among which autism), that has been
later named as Fragile X syndrome. FMR1, the gene responsible for this syndrome, was identified years
later and it encodes the RNA-binding protein FMRP (Oberlé et al., 1991). The most common mutation
of this gene is a trinucleotide expansion (> 200 repeats) at the 5’UTR region that leads to the
transcriptional silencing of FMR1. This results in a drastic reduction of the encoded protein FMRP,
affecting the regulation of downstream mRNA targets involved in synaptic structure and function. The
fragile X syndrome is still the most frequent monogenic cause of ID, representing ~1% of the total ID
cases (Coffee et al., 2009).

After the development of the cytogenetic methods, different strategies have been used for the
detection of XLID genes, such as familial linkage analysis or translocation studies, followed by the
sequencing of genes located in the linkage region or at the breakpoint. These approaches enabled the
identification of many XLID genes, but the advent of NGS drastically increased these investigations; the
sequencing of the entire X-chromosome coding regions (X-exome) and the whole-exome sequencing
(WES) led to the identification of about a fifth of all XLID genes (Hu et al., 2016; Lubs et al., 2012; Tarpey
etal., 2009).

Overall XLID contributes to ~10% of ID in males, but that alone does not explain the male excess in ID.
Conversely to previous suppositions, mutations on the X-chromosome play an important role also in
female ID patients. First, in several families with a XL recessive ID, certain female carriers may present
a mild phenotype. X-skewed inactivation is more frequently observed in family with pathogenic

variants (Tzschach et al., 2015), hence X-inactivation analysis in patients’ mothers may support a
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suspect of an X-linked defect and also help for deciding the further genetic tests. Still random X-
inactivation does not exclude a priori a XLID.

It exists some typical ID syndromes specific to females and caused by pathogenic variants transmitted
by a male carrier (e.g. PCDH19). NGS studies in sporadic females affected by ID showed a consistent
number of de novo mutations in the X-chromosome both in novel ID genes, such as DDX3X and NAA10
(Popp et al., 2015; Snijders Blok et al., 2015), but also in genes previously classified as recessive XL
(Alexander-Bloch et al., 2016; Redin et al., 2014). Similarly, also mutations thought to be dominant XL
specific to females might finally be viable and responsible for ID in males. For example, mutations in
MECP2 - a gene implicated in the Rett syndrome, which affects mostly females - have been long
thought to be lethal in males (Zeev et al., 2002); yet pathogenic variants have been eventually
identified in boys, even though they present a distinct phenotype (Couvert et al., 2001; Meloni et al.,
2000).

3.2.3.2 AUTOSOMAL RECESSIVE ID (ARID)
Many metabolic diseases can be manifested by alterations in different organs, often including ID. Most

of them are transmitted according to an autosomal recessive mode. For example, genetic defects in
the synthesis of glycoproteins (e.g. PMM2 and ALGS8) lead to congenital disorders of glycosylation
(CDG), a genetically heterogeneous group of metabolic disorders causing a severe multisystem
disorder in the neonatal period. These diseases are caused by an enzymatic deficit in a metabolic
pathway involved in the degradation or in the synthesis of a specific organic compound and
consequentially resulting or in an accumulation of a toxic molecule or in the absence of a necessary
compound. Metabolic diseases have been assessed to have a prevalence of about 1% in European
population, but such disorders may have an even higher incidence in regions of the world with high
consanguinity rate.

Beside the metabolic disorders, the molecular elucidation of ARID has lagged behind. The traditional
strategies to map ARID genes include linkage mapping and homozygosity mapping in large size and
consanguineous families, which are rare in Western countries where most of these studies are taking
place. Furthermore, in outbred population ARID patients are usually sporadic cases and most of them
are expected to be compound heterozygotes, thus carrying two different disease-causing alleles (Ten
Kate et al., 2010). Conversely, in the so-called consanguinity belt, a geographical region that includes
North Africa, Middle East and South East Asian countries, large size and consanguineous families are
more common; consequently ARID is a relatively frequent cause of ID (Musante and Ropers, 2014).

A large study performed in 2011 comprised a high throughput targeted sequencing of coding exons
from homozygosity and linkage regions in 136 consanguineous families (Najmabadi et al., 2011). The
authors confirmed over 20 genes previously reported in ID and identified a single homozygous

mutation in 50 novel candidate ARID genes, potentially explaining more than 50% of the ID cases.
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These results also showed the extreme genetic heterogeneity of ARID. Still, for a large number of
families, no gene defects were identified.

Since then, WES (and more recently even whole genome sequencing (WGS)) have been performed on
large cohort of consanguineous families, detecting a high number of novel candidate ARID genes (e.g.
FMN2, CLIP1 and SLC6A17), indicating that the identification of the ARID genes is still at its infancy (Hu
et al., 2018; Musante and Ropers, 2014; Riazuddin et al.,, 2016). However, even if the number of
candidate genes is high, many of them have been found in just one family, therefore they have not

been replicated and caution is need to interpret their possible implication in ID.

3.2.3.3 AUTOSOMAL DOMINANT ID (ADID)
The identification of ADID genes, compared to the other monogenic forms of ID, is relative novel and

it has been developed in recent years. Previously, it was not so much investigated due to the unlikely
transmission of a mutation from an affected parent to the offspring, because of the limited fitness
associated to ID (especially in the severe forms of ID). Though there are mutations that are transmitted,
they are indeed rare and they may present a variable penetrance and expression, ranging from a mild
to a severe phenotype (with usually a more severe phenotype in the proband than in his affected
parent). Therefore, initial research on ADID was limited.

As the major contribution of de novo CNVs to ID became known (de Vries et al., 2005), ADID has started
to be more investigated. Indeed, de novo mutations could explain why these disorders are still so
frequent in the general population despite the reduced fitness of affected individuals. Germline
spontaneous mutations lead to an average of 50-100 novel variants in each newborn, with only few
altering the protein-coding sequence and not necessarily resulting in a phenotype consequence.

To prove that de novo germline mutations are an important cause of ADID, first studies were
performed by directly testing candidate genes that were either identified in breakpoints or critical
regions of CNVs (e.g. NSD1, TCF4) or by directly sequencing genes known to be involved in important
synaptic function (e.g. SYNGAP1) (Hamdan et al., 2009a, 2009b, 2010). However, this approach
precluded an unbiased discovery of unexpected genes. The advent of WES and WGS allowed the
identification of novel causative genes in several rare syndromes (Lupski et al., 2010; Ng et al., 2010a;
Sobreira et al., 2010) and subsequently the better characterization of the impact and frequencies of
de novo mutations. Additionally, these NGS technologies enabled a simultaneous comparison of the
entire genome of both the parents and the progeny. The first trio-WES study was performed on 10
probands with unexplained ID and their unaffected parents. This family-based analysis pointed out 6
likely pathogenic non-synonymous de novo mutations all located in different genes, further
demonstrating the high ID genetic heterogeneity. Among them, only two were in genes previously
implicated in ID. This study strongly supported the hypothesis that de novo mutations are a major

cause of sporadic ID (Vissers et al., 2010). Two years later, two independent trio WES studies on larger
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cohorts (respectively, 51 and 100 patients) further confirmed the important contribution of de novo
mutations in sporadic ID, which could explain about 13-35% of the ID cases (de Ligt et al., 2012; Rauch
et al., 2012). Moreover, they revealed some recurrently genes that have more de novo mutations than
others (e.g. SYNGAP1, STXBP1, SCN2A, TCF4).

Trio WES approach is now widely used in ID diagnosis, and an impressive number of WES have been
performed in ID patients in different centres (e.g. GeneDx, Baylor College, Deciphering Developmental
Disorders Study, etc.). This has led to the identification of numerous novel ID genes, as demonstrated
by the number of publications per year (Figure 4). However, even if de novo mutations are indeed a
major cause of ADID, a de novo variant is not necessarily deleterious, and the interpretation of the
pathogenicity of each de novo variant has to be done with caution.

Recent studies on numerous large cohorts of patients affected by severe undiagnosed
neurodevelopmental disorders are further disentangling the contribution of de novo mutations by also
analysing their mechanisms of pathogenicity. Indeed, while some variants lead to a reduction or an
absence of the encoded protein (the so-called Loss of Function (LoF) mutations, which are mainly
caused by truncating variants (i.e. frameshifts, nonsense and splice-site), others alter its function
(through a gain-of-function or a dominant-negative effect). It has been estimated that de novo
mutations causing a severe neurodevelopmental disorders may be roughly split equally between loss
of function and altered function (Deciphering Developmental Disorders Study, 2017). However, there
is a huge discrepancy between the numbers of genes with truncating mutations identified compared
to the genes with protein-altering mutations, probably due to the fact that truncating variants are
easier to classify as pathogenic. The identification of genes with a substantial burden and clustering of
missense mutations is an efficient strategy to overcome this issue, as proven by the identification of
novel genes involved in neurodevelopmental disorders (Deciphering Developmental Disorders Study,
2015; Geisheker et al., 2017).

The identification of ADID with incomplete penetrance is still limited, as it is more difficult to identify
and interpret these types of variants. Also somatic mutations could be missed as they are not easily
detectable by these types of analysis. For instance, de novo mutations in a well-known gene implicated
in Cornelia de Lange syndrome (NIBPL) were first missed in blood DNA analysis but later identified in
DNA from buccal swamp in a relatively large portion of patients (10/44; 23%) (Huisman et al., 2013).
We can speculate that somatic mutations in neuronal cells might cause ID. However, identification and

studies on these types of variants are hampered by the difficulty of tissue sampling.

A more complicated inheritance form of ID difficult to detect is related to genomic imprinting, an
epigenetic event in which only one parental allele is expressed, resulting in a monoallelic expression.

Different mechanisms are used to imprint genes, including DNA methylation, antisense transcription
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and histone modifications. Imprinted genes are often clustered in a genomic region and the imprinted
expression may vary in different tissues. For example, in the 15q11-q13 region there are at least 14
imprinted genes, exclusively expressed by the paternal inherited allele in somatic tissue. However, two
of these genes (UBE3A and ATP10A) have an imprinted expression of the maternal inherited allele in
the brain (Chamberlain, 2013). These disorders are then caused by mutations of the parental allele
physiologically expressed, either by CNVs, SNVs, epimutation or uniparental disomy. Moreover,
deletions of the same locus or uniparental disomy of the same chromosome may lead to different
syndromes. That is the case of the Prader-Willi and Angelman syndromes, in which the same genomic
region 15g11.2 is disrupted, but while the first one is caused by the loss of the paternal allele, the latter

one is caused by the disruption of the maternal one.

3.3 MORE COMPLEX FORMS OF ID
Despite the substantial progress obtained by NGS technologies in the understanding of the genetics of

ID, an important portion of affected individuals remain without a molecular diagnosis. This could be
explained by mutations in the non-coding region - for which our understanding is still limited — or a
genetic scenario more complex than the monogenic one, with an oligogenic or polygenic model (which
may also include environmental factors) that take in account the epistatic interaction among different
genes and eventually environment. For instance, it has been showed that patients with 16p12.1

microdeletions have significantly more often a second large CNV compared to controls and some of
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Figure 5: Genetic interaction model (adapted from Golzio and Katsanis, 2013)
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them have a more severe phenotype, whereas carrier parents present more neurological or
neuropsychiatry anomalies more often than the non-carrier parents (Girirajan et al., 2010).

While mutations with complete penetrance will be the major driver of one specific monogenic ID, there
might be other mutations with lower penetrance and variable expressivity, whose effects could be
modified by other variants in different genes (oligogenic and polygenic models), giving rise to a variable
phenotype. For the latter case, two models are hypothesized. In the first one the alteration of a single
variant is necessary and sufficient to cause ID but the interaction with modifiers loci (that could include
also common variants) lead to a variable phenotype. Conversely, in the second model, the phenotype
is established by an epistatic interaction of few or more mutations in different genes, which alone
could cause some specific clinical traits. Their combined effect may be more severe or qualitatively
different and the pattern of inheritance is subsequently more complex (Figure 5).

Studies on CNVs aiming to disentangle the contribution of each encompassed locus to the phenotype
further demonstrated the complexity of these epistatic interaction, but little is known about SNVs, as
most of the recent studies of large cohort of neurodevelopmental patients were mainly focused on

monogenic ID.

4. GENETIC OVERLAP BETWEEN NEURODEVELOPMENTAL DISORDERS

The frequently observed co-morbidities between ID and other neurodevelopmental disorders (i.e.
ASD, epilepsy and schizophrenia) likewise reflect the common affected molecular pathways and

genetic factors among these diseases.

Few years ago, a study on recurrent rearrangements in three different categories of patients (1D, ASD
and schizophrenia) reported a large number of recurrent CNVs that are not specific to a disease-
category, indicating common affected molecular pathways (Guilmatre et al., 2009). Furthermore,
large-scale trio sequencing studies showed an enrichment of de novo variants in a restricted number
of genes across different neurodevelopmental disorders (Hoischen et al., 2014).

Among the genes involved in ID, some lead to various neurodevelopmental phenotypes. These
differences could be explained by the different impact of the mutations (e.g. affecting different
functional domain or LoF vs GoF mutations), stochastic processes during development and differences
among individual genetic backgrounds. Nonetheless, ASD is more present in patients with mutations
in some specific ID genes (e.g. CHD8, GRIN2B). In the same manner, a subset of ID genes seems to be
more associated with epilepsy (e.g. CHD2, SLC2A1) as illustrated in Figure 6. Therefore, the better
identification and characterization of genes more implicated in these specific neurodevelopmental
phenotypes may help in the better understanding of the molecular pathways involved in these

disorders.
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Figure 6: Frequency of ID, ASD and epilepsy associated to LoF mutations (Gonzalez-Mantilla et al., 2016)

ID and ASD have the largest overlap, with 17% of reported ID genes with de novo LoF mutations being
also found in ASD (Vissers et al., 2016). However, the contribution of these de novo events seems to
be less important in individuals with ASD with a higher IQ (>90), but it plays a major role in cases with
syndromic ASD with ID (lossifov et al., 2014). To date, all the genes implicated in ASD could also lead
to ID with or without ASD.

The genetic model proposed for ASD is more complicated, since it takes into account common and rare
variants as well as several other different environmental factors. For example, it has been proposed a
model in which rare or de novo variants are differentially compensated by each individual genetic
background, hence some persons will develop ASD while others will not (Hartman et al., 2001,
Rutherford, 2000). As a matter of fact, recent studies reported that common variants are largely
implicated in the risk of autism (Gaugler et al., 2014; Klei et al., 2012). In the last study, the authors

reported an estimation of about 52.4% of heritability mostly due to common variants while only a 2.6%
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of rare variants contribute to individual liability (Gaugler et al., 2014), underscoring the crucial
contribution of common variants in ASD risk. However, the identification of such common variants is

hindered by their high number and their related low impact risk.
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Figure 7: Timeline of ASD Genetics (Adapted from (Huguet et al., 2013))

The ASD heritability has been largely investigated since first evidences from twin and sibling studies
indicated a large genetic contribution to ASD-risk. The development of NGS technologies prompted to
further investigate on the genetic contribution in ASD at a genome-wide level (Figure 7). Initial studies
revealed that individuals with ASD carry a higher number of CNVs compared to controls; furthermore,
investigations on family cohorts comparing individuals with ASD to their parents and unaffected
siblings showed that de novo CNVs are more present in ASD patients, thus increasing the risk of ASD in
5-10% of individuals (Huguet et al., 2013). The research of ASD-risk and candidate genes was further
improved by the advent of exome and genome sequencing; more than 4000 families with at least one
ASD child have been sequenced, leading to the identification of high-confidence ASD candidate genes.
Monogenic forms of ASD have been described (e.g. NLGN4, IL1RAPL1) and are caused by more than
400 genes (Ronemus et al., 2014). These studies were mainly focused on de novo SNVs and they
showed that between 3.6 — 8.8% of patients carry a de novo causative mutations (lossifov et al., 2012;
Neale et al., 2012; O’Roak et al., 2012; Sanders et al., 2012). Moreover, protein-interaction analyses
based on genes implicated in ASD revealed recurrent molecular network comprises synaptogenesis,
axon guidance, neuronal motility as well as chromatin remodeling (Gilman et al., 2011; O’Roak et al.,
2012). Interestingly, the average mutation rate of individuals with ASD is significantly different from
controls only if the analysis is restricted to brain developmental genes (Sanders et al., 2012). A meta-
analysis study showed that de novo likely-LoF variants are more frequent in patients with ASD than
their unaffected siblings (lossifov et al., 2014).

Many individuals with ASD have been described with multiple mutations in different genes (or even
inherited protective alleles), suggesting that even gene-gene interaction could eventually lead to the

ASD phenotype (Ziats and Rennert, 2016).
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5. MOLECULAR PATHWAYS INVOLVED IN ID

The identification of a large number of genes involved in ID significantly improved the understanding
of the affected molecular pathways, crucial for the development of therapeutic targets. ID genes can
be clustered into several functional modules according to different parameters, such as a common
pathway, a direct physical interaction or co-expression. Enrichment analysis based on gene ontology

terms may also be used in the identification of these functional networks.

These analyses revealed the presence of general disrupted molecular and cellular pathways, including
neurogenesis, neuronal migration, synapse and gene expression regulation (van Bokhoven, 2011;

Chelly et al., 2006; Kleefstra et al., 2014; Kochinke et al., 2016).

5.1 METABOLIC DISORDERS

Among the mutated genes implicated in ID 1-5% of them cause a metabolic disorder, therefore the ID
is caused either by an accumulation of a toxic compound or by a lack of a substrate necessary for
proper brain development, or by an energy deficit during a critical step of brain development. These
disorders are usually diagnosed by proper biochemical testings. A well-known example is the gene
PAH, which encodes an enzyme that catalyses the hydroxylation of phenylalanine to tyrosine, the rate-
limiting step in phenylalanine catabolism. A deficiency of this enzyme causes phenylketonuria, which

can be detected by a high ratio between the concentration of phenylalanine and tyrosine in blood.

5.2 SYNAPSE AND CYTOSKELETAL REGULATION AND ORGANIZATION
During brain development, neurons are going thorough different stages that are temporally and

spatially tightly regulated. Genes encoding proteins involved in these steps have been reported as
mutated in ID with specific associated clinical features, enabling their classification according to the
affected neurodevelopmental step.

The neurogenesis starts from the neuroepithelial progenitors that divide to expand the progenitor pool
and then giving rise to the intermediate progenitors, which will subsequently divide and give rise to
neurons. Defects in progenitor proliferation have been associated to primary microcephaly, which
consists in a reduction of the brain size due to a decreased number of neurons. Interestingly, the
majority of the genes implicated in primary microcephaly code for centrosomal proteins (i.e. ASPM,
CENPJ), which are important for proper chromosome segregation, showing an important relationship
between cell division and neurogenesis (Barbelanne and Tsang, 2014).

For a correct cortical development, neurons migrate from the ventricular zone toward the cortical

plate. This process is controlled by various players including cytoskeletal and proteins, for which
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several mutations in genes coding for microtubule-associated proteins (i.e. LIS1 and DCX) have been
particularly reported in patients affected by cortical malformations (i.e. lissencephaly). Moreover, also
motor proteins like kinesin, which are required both for cargo transport and for the generation of
energy during structural rearrangements, have been associated to brain malformations (e.g. KIF11,
KIF5C), along with tubulin subunits, highlighting an important role of cytoskeletal dynamics during
neuronal migration.

Once neurons reached their proper position, a proper connection among them must be established.
Many genes implicated in ID — and often also epilepsy and ASD - codes for synaptic molecules, which
are involved in the structure or in the function of neurons, specifically in dendrites and synapses. The
majority of the synapses in the nervous system involve chemical signals responding to stimuli (i.e.
action potential) by releasing neurotransmitters. These neurotransmitters are synthetized by the
presynaptic neurons and stored in synaptic vesicles. A critical step is the transfer of these vesicles to
the so-called active zone, where vesicles fuse with the presynaptic membrane through a process of
exocytosis to release their neurotransmitters in the synaptic cleft. Many genes encoding for pre-
synaptic proteins involved in one of these processes have been associated to ID, with or without

associated epilepsy. For example, many Rab proteins, which are GTPases regulating the migration and

Excitatory synapse Inhibitory synapse

devel nt
* Neurite outgrowth
» Bynapse formation/maturation
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excitatory & inhibitory synapses Actin polymerization

Figure 8: The complexity of the synaptic compartments. Genes implicated in ID or ASD are shown in red (Srivastava and
Schwartz, 2014)
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circulation of the neurotransmitter vesicles, have been described as mutated in patients with
neurodevelopmental disorders (e.g. RAB3GAB1, RAB39B).

Cell-adhesion proteins are important for the formation of the contact between the pre- and post-
synaptic compartments, which are divided by a gap named synaptic cleft. Most of these proteins
belongs to the cadherin and integrin family, as well as neurexins and their binding partners, the
neuroligins. Mutations in genes coding for these proteins have been identified in patients with ID and
ASD (i.e. NLGN3, NLGN4X), pointing out the important role of the synaptic cell-adhesion pathways in
cognitive and behavioural functions (Srivastava and Schwartz, 2014).

The post-synaptic membrane includes receptors and ionic channels crucial for the conversion of the
chemical signal. ID can be the result of the disruption of the signal transduction both for excitatory
(glutamatergic) and inhibitory (GABAergic) neurons. Some ID genes encode proteins located in the
post-synaptic density (PSD) of glutamatergic synapses, such as glutamate receptors (GRIN2A/B, GRIN1,
etc) or scaffolding proteins involved in the PSD architecture (SHANK3, SYNGAP1, DLG3, etc). Finally,
the activation of the neurotransmitter receptors activates intracellular post-synaptic signalling,
including the Ras-MAPK-ERK and PI3K-AKT-mTOR pathways. The disruption of genes involved in these
signalling pathways is at the basis of some syndromic ID (e.g. PTEN, BRAF).

The regulation of the post-synaptic density is strictly associated to the synaptic plasticity, which is the
ability to rapidly change structure and morphology in response to a stimulus. This ability is regulated
on one side by protein degradation —including proteins involved in ubiquitination (e.g. UBE3A, CUL4B)

- and on the other one by actin and microtubule polymerization/depolymerisation, which depends on
the Rho-GTPase signalling pathways, for which mutations in many genes have been reported to cause
ID (e.g. ARHGEF6, PAK3).

5.3 GENE EXPRESSION REGULATION: TRANSCRIPTIONAL REGULATION

Brain development requires a tight temporal and spatial gene expression regulation to control
neuronal progenitor proliferation, migration, differentiation as well as synapse formation, elimination
and plasticity. This regulation should also be dynamic, to rapidly respond and change to extra- and
intra-cellular signalling. Gene expression regulation controls the presence and the production of
specific gene products and it is an important mechanism for proper cell functioning (among the
others). Therefore, most of the factors implicated in these molecular mechanisms are ubiquitously
expressed, as they are involved in the regulation of gene expression in the whole body. It is thus
common that mutations in genes coding for these factors give rise to a syndromic ID accompanied by
other clinical manifestations affecting other systems.

Gene expression regulation could be achieved by a direct control on transcription or by post-

translational mechanisms. In this section | will focus on the regulation at the transcription level.
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The control of the transcription rate of gene expression programs is accomplished by many players,
among which transcription factors and chromatin modifiers. They regulate the transcript production
by modulating the recruitment and the activity of the RNA polymerase to specific DNA regions in an

extremely coordinated fashion.

Transcription factors bind to specific targeted DNA sequences and facilitate or inhibit the recruitment
of the RNA polymerase toward a gene. A large number of them are found mutated in ID (Table 2), such
as FOXP1, TCF4, etc.

The function of transcription factors is also controlled by the distribution of their binding-sites in the

genome (Chen et al., 2017), which is regulated by epigenetic modifiers.

Transcription Factors

ARX, ASCL1, CC2D1A, CTCF, DEAF1, EP300, FOXG1, FOXP1, FOXP2, GATAD2B, GLI2, GLI3, HESX1,
HIVEP2, MAF, MEF2C, MYCN, MYTIL, NFIA, NRF21, PAX6, PAXS, RERE, SALL1, SIN3A, SIX3, SOX10,
SOX11, SOX2, SOX3, SOX5, TAF1, TBP, TCF4, TBR1, TWIST1, ZBTB16, ZBTB18, ZNF81

DNA Methylation

DNMT1, DNMT3B, FTO

Histone modification

Writers CREBBP, CUL4B, EHMT1, EP300, EZH2, HLCS, HUWE1, KAT6B,
KAT6A, KMT2A, KMT2D, KMT2C, NSD1, WHSC1, UBE2A
Erasers HDAC4, HDAC8, KDM5C, KDM6A, PHF8
ASXL, BCOR, CHMP1, CTCF, GATAD2B, HCFC1, KANSL1, MBD5, PHF6,
Readers POGZ, SKI, MED12, MED17, MED23, NIPBL, RAD21, SALL1, SMC13A,
SMC3
ATP-dependentchromatin ACTB, ARID1A, ARID1B, ATRX, CHD2, CHD7, CHD4, CHD8, SMARCAZ2,
remodeler SMARCA4, SMARCB1, SMARCE1, SRCAP, S518L1

Table 2: Main transcriptional regulators involved in ID (Adapted from (Kleefstra et al., 2014))

In recent years, many causative ID mutations have been identified in genes coding for proteins involved
in chromatin-mediated control of transcription. A recent study reported a fold enrichment above 2 of
chromatin-related genes, similar to the one obtained by synaptic-processes genes group, with around
10% of genes implicated in ID involved in epigenetic transcription regulation (68/650 ID-genes)
(Kochinke et al., 2016). In our updated list, containing more than 800 genes implicated in ID (retrieved
by different European lists such as SysID, Radboud UMC list and Genome England PanelApp), an even
higher percentage of genes implicated in chromatin remodelling is identified (13.3%). Interestingly,
patients with mutations in chromatin-related genes showed a significant enrichment of co-morbid
traits such as clefts, cardiac problems, limb anomalies and short stature. Moreover, microcephaly and
behaviour anomalies were found to co-occur more frequently in chromatin-related genes (Kochinke
et al., 2016). Most of the mutations occurring in these genes are heterozygous loss of function,

suggesting the importance of gene-dosage in chromatin regulation processes.
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Chromatin regulation is important for gene regulation in all the tissues, but is really crucial during
neurodevelopment, as it contributes to the dynamic changes required during neuron formation and
they are also able to maintain cell fates by providing stable and heritable states of gene expression
(Ronan et al., 2013). Different mechanisms have been reported to regulate the chromatin
conformation, including DNA methylation, non-coding RNAs, regulation of nucleosome positioning and

histone modifications.

5.3.1. DNA METHYLATION
DNA methylation is a well-known regulatory transcription mechanism; it consists in the methylation of

DNA at cytosine residue of a CpG. DNA methylation is regulated by three different DNA
methyltransferase (DNMT1, DNMT3A and DNMT3B). While two of them are able to methylate cytosine
ex novo, only one (DNMT1) is responsible for DNA methylation maintenance, which can be inherited
through DNA replication and cell division. DNA methylation is implicated in brain plasticity associated
with memory and learning abilities. As a matter of fact, a DNA-methylation study revealed epigenomic
changes at different development stages in brain, both in mice and human, showing the dynamic of
this epigenetic mark (Lister et al., 2013). Autosomal dominant mutations in DNMT1 can give rise to a
cerebellar ataxia with deafness and narcolepsy (Winkelmann et al., 2012), while in DNMT3A cause an
overgrowth syndrome with ID (Tatton-Brown et al., 2014). Recessive pathogenic variants in DNMT3B

cause immunodeficiency-centromic instability-facial anomalies syndrome (Xu et al., 1999).

5.3.2 HISTONE MODIFIERS
Post-transcriptional modification of amino acids located in tails of histone proteins is a well-known

mechanism that regulates chromatin compaction and therefore transcription. Different type of
modifications can occur, such as acetylations, methylations, phosphorylations and ubiquitinations and
they control gene expression by influencing the chromatin three-dimensional structure. The effort of
several international collaboration studies on genome-wide histone modification profiles combined
with transcriptomic analysis revealed a basic histone code, in which specific histone modifications are
associated with different biological processes, among which repression or expression of specific
regions at distinct time. Indeed, some histone modifications are more associated with a thigh
nucleosome, hindering gene transcription, whereas other modifications relax the chromatin structure,
facilitating the transcription. Post-translational histone modifications are regulated by different actors
that could be summarized in four main categories according to their action: writers, erasers, readers
and ATP-dependent chromatin remodelers. The coordinated activity of these four groups enables a

dynamic regulation of the chromatin structure.
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Writers are chromatin modifiers that directly add side groups to histone proteins. Among these, there
are histone acetyltransferases (HAT). Lysine acetylation is usually associated to active transcription as
it reduces the positive charge of lysine side chains, decreasing its interaction with the negatively
charged backbone of the DNA. Mutations in KAT6A and KAT6B - two lysine acetyltransferases of the
same complex - have been associated to two different syndromic IDs, emphasising the role of HAT in
neurodevelopment. While HATs acetylate a variety of lysine on histone proteins, histone
methyltransferases are more specific, as reflected by their high number. Histone methylation markers
are more complex as they are associated to both transcription activation and repression and
methylation can be mono or multiple, mainly in lysine and arginine residues. Interestingly, two
methyltransferases with different target residues and leading to an opposed effect on transcription
are implicated in a similar syndromic ID characterized by overgrowth (NSD1 and EZH2). These apparent
discordance can be explained by the different type of identified mutations; while in NSD1 they give
rise to a non-functional protein, mutant EZH2 protein might have a potential gain of function effect
(Tatton-Brown and Rahman, 2013).

Among histone modifications, there is also ubiquitination that results in a much larger modification, as
the ubiquitin itself is big. According to its histone target it could lead to both transcription activation
(H2B) and silencing (H2A) (Srivastava et al., 2017). For example, the polycomb repressive complex 1
(PRC1) monoubiquitinates H2A leading to transcription repression. It has been shown that when
AUTS2 binds to the PRC1, it inhibits its repressive activity by recruiting the caseine kinase 2 (CK2), and
activating gene transcription (Gao et al., 2014). Interestingly, disruptions of AUTS2 have been

associated to a syndromic ID (Beunders et al., 2013).

On the other hand, erasers chromatin modifiers remove post-transcriptional modifications from
histone proteins, reversing writers’ action, rendering histone markers dynamic transcriptional
regulators. Among the erasers group, histone deacetylates (HDACs) reverse HATs’ effect, so they
compact the nucleosome and repress transcription. Different types of HDACs are usually associated
together and they are commonly present together in multiple specific complexes. Mutations in at least
three distinct HDAC (HDAC4, HDAC6 and HDAC8) have been implicated in ID (Table 2). Conversely to
HDAC, histone demethylases have been discovered only in 2004, as histone methylation was
considered as a stable post-translation histone modification (Bannister and Kouzarides, 2011). Histone
demethylases target specific methylated histone residues and they can act both as transcriptional
repressor or activator. Some of them modulate their enzymatic activity according to the different
protein-complexes they bind to, which confer nucleosomal recognition (e.g. KDM1A). Histone
demethylase have been linked to neurodevelopmental disorders; for instance, a congenital ID

characterized by peculiar facial dysmorphisms (Kabuki syndrome) is caused by mutations in KDM6A,
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whose activity is strictly coordinated with the one of the histone methylase KMT2D and mutations in

this gene give rise to the same syndrome.

Chromatin modifications are recognized by readers, which will then exert their function according to
the histone marks. They can be chromatin remodelers, core components of transcriptional complexes
and proteins that bridges chromatin remodelers with transcription factors. Among the large protein
complexes that link transcription factor with chromatin remodelers, two have been implicated in
neurodevelopmental disorders. For instance, multiple subunits of the cohesin complex (e.g. NIPBL,
SMC1A, SMC3, and RAD21) are altered in Cornelia de Lange syndrome, hence giving rise to similar
clinical features. The cohesin complex is important during cell division, as it maintains sister chromatids
together from S-phase until mitosis or meiosis and it is also involved in the chromatin architecture, as

it links distal chromatin segments.

ATP-dependent chromatin remodelers alter nucleosome positioning either by sliding it — hence moving
it along the DNA — or by exchanging it on chromatin. These processes are powered by ATP hydrolysis
and they clearly play a role in transcriptional regulation. Among the four families of ATP-dependent
chromatin remodelling complexes, two of them have been largely implicated in ID and ASD: mutations
in members of the SWI/SNF (BAF) complex (e.g. ARID1B, SMARCA2, etc) are causing the same
syndromic form of ID, the Coffin-Siris syndrome, and mutations in CHD (Chromodomain-helicase-DNA-

binding) proteins are involved in different neurodevelopmental syndromes (e.g. CHD7, CHDS, etc)

5.4 GENE EXPRESSION REGULATION: POST-TRANSCRIPTIONAL REGULATION

/ > mRNA > . ——> Protein

Y miRNA
Degraded mRNA

Figure 9: Schematic overview of the post-transcriptional regulation pathways (Adapted from (Cookson, 2017))

Numerous pathways are used for regulating protein synthesis. For instance, it has been showed that
protein levels are associated to the mRNA levels; it was estimated that mRNA levels contributes to 56%

of the protein variance abundance (with 18% by mRNA degradation and 38% related to transcription
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level) while the remaining 44% was explained by translation processes (30% by translation and 14% by
protein degradation) (Li et al., 2014). These data underscore the important role that post-
transcriptional regulation plays in gene expression regulation. As a matter of fact, around 25%
(162/650) of the genes implicated in ID have a role in the RNA metabolism (Kochinke et al., 2016). A
similar percentage (~¥30%; 255/835) have been found also in our updated list of ID-genes.

Post-transcriptional regulation is mainly mediated by RNA-binding proteins (RBPs), which are
implicated in different processes through-out all the mRNA life-time (Figure 9). For instance, the most
frequent cause of ID — the Fragile X-syndrome —is caused by the absence of the RBP FMRP. About 9%
(76/835) of genes implicated in ID code for a RBP. It is therefore clear that RBPs play a central role in
ID and mRNA regulation, which is extremely important in highly specialized cells such as neurons for
their proper axonal and dendritic growth, spine morphogenesis and synapse formation. In the
following sections | will focus my attention on RBPs implicated in post-transcriptional regulation and

ID (Tables 3-7).

5.4.1 mRNA MATURATION
In eukaryotes, mRNAs are synthesized while they are processed. mMRNA processing consists in

additional steps of maturation of the nascent transcript helping in downstream events and also in the
ongoing transcription. For instance, a N7-methyl guanosine cap is added to the 5 mRNA at the very
beginning of the transcription, speculating that it may be an important signal for mRNA elongation, as
it prevents mRNA degradation and enables its nuclear export. On the other end, at the 3’ of the newly
synthesis transcript between 200 and 300 adenosines are added by the poly(A) polymerase. The same
transcript may have different polyadenylation sites, meaning that some mRNAs have the same protein
coding sequence but different 3’ UTR ends. The existence of alternative polyadenylation sites further
increases transcriptome variability and it might be implicated in tissue-specific regulation; for example,
transcripts in the brain have generally longer 3° UTR (Licatalosi et al., 2008). Moreover, it could be
implicated in several mechanisms of regulation, such as RNA localization and stability, and also miRNA-
dependent translational regulation. As transcripts are synthesized, they are spliced and edited in
parallel, while the polyadenylation is part of the transcript termination process.

Splicing is essentially a double transesterification reaction, in which introns are removed from the pre-
mRNA precursor. This catalytic process is carried out by the spliceosome, which is assembled through
subsequential steps and interactions among the spliceosomal subunits and numerous other factors.
As a matter of fact, spliceosome assembly is also tightly regulated by DHX and DDX proteins (two large
families of RNA helicase) that are required for the prespliceosome assembly or to guide the sequential
spliceosomal rearrangements by the energy of the ATP hydrolysis (Will and Lihrmann, 2011).

Mutations in components of the spliceosomal subunits associated to ID have been reported, but they
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are linked to a much broader phenotype, due to the essential role of the spliceosome (Table 3).
Different auxiliary proteins are involved in the catalysis of the reaction as well as in the correct
recognition of the splice sites. Different cis-RNA sequencing elements, in combination with protein
regulators, help in the site selection of splicing that is performed by the spliceosome. Among the cis-
regulatory elements there are the exonic splicing enhancers (ESEs) or silencers (ESSs) and the intronic
splicing ehancers (ISEs) or silencers (ISSs), which are bound by different proteins that could enhance
or inhibit splicing. For example, hnRNPH2 was described in rodents to bind to the pre-mRNA of Trf2
and to inhibit the splicing of a short isoform of TRF2 that promotes neuronal differentiation (Zhang et
al., 2011). Interestingly, six de novo missense mutations have been reported in six unrelated female
patients affected by developmental delay, ID, autism, hypotonia and seizures (Bain et al., 2016).
HNRNPH?2 is on the X-chromosome and no affected boy has been described, suggesting that these
variants may be lethal in males.

Once the pre-mRNA has been spliced, a set of specific proteins is deposited about 20 nucleotides
upstream of intron excision of the spliced mRNA, independently of the sequence. This exon-junction
complex (EJC) will be stably bound to the formed mRNA until the cytosol, where it will be removed
during the first “pioneer” round of translation. The EJC tags the spliced mRNA and it intermediates
downstream processes — such as nonsense-mRNA-mediated decay (NMD), translation, mRNA export
and transport - by binding to transiently associating factors. The core EJC is composed by four proteins

and two of them have been reported as altered in neurodevelopmental disorders (Table 3).

mRNA MATURATION
Gene Function Phenotype Inh. Reference
7C3H14 poly(A) Mental retardat.lon, autosomal AR (Pak et al., 2011)
recessive 56
L ID, ASD, ADHD, epilepsy, bipolar
RBFOX1 | AD l., 201
0 splicing disorder and schizophrenia (Sartor etal., 2015)
PQBP1 splicing Renpenning syndrome XLR (Kalscheuer et al., 2003)
HNRNPH2 splicing Mental retart.iatlor?, Xlinked, XL (Bain et al., 2016)
syndromic, Bain type
. Epileptic encephalopathy, early (Carvill et al., 2013; Hamdan et al., 2014; de
HNRNP | AD
v splicing infantile, 54 Kovel et al., 2016; Need et al., 2012)
HNRNPK splicing Au-Kline syndrome AD (Auetal., 2015)
AFF2 splicing | Menta! retardat:;;; Xclinked, FRAXE |y, o (Gecz et al., 1996; Stettner et al., 2011)
Mental retardation, X-linked
RBMX lici ! ! XLR hashi l., 201
splicing syndromic 11, Shashi type (Shashi etal., 2015)
EFTUD2 | spliceosome | Vandibulofacial dysostosis, Guion- |, (Lines et al., 2012)
Almeida type
PUF60 spliceosome Verheij syndrome AD (Dauber et al., 2013)
RBM28 | spliceosome Alopecia, rTeurologlc defects, and AR (Nousbeck et al., 2008)
endocrinopathy syndrome
NONO spliceosome Mental retardatl(.)n, X-linked, XL (Mircsof et al., 2015; Scott et al., 2017)
syndromic 34
DDX48 EJC Robin sequen.ce with cIefF mandible AR (Favaro et al,, 2014)
component and limb anomalies

Table 3: Main RBPs involved in mRNA maturation implicated in ID
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5.4.1.1 ALTERNATIVE SPLICING

Alternative splicing is a well-known mechanism to create proteomic diversity, as it can lead to
numerous different transcripts (Figure 10), and many human genes undergo this process. Alternative
splicing has a crucial role in gene expression regulation, as it dynamically controls spatial and temporal
expression of different isoforms. Indeed, neurodevelopment relies on this mechanism to change gene
expression at different developmental stages in a dynamic manner. Moreover, many alternative
isoforms are tissue-specific - with the mammalian brain having the highest number of them (Wang et
al., 2008) - indicating the important role of the alternative splicing in tissue diversity. The presence of
distinct mRNA isoforms among tissues could be the result of different concentration of diverse splicing
factors, as each transcript could be regulated by more than one splicing factors. This redundant
mechanism increases the RNA-regulation complexity and hinders the characterization of the target
gene set of a specific splicing factor. Another explanation of tissue-specific isoforms formation is the
restricted expression of certain splicing factors in specific tissues, which are involved in the splicing

regulation of target pre-mRNAs whose alternative isoforms have an essential function in that tissue.

Exon skipping Alternative 5’ splice site Alternative 3’ splice site
R R s I“-_V/" e S
Mutually exclusive exons Intron retention

Alternative first exons Altemative last exons

i E :’ ‘: : P::r?'m] 3013.'[#«:

= == = m 0] .

Figure 10: Basic alternative splicing events (adapted from (Park et al., 2018))

Many tissue-specific splicing factors have been identified in brain and neurons, highlighting the
importance of the correct expression balance of different isoforms in neurons. For example, it has been
showed that in human neuronal stem cells during differentiation, the neuron-specific splicing factor
RBFOX1 regulates the alternative splicing of genes involved in neuronal maturation. Moreover, its
splicing targets contains transcription factors, other splicing factors and synaptic genes implicated in
neurodevelopmental disorder (Fogel et al., 2012). Alteration in RBFOX1 level itself and in its dependent

alternative splicing targets were reported in brains of individuals with ASD (Voineagu et al., 2011) and
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translocations encompassing RBFOX1 have been reported in several patients with ASD, epilepsy and

ID (Bhalla et al., 2004, Lal et al., 2015; Martin et al., 2007).

5.4.2 mRNA EXPORT
Once the mature mRNA is formed in the nucleus, it must be exported to the cytoplasm to be translated.

The mRNA transport from the nucleus to the cytosol occurs through the nuclear pore complex. mRNA
export is mediated by export adaptors that recognize and bind to the mRNA during its maturation, and
after pass it to the transport factors that will export the mRNA into the cytoplasm. It is interesting to
notice that some subunits of the different mRNA export pathways may transport specific classes of
MRNAs, suggesting that mRNA export could control gene expression (Wickramasinghe and Laskey,
2015). In humans there are different RNA transport pathways composed by different multisubunit
complexes. Mutations in proteins forming these complexes have been associated to ID (Table 4) as for
example, THOC2 and THOC6, encoding two subunits of the same complex involved in the transcription

and export of mRNA (the TREX complex) (Beaulieu et al., 2013; Kumar et al., 2015).

mRNA EXPORT AND LOCALIZATION

Gene Function Phenotype Inh. Reference
(Schuurs-Hoeijmakers
GANP export Charcot-Marie-Totth neuropathy and mild ID AR et al., 2013; Ylikallio et
al., 2017)
THOC2 export Mental retardation, X-linked 12/35 XLR (Kumar et al., 2015)

(Amos et al., 2017;
Beaulieu et al., 2013)

XPO1 export 2p15 microdeletion syndrome AD (Lévy et al., 2017)

THOC6 export Beaulieu-Boycott-Innes syndrome AR

Cortical dysplasia, complex, with other brain

KIF5C localization . AD (Poirier et al., 2013)
malformations 2
-~ . . (Willemsen et al.,
KIF4 localization Mental retardation, X-linked 100 XLR 2014)
. . . . . (Hu et al., 2016; Mirzaa
KIF11 localization Microcephaly with or without chor|oret!nopathy, AD et al., 2014; Ostergaard
lymphedema, or mental retardation etal, 2012)

Table 4: Main RBPs involved in mRNA export and localization and implicated in ID

5.4.3 mRNA LOCALIZATION
Not all the exported mRNAs are immediately translated; many of them are maintained in a

translationally silent state, waiting for proper subcellular localization or for a timing signal (Moore,
2005). This is particularly important for highly specialized and polarized cells, such as neurons, where
the cellular soma is distant from axons and dendrites. Nevertheless, the latters are able to rapidly
respond to stimuli and change local protein expression and cytoskeletal structure; this is achieved by
axonal mRNA transport and by the presence of a local translational machinery. Localized mRNAs are
transported in RNA granules, and several mechanisms are implicated in mRNAs transport among which
active transport along the cytoskeleton and in particular microtubules (Kiebler and Bassell, 2006).

Studies analysing the proteomic composition of these RNA granules revealed that RNA granules
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compositions are highly heterogeneous and contain proteins involved not only in transport but also in
translation and degradation of the mRNA. The first study showed that kinesin KIF5 transports RNA
granules to dendrites (Kanai et al., 2004); indeed, several kinesins have been implicated in RNA

granules transport.

5.4.4 TRANSLATION
Once transcripts reach their proper subcellular localization, they are eventually translated into

proteins. Gene expression is regulated also at this step, especially at the initiation of the translation.

During translational initiation, the preinitiation complex - made by the 40S ribosome subunit and
initiation factors - is assembled and it is recruited at the 5’cap of the mRNA, a step mediated by the
cap binding complex elF4F. This complex is formed by elF4A, elFAG and elF4E. The latter recognizes

the 5’ cap and replaces in the cytosol the cap-binding proteins CBP20 and CBP80.

Gene | Function Phenotype Inh. Reference

EIF4E | intiation ASD AD (Neves-Pereira et al., 2009)

Epileptic encephalopathy, early infantile, 33;

EEFIAZ | intiation Mental retardation, autosomal dominant 38

AD | (de Ligtetal., 2012; Nakajima et al., 2015)

FMR1 | repression Fragile X syndrome XL (Napoli et al., 2008; Oberlé et al., 1991)

PUM1 | repression Developemental Delay Ataxia and Seizure AD (Gennarino et al., 2018)

Table 5: Main RBPs involved in translation and implicated in neurodevelopmental disorder

On the other hand, elF4G links the 5’cap to the preinitiation complex by bridging it to elF4E. elF4G
interacts with the poly(A) tail by the binding with PABP (PolyA Binding Protein), circularizing the mRNA
and bringing the 5’ cap close to the 3’ poly(A) tail. To this end, the mRNA translation can be regulated

by either inhibiting the binding of elF4E to the cap or by impeding the interaction between elF4E and

Translation off Translation on

Figure 11: Translation regulation by the RBPs FMRP and CYFIP1 (Adapted from (Napoli et al. 2008))
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elFAG. A RBP implicated in mRNA neuronal translation is FMRP, involved in the fragile-X syndrome.
Among the many role of FMRP, it is known to regulate the translation of a subset of mRNAs by
inhibiting their translational initiation together with one of its known binding partner CYFIP1. In details,
the initiation factor elF4E is bound by CYFP1, which is recruited by FMRP. In brain, a specifically
expressed RNA increases the affinity of FMRP for the CYFP1l-elF4E complex, resulting in a stable
complex that repress translation (Figure 11). Upon synaptic stimuli, CYFP1-FMRP dissociates from
elF4E leading to translation activation and subsequent production of proteins encoded by FMRP mRNA

targets (Napoli et al., 2008).

5.4.5 mRNA DEGRADATION
Transcripts could also be degraded. The mRNA degradation is an important post-transcriptional

regulation mechanism, as it alters the transcript level in the cell and enables mRNA turnover
regulation. Several mechanisms have been described and most of them require an initial step of

deadenylation and decapping.

Deadenylation is one of the first step for degrading mRNA and is hence a crucial step in post-
transcriptional regulation. Three different enzymes are involved in deadenylation, all coordinated by

RNAse D, an exoribonuclease with 3’-5’ activity.

mRNA DEGRADATION
Gene Function Phenotype Inheritance Reference
(Deciphering
CNOT3 Deadenylation Neurodevelopmental disorder AD Developmental Disorders
Study, 2017)
TOE1 Deadenylation Pontocerebellar hypoplasia, type 7 AR (Lardelli et al., 2017)
RBMSA NMD Thrombocytopenia-absent radius AR (Albers et al., 2012)
syndrome
UPF3B NMD Mental retardatlon,li(-llnked, syndromic XLR (Tarpey et al., 2007)
EXOSC3 exosome Pontocerebellar hypoplasia type 1b AR (Halevy etal., 2014; Wan

etal., 2012)

Short stat hearing | tiniti .
EXOSC2 exosome .or stature, earl.ng. OS.S' re |n.| 'S AR (Di Donato et al., 2016)
pigmentosa, and distinctive facies

EXOSC8 exosome Pontocerebellar hypoplasia type 1c AR (Boczonadi et al., 2014)
. . . . (Crow et al., 2006;
RNASEH2A Rib | Aicardi-Gout d 4 AR
ibonuclease icardi-Goutieres syndrome Sanchis et al., 2005)
RNASEH2C Ribonuclease Aicardi-Goutieres syndrome 3 AR (Crow et al., 2006)
RNASEH2B Ribonuclease Aicardi-Goutieres syndrome 2 AR (Crow etal., 2006; Rice
etal., 2007)
SAMHD1 Ribonuclease Aicardi-Goutieres syndrome 5 XLR (Rice et al., 2009)
DHX30 stress granules neurodevelopmental disorder with severe AD (Lessel et al,, 2017)

motor impairment and absent language

Table 6: Main RBPs involved in mRNA degradation and implicated in neurodevelopmental disorders

The cytosolic protein PABPC1 influences the first step of polyadenylation as it promotes the activity of

the PAN complex, which is composed by PAN2 and PAN3 subunits. The PAN complex is then shortening
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the polyA tail and facilitates the binding of the CCR4-NOT complex, which will continue the
polyadenylation (Wahle and Winkler, 2013). The CCR4-NOT complex is made of two catalytic subunits:
CNOT6 and CNOT6L, which belong to the exonuclease-endonuclease-phosphatase (EEP) protein
family, and CNOT7 and CNOT8 that are part of the DEDD class of exonuclease. In addition to them,
there is also the NOT modules, whose core subunits are CNOT1, CNOT2 and CNOT3. In the latter,
several missense mutations have been reported in a large cohort of patients affected by
neurodevelopmental disorders (Deciphering Developmental Disorders Study, 2017) and it is a
therefore a candidate gene for ID. Interestingly, homozygous deletion of Cnto3 in mouse was lethal,
suggesting an important role during development while Cnot3* had cardiomyopathy (Morita et al.,
2011). Further studies reported that CNOT3 timely regulates the expression of differentiation genes,
by promoting their mRNA deadenylation and subsequent degradation, thus maintaining a pluripotent
state (Zheng et al., 2016).

Once the poly(A) tail has been shortened, a holoenzyme composed by DCP1 and DCP2, along with
other cofactors among which DDX6, degrades the 5’ cap, freeing the mRNA from the translation

initiation factors hence resulting in a non-functional mRNA as it cannot be translated.

Non-translating mRNAs can accumulate into two different cytoplasmic mRNPs granules: the P bodies,
where there are most of the components of the mRNA decay/degradation machinery, and the stress

granules, where there are more translational initiation factors (Decker and Parker, 2012).

5.4.5.1RIBONUCLEASES
The mRNA can be degraded in two directions. The enzyme XRN1 is a 5’-3’ exoribonuclease that binds

to the 5’ region of the mRNA as the cap and the translational initiation factors are released. On the
other hand, mRNA can be degraded in the opposite 3’-5’ direction by a well-conserved ribonuclease
complex, called the RNA exosome. This complex is formed by a six-subunits ring (going from EXOSC4
to EXOC9), a three subunit cap (EXOSC1, EXOSC2 and EXOSC3) and the catalytically active ribonuclease
DIS3. The mRNA to be degraded pass through a central channel from the cap-subunits passing through
the ring-subunits and finally reach the catalytic subunit, which will degrade the RNA substrate. The
RNA exosome has also different cofactors that help also to direct the exosome to specific target RNAs
(i.e. the NEXT and the Ski complex). Interestingly, missense mutations in EXOSC2, EXOSC3 and EXOSC8
have been linked to three different disorders associated to ID (Table 6). Surprisingly, mutations in
genes coding for subunits of the same ubiquitous RNA exosome give rise to distinctive tissue-specific
phenotypes, caused by an impaired RNA degradation. This could be because mutations might
differentially affect the level and the stability of the subunit and of the entire RNA exosome; or
missenses might interfere with exosome cofactors binding; or they disturb the interaction with specific

RNA substrates in the entry paths (Morton et al., 2018).
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5.4.5.2NONSENSE MEDIATED DECAY
Different surveillance mechanisms are present in eukaryotic cells, preventing the production of

aberrant proteins that could have reduced or even damaging functions. In the cytosol, there are
different surveillance mechanisms, among which the NMD (Non-Sense Mediated Decay) that degrades
transcripts having a premature termination codon (PTC).

The most well-known model of the recognition of the PTC relies on the EJC, which is stably bound to
the spliced mRNA from the nucleus together with the interacting splicing factor RNPS1 and the NMD
factors UPF2 and UBPF3 paralogous. During the first pioneer round of translation, ribosomes scan the
MRNA, remove the EJCs and pause at a stop codon. If a mRNA has an EJC located more than 50-55
nucleotides downstream of a PTC, ribosomes are not able to remove the EJC, hence the translation
eukaryotic release factor eRF1 and eRF3 are recruited along with UPF1 — an ATPase helicase - and the
kinase SMG1, forming the SURF complex. SMG8 and SMG9 bind to SMG1 to temporarily block its
phosphorylation activity of UPF1. At the remaining EJC, UPF3A, UPF3B associate with UPF2, which will
be bind by UPF1, resulting in the decay inducing complex (Figure 12). This interaction promotes the
phosphorylation of UPF1 by SMG1, leading to the subsequent recruitment of SMG5, SMG6 and SMG7:
SMG6 will cleave close to the PTC while SMG5 and SMG7 will promote RNA decapping and

deadenylation, leading to its degradation.

60S

| T e

Figure 12: Schematic representation of the NMD mechanism (Adapted from Moore and Proudfoot, 2009)

NMD is also important to control the physiological level of many mRNAs. For instance, it has been
described that during neuronal differentiation the NMD activity decreases (Alrahbeni et al., 2015; Lou
et al., 2014). For instance, UPF1 promotes the proliferative, undifferentiated cell state by inducing the
NMD of transcripts involved in neuronal differentiation but, when this is triggered, it promotes the
expression of a neuron-specific mMiRNA (miR-128) that inhibits UPF1 resulting in a decrease of several
NMD factors and activity, enabling the differentiation of neuronal progenitors (Lou et al., 2014). It is
therefore not surprising that mutations in NMD factors have been identified in patients with various
forms of ID (Table 6). To further understand the implication of NMD in neurodevelopmental disorder,
a study to investigate the contribution of CNVs encompassing 18 NMD genes in individuals with ID

and/or congenital anomalies was performed (Nguyen et al., 2013). The study reported a significant
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enrichment in the patient cohort of copy number losses of RBM8A (already implicated in TAR
syndrome), UPF2 and UPF3A. Moreover, the authors identified in the cohort a significant enrichment
of copy number gain for UPF2, SMG6, RBM8A, EIF4lll and RNPS1, suggesting that CNVs encompassing

NMD factors (and even EJC components) might predispose to neurodevelopmental disorders.

5.4.5.3RNAINTERFERENCE
RNA interference is a molecular mechanism that regulates gene expression by targeting and degrading

specific mRNA substrates. It was first identified in 1998 in Caenorhabditis elegans, where a double-
stranded RNA was showed to interfere with gene expression (Fire et al., 1998). RNA interference is
mediated by the hybridization of different type of small RNA molecules to their complementary mRNA
target and in this section | will focus on micro RNAs (miRNAs), due to their role in neurodevelopmental

disorders.

I 4
microRNA gene or intron Nucieus | Cytoplasm

g (RNAPol I /lli lTranscription !

oy : f’
: /
o pri-microRNA /
Cleavage -
Nucle&r export
o

: ..“r ;rrTn*rrTﬂanrr(i:}
i pre-microRNA
= J
/"/ pead LERRIED
= 3 .
e pre-microRNA

4 RNA dupl = .
micro uplex l Degradation

@ l RISC formation
L Y]

i u
1
(RRRSRRR LR B 2

Mature microRNA & dHlpke i

/l\

mRNA target cleavage  Translational repression mRNA deadenylation

Figure 13: miRNAs biogenesis (Winter et al., 2009)

miRNAs are single-stranded small non-coding RNAs known to regulate the expression of around 60%
of protein-coding genes (Esteller, 2011), so they have been implicated in a variety of biological
processes. By binding to the 3’UTR of their target mRNAs, miRNAs regulate gene expression as they
will promote either mRNA degradation or translational inhibition. miRNA genes are initially transcribed
into precursor molecules (pri-miRNAs), which are long double-stranded RNAs forming numerous
internal hairpins structures (Figure 13). Pri-miRNAs are then cleaved by the ribonuclease DROSHA
guided by DGCRS, which recognizes the dsRNA-ssRNA junction of pri-miRNAs. This cleavage results in

single hairpin molecules, referred to as precursor-miRNAs (pre-miRNAs). Pre-miRNA are then exported
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to the cytosol through exportin-5 and its cofactor Ran-GTP, where they will be eventually cleaved into
mature miRNAs (approximately 21 nucleotides) by the ribonuclease DICER with the RBP TBRP.

The mature miRNAs are then unwound and the mature guide strand is bound by Ago proteins, forming
the RNA induced silencing complex (RISC). In humans there are four Ago proteins (AGO1-4) and only
AGO2 has a nuclease activity, while all the others are more involved in inducing translational repression
and mRNA destabilization (Winter et al., 2009). The mature miRNA will then guide the RISC complex
to its target mRNA and, once they hybridize, it silences it by triggering mRNA translational repression,
deadenylation and decay.

miRNAs are emerging as important regulators of brain development and function, by modulating the
expression of target genes implicated in these processes. Defects in miRNA biogenesis or in miRNA
expression itself have been implicated in neurodevelopmental anomalies, such as Rett syndrome and
Fragile-X syndrome, whose responsible protein for the latter (FMRP) have been also linked to miRNA
pathway (Jin et al., 2004). For instance, several studies using different knockdown animals for genes
coding for proteins involved in miRNA biogenesis (i.e. Ago2 and Dicer) showed defects during brain
development and subsequent anomalies (Sun and Shi, 2015). On the other hand, numerous brain-
specific miRNAs have been described and implicated in different neurodevelopmental stages, as
showed by the previous example of miR-128. As a matter of fact, several studies reported a differential
miRNA expression profile in individuals with ASD (Abu-Elneel et al., 2008; Talebizadeh et al., 2008) and

correlated it with a differential expression of target genes (Sarachana et al., 2010).

5.4.6 tRNAs
tRNAs are ubiquitous non-coding RNAs and are highly abundant in the cell, constituting 4-10% of the

total cellular RNA. They have an essential role in the translation process, as they transport the amino
acids to be added to the nascent polypeptide to the ribosomes, and allow the translation of a
nucleotide sequence into an amino acid. Mutations in genes coding for enzymes involved in tRNA
processing have been identified in patients affected by neurodevelopmental disorder, including ID. For
instance, a large number of mutations have been identified in the large family of aminoacyl-tRNA
synthetase (ARS), the enzymes charging tRNAs with their cognate amino acid (Table 7). Nevertheless,
it is not clear the reason of such tissue-specific phenotype nor the pathogenic molecular mechanisms.
One explanation could be that some specific cell type are more vulnerable and sensitive to deleterious
effect of misfolded proteins, such as postmitotic neurons (Kirchner and Ignatova, 2015). However,
mutations in ARS may impair its functional enzymatic activity and cause amino acid misincorporations,
but they might also lead to a gain-of-function effect that is currently being explored (Meyer-Schuman

and Antonellis, 2017).
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RNA and tRNA modification

Gene Function Phenotype Inh. Reference
ADAR | RNA modification Aicardi-Goutieres syndrome 6 AR | (Rice etal., 2012)
NSUN2 | RNA modification Mental retardation, autosomal recessive 5 AR (Abbasi-Moheb
etal., 2012)
PUS3 pseudourlldlne Mental retardation, autosomal recessive 55 AR (Shaheen etal,
convertion 2016)
AARS tRNA synthetase Epileptic encephalopathy, early infantile, 29 AR (SlmggiSe)t al,
HARS tRNA synthetase Usher syndrome type 3B AR (Puzrnsggir et

Hypomyelination with brainstem and spinal cord involvement
and leg spasticity
Growth retardation, intellectual developmental disorder,

DARS tRNA synthetase AR | (Taftetal., 2013)

(Kopajtich et al.,

IARS tRNA synthet AR
synthetase hypotonia, and hepatopathy 2016)
RARS2 | tRNAsynthetase Pontocerebellar hypoplasia, type 6 AR (Edvarzdg(c));)et al.

Table 7: Main RBPs involved in RNA and tRNA modifications involved in ID

5.4.7 RNA MODIFICATIONS
Different chemical modifications occur on the RNA. For instance, tRNAs and rRNAs are largely modified

by pseudouridinylation as well as methylation. Each tRNAs may undergo to 14 modifications; these
modifications may alter structural features, hence their function; or they can influence translation
efficiency and speed; or tRNA may be cleaved in potential signalling messengers (Nachtergaele and He,
2017). rRNAs are modified in well-conserved position and their modification may influence ribosome
biogenesis and protein synthesis. Chemical modifications on the mRNA may change the amino acid
sequence, in a process that is called RNA editing. RNA editing is majorly present in tissue that require
high plasticity, such as the brain, as it can generates several different transcripts. One of the most
frequent editing is the deamination of adenosine into inosine, carried by RNA-specific adenosine
deaminase (ADAR). Interestingly, several homozygous or compound heterozygotes mutations in ADAR
have been associated to an inflammatory disorder particularly affecting brain and skin (Aicardi-
Goutiéres syndrome), associated with an upregulation of interferon-stimulated genes, suggesting a
role for ADAR in the repression of interferon signalling (Rice et al., 2012). RNA epigenetics is also
emerging as an important RNA modification; the discovery of an enzyme (FTO) that can reverse the
RNA N6-methyladenoysine modification suggests that also RNA modifications are dynamic, thus they

might also play an important role during neurodevelopment (Zheng et al., 2013).
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6. NEXT-GENERATION SEQUENCING APPLICATIONS IN ID
6.1 GENERAL PRINCIPLES OF NGS

For almost two decades, Sanger sequencing remained one the most used approach for DNA
sequencing, especially after its implementation as automated Sanger sequencing (e.g. multicapillary
sequencers), which is referred to as the first generation sequencing technology. Despite the numerous
accomplishments obtained - among which the first human genome sequence and the identification of
numerous genes involved in human diseases - Sanger sequencing is a limited technique as it can
generate only one sequence at a time, using a polymerisation reaction with ddNTPs. The development
of the massive parallel sequencing techniques overcame these main issues by the live neosynthesis of
DNA fragments and their immediate detection as they are getting synthesized. This neosynthesis is
performed in parallel in millions of independent sequencing reactions, allowing a high-throughput of
generated sequences. Different NGS technologies have been developed, and the main differences lie
in the template preparation and in the chemistry of the DNA neosynthesis. The most common
sequencing methods are the cyclic reversible termination, the sequencing by ligation and the
pyrosequencing. The most used one is the cyclic reversible termination, which consists in the cyclic
imaging of the incorporation of fluorescently modified nucleotides that block the DNA synthesis. Each
incorporated modified nucleotide represents the complement of the template. Then, the terminator
fluorescent nucleotide is removed and a next incorporation step is performed. Usually, an
amplification step is required before sequencing, in order to pass the imaging detection threshold and
the two most common methods are the emulsion PCR or a solid phase amplification. Both
amplifications have to stay minimal, otherwise they will produce a biased product.

In parallel to the implementation of the NGS technologies, the bioinformatic field had to improve to
face the unprecedented amount of data generated by these technologies that raised some challenges
in data management, storage as well as the analysis. The first challenge is the conversion of the image
data (e.g. the imaging of the fluorescent nucleotide incorporation) into sequence reads, the so-called
base calling. In parallel to the base calling, it is has been established a score that indicates the quality
of the reads (the phred score), as it provides important information for the next steps of alignment and
assembly, and also for later variant analysis. NGS reads are then aligned and assembled either de novo
or to a reference sequence, according to the biological investigation. One limitation of the reads
alignment is the inability to place regions in repetitive regions or in corresponding regions that may
not exist in the reference genome, even if the paired-end sequence is used. Over the years, NGS
technologies have constantly improved, increasing the high-through put capacities, speed and
accuracy and at the same time significantly decreasing the costs. Companies have developed

sequencers able to overcome some previous issues, including the amplification step.
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The advent of the NGS technologies revolutionized human genetics as they had a remarkable impact
in several research fields due to its wide applicability, ranging from basic research to clinical diagnostic.
Consequently, important achievements have been made in the better understanding of the genetic
aetiology of ID, as demonstrated by the rapid increase of newly genes associated to ID. NGS
technologies also greatly contributed to the increase of the molecular diagnosis of ID patients (Figure
14). The constant evolving of different approaches and new methods have also helped in the

delineation of involved molecular mechanisms in ID.
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Figure 14: Diagnostic yield over the years (Vissers et al. 2016)

6.2 NGS IN VARIANT AND GENE DISCOVERY IN ID

In the past years, the research of genes implicated in ID was hindered by cost, labour and it was limited
to a small number of candidate genes. The main previously used techniques (i.e. linkage analysis,
homozygosity mapping, analysis of the breakpoints, positional cloning) were laborious and they
required large families and numerous cases. The introduction of NGS technologies - and more in
particular of WES - significantly ameliorated the identification of novel ID genes. One of the first
approach used for gene discovery was to group patients with the same recognizable phenotype, in
order to identify a commonly mutated gene. For example, this strategy identified the major genetic
cause of the autosomal-dominant Kabuki syndrome (Ng et al., 2010b). However, this strategy is limited
by the recognition and characterization of the clinical features, as well as by the variable phenotype
and penetrance of a mutation. Moreover, NGS technologies are now routinely used for molecular
diagnosis, as their cost, processing time, clinical interpretation and data management became more
affordable. Each type of NGS approaches has its advantages and disadvantages and it has to be chosen

accordingly to the aim of the study. The most commonly used techniques are the targeted sequencing,
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the WES and they will be detailed in the following sections. WGS is for now more used in the research

field but might become a diagnostic tool in the next few years.

6.2.1 GENOME ENRICHMENT TECHNIQUES
As WGS is expensive and due to the difficulties to interpret all the genomic variants of one individual,

researchers overcame these disadvantages by focusing only on specific genomic regions of interest
mainly encoding for proteins, since the majority of the Mendelian disorders are caused by mutations
disrupting the protein-coding sequences.

Sequencing library can be enriched by DNA of selected target regions, prior to the amplification step
and the subsequent sequencing. In this way, cost and analysis time are drastically reduced with an
increase in the coverage of the generated sequences. There are three main enrichment approaches,
the enrichment by hybridization (NimbleGen and Agilent Technologies), selective circularization
method (molecular inversion probe (MIP)) and PCR-based approaches (RainDance and Fluidigm
tehcnologies).

All these methods can be used for the target of a specific region of interest, but they differ in the
enrichment specificity (i.e. the proportion of sequences in-targets versus sequences off-targets),
coverage homogeneity across different samples that importantly influence the reproducibility of the
experiment, the coverage homogeneity across all targeted regions, enrichment capacity (i.e. the

maximum size of total target regions) and the associated time and costs of sample preparation.

6.2.1.1TARGETED SEQUENCING (TS)
This approach consists in the sequencing of a subset of genes or regions of the genome of interest,

such as genes known to be implicated in ID. TS is widely used in clinical laboratories because of its
robustness and reliability, due to its high coverage. Moreover, its limited cost allows the inclusion of
more patients and the data analysis is faster since the attention is focused on a restricted area of
interest. Therefore, this targeted approach facilitates the identification of novel and rare variants in ID
genes in a large number of patients. On the other hand, TS excludes the unbiased discovery of novel
candidate ID genes. The first crucial step of this technique is the selection of the genes to include in
the study. This decision has to evaluate different criteria, among which the total size of the targeted
regions, which is restricted by manufacturing price thresholds and by the power of the sequencer
machine that define the maximal number of patients to multiplex in a single sequencing lane. Once a
gene list is made, probes have to be designed according to the portion of the gene that want to be
investigated, which could be full-genes, regulatory elements, 5’ and 3’ UTRs or only exons. Usually,
coding-exons are sufficient to identify pathogenic variants, since the majority of the identified

mutations responsible for Mendelian disorders disrupt protein-coding sequences.
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Multigene panels are different and vary on the number of genes (from dozen to several hundreds) and
could include genes that are more frequently mutated in ID or even genes that need to be confirmed
or better characterized. For example, some gene panels only focus on known X-linked ID genes. Studies
using TS as a first diagnostic test in ID patients showed a diagnostic yield of about 20% on average

(Figure 15) (Grozeva et al., 2015; Martinez et al., 2017; Redin et al., 2014; Tan et al., 2015).
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Figure 15: Diagnostic yield using different NGS approaches

(Dark-blue: Targeted sequencing (TS) studies (Grozeva et al., 2015; Martinez et al., 2017; Redin et al., 2014; Tan et al.,
2015); Blue: whole-exome sequencing (WES) studies (Deciphering Developmental Disorders Study, 2015; de Ligt et al.,
2012; Rauch et al., 2012; Yang et al., 2013); light-blue: whole-genome sequencing (Gilissen et al. 2014).

6.2.1.2WHOLE-EXOMESEQUENCING

WES allows the sequencing of all the exons of the human genome and it is predominantly restricted to
the coding regions, which consist in the 2% of the human genome. For diagnostic laboratories, it has
been developed a version with coding regions of only OMIM genes, or genes already implicated in a
disease, speeding up the variant analysis and interpretation. This technique have been used also on a
cohort of ID patients, obtaining a diagnostic yield comparable to the one of the TS (Chérot et al., 2018).
WES allows the unbiased discovery of novel candidate genes involved in a disorder, as well as the

possibility to re-analyse data as the genetic knowledge increases. There are two main approaches for
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a WES study: the patient can be sequenced alone or in parallel with his/her parents (trio). The first
approach is indeed much cheaper and it can include more individuals; however all the identified
variants are difficult to interpret, consequently the exome analysis may require much more time and
effort. The trio-exome sequencing enables the sorting and filtering of the inherited variants, according
to the inheritance scenario: X-linked, autosomal dominant or recessive. The inclusion of the parents in
the analysis reduces by 10-fold the number of putative causal variants (Harripaul et al., 2017). It is
therefore a powerful tool for the identification of novel pathogenic variants and the discovery of novel
ID genes. WES studies in ID patients’ cohort obtained on average a molecular yield between 25% and
30% (Figure 15) and they also identified and reported several ADID-genes. Indeed, WES is now
currently used in clinical as well as in research laboratories as it allows a rapid variant and gene

identification.

6.2.2 WHOLE GENOME SEQUENCING
The most complete NGS approach is undeniably the WGS, as it delivers the whole individual genome.

Moreover, the generated uniform coverage allows the detection of any structural variants (balanced
and unbalanced) even at a small resolution level and in intronic positions, beside the identification of
all personal SNVs. On the other hand, these advantages are not counter parted by its disadvantages,
which are essentially the extreme high cost (even if it is now significantly decreasing), storage and
manipulation of data. Moreover, it has to be considered that, particularly in diagnostic laboratories,
the variant analysis would be restricted in the coding-regions, as the knowledge of non-coding regions
are still inadequate for diagnostic purposes, as there are still few and not complete tools to interpret
the consequences of variants falling in non-coding regions. Efforts have to be made to develop them,
as it is now clear that non-coding regions have crucial role in the regulation of gene expression

(promoter, alternative splicing, enhancers, and also for proper chromatin organization (i.e. TADs)).

Recently, trio-WGS has been used in a cohort of 50 patients with an unexplained ID - previously tested
by genomic microarray, targeted and whole-exome sequencing- and a diagnostic yield of about 40%
was obtained. Initially, the authors focused their attention to SNVs and showed a significant
enrichment of de novo LoF mutations in known ID genes. Moreover, they were able to detect
mutations at the mosaic state, which was not possible to identify them with other techniques. They
also identified and validated 8 different structural variants that were not detected by previously
analysis. However, researchers could not reach a conclusion for variants in non-coding regions, even
with the help of resources that provide a rich set of transcription factor-binding sites and chromatin
state segments in different tissues and cell types, highlighting the need of follow-up studies for the

better comprehension of these variants (Gilissen et al., 2014).
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6.2.3 RNA-SEQUENCING

The advent of RNA-sequencing changed the transcriptomic studies, mainly performed by microarrays
techniques, enabling, in addition to the quantification of gene expression, the identification of novel
mMRNA isoforms, and of alternative-splicing events. Beside the transcriptomic analysis and the
differential expression studies, it has been recently shown that RNA-sequencing could be a useful
technology for variant identification in heterogeneous disorders such as mitochondriopathy and rare
muscle disorders (Cummings et al., 2017; Kremer et al., 2017). However, no similar study has been

performed for ID.

6.3 NGS FOR UNDERSTANDING MOLECULAR MECHANISMS

Beside the identification of genetic causes of ID, NGS technologies helps also in the understanding and
delineation of the implicated molecular mechanisms. To this end, different approaches have been

developed in order to study the transcriptome and the epigenome.

6.3.1 TRANSCRIPTOME ANALYSIS
Different methods have been developed according to the type of RNA to be sequenced, such as the

polyadenylated mRNA but also small and short interfering RNA. Generally, the RNA is isolated from
the sample of interest and then converted into cDNA that will be subsequently sequenced. The
generated reads can be either aligned to a genome of reference, compared with known transcripts, or
assembled de novo, which can be useful for the identification of new transcripts. Over the years, RNA-
sequencing greatly advanced, enabling different applications due to the versatility of this technology
as it can be used for studying quantitative and qualitative RNA changes. RNA-sequencing allows the
discovery of novel RNA isoforms, the gene expression quantification as well as the identification and
estimation of alternative-splicing events. Nevertheless, RNA-sequencing is limited by the generation
of short reads. For example, short-reads limit a correct quantification of alternative isoforms. To this
end, sequencers have been developed to allow sequencing of long-read mRNAs, enabling a direct
resolution of isoform structures, leading to the discovery of novel transcripts and alternative splicing
events in different tissues and cell type (Park et al., 2018). As the NGS technologies and bioinformatics
tools constantly improved, an increasing number of dataset across tissue and individual were created
in order to delineate specific gene expression profiles among different tissues as well as to study the
correlation of a genotype to alternative splicing variations. Recently, the genotype-tissue expression

(GTEx) dataset has been released (https://www.gtexportal.org/home/), which comprises several

human tissues transcriptome from well-genotyped donors, thus providing a powerful resource for the
characterization of transcriptional differences among tissues and to assess a genetic correlation

between an alternative splicing and to an expression quantitative loci (eQTL).
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RNA-sequencing is frequently used to analyse the differential gene expression among patients or
among different cells type. For example, a transcriptomic analysis comparison between patients with
mutations in two NMD-related genes in UPF3B (known to be implicated in ID) and affected individuals
with deletion encompassing UPF2 showed similar transcriptomic consequences, with the identification
of neuronal functional proteins among the differentially expressed genes (DEG), suggesting a
contribution of deletion of UPF2 to ID (Nguyen et al., 2013) .The isolation of the RNA from distinct
cellular type and also subcellular fractions led to the characterization of specific isoforms present in a
specific cells and even of its subcellular localization. The development in recent years of single-cell
RNA-sequencing is helping in this characterization of specific cell types within a tissue (e.g. neurons,
astrocytes, etc.) as well as the better understanding of the complexity inside a single cell. Currently,
different technologies are being developed to enable to spatially resolved transcriptomics directly in
cells and tissue (e.g. In Situ RNA Sequencing), which is a promising complementary tool for studying
tissue heterogeneity that could become also useful in diagnosis by checking, for example, for

biomarkers (Ke et al., 2016).

6.3.2 EPIGENETIC AND REGULATORY MECHANISMS
NGS technologies also allow the identification of DNA sequences bound by proteins, like transcription

factors and regulatory proteins. One of the most common technique is the Chromatin
ImmunoPrecipitation (ChlIP)-sequencing. In this approach proteins are cross-linked with their genomic
binding sites and this complex is then immunoprecipitated with an antibody specific for the protein of
interest. DNA is then extracted and purified, prior to be sequenced. In parallel, chromatin markers
could be used to delineate the chromatin conformation at a specific stage. This method greatly
improved the identification and characterization of binding sites of transcription factors. As previously
described, mutations in genes coding for different transcription factors have been associated with ID
(as detailed in Gene Expression Regulation: Transcriptional Regulation, pg. 37 and Table 2, pg. 38).
ChlP-sequencing of some of these factors, revealed the network of genes they regulate. For example,
through a ChIP experiment in mouse brain, it has been showed that Tbrl — for which several truncating
mutations in TBR1 have been identified in ASD patients with a variable phenotype - binds mainly
adjacent to ASD genes (Notwell et al., 2016), indicating that alteration of this transcription factor may
lead to dysregulation in the expression level of different ASD genes. An analogue approach has been
developed for the identification of the RNA-binding proteins targets (i.e. CLIP). For instance, this
approach has been used for the identification of the RNA targets of FMRP (Tabet et al., 2016), whose
absence lead to the fragile X-syndrome.

NGS advanced the epigenetic research, by providing the profile of genome-wide epigenetic marks,
such as the methylation. The methyl-sequencing consists in the bisulfite conversion of the genomic

DNA and its subsequent sequencing, either of the entire genome or subregions. The bisulfite
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conversion transforms the unmethylated cytosine into uracil, while the methylated cytosine will not
be converted. By comparing the generated sequencing by methyl-sequencing with the reference
genome it is possible to detect the methylated sites. This approach has been used to investigate the
consequences of LoF mutations in NSD1, a gene coding for a methyltransferase, causing an overgrowth
syndromic ID (Sotos syndrome). The methyl-sequencing revealed specific genome-wide DNA
methylation alterations in patients, which help to understand the pathophysiological mechanisms
involved in this disease and propose a markers for diagnostic (Choufani et al., 2015).

NGS technologies have been used to study chromatin spatial organization at a whole genome level.
The combination of the chromosome conformation capture (3C) and NGS revealed general features of
genome organization like the presence of hierarchical chromatin structures, compartments,
topologically associated domain (TAD), insulated domains and chromatin loops (Schmitt et al., 2016).
Generally, cells are first cross-linked to retrieve the three-dimensional spatial proximity of genomic
loci. The DNA will then be fragmented, usually by restriction enzymes, and then cross-links will be
release to obtain genomic fragments with reshuffled according to their spatial proximity. First
approaches (3 and 4C) were limited to analysis of the contact regions of only one genomic loci but the
further development of other techniques enabled first, the parallel investigation of contacts between
selected sequences (5C) and then eventually enabled the study at a genome-wide scale (HiC). For
instance, a study using this technology revealed that CNVs of the 16p11.2 region — frequently
associated to a syndromic ASD - lead to an alteration of the three-dimensional positioning of these
genes, resulting in gene expression dysregulation involved in the clinical phenotype (Loviglio et al.,
2017).

Overall, the integration of the generated data obtained with these NGS technologies (genome,
transcriptome and epigenome) will lead to the understanding of functional relationships between
chromatin organization, transcription regulation and genome function. Project such as ENCODE are

paving the way toward this goal (https://www.encodeproject.org/).
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/. IDENTIFICATION AND VALIDATION OF NOVEL VARIANTS OR GENES
IN ID

The advancement of the NGS technologies enabled the identification of many variants present in an
individual: in the TS around 2,000, WES about 60,000 and in the WGS even 4-5 millions of variants, and
many of them are unique. The identification of the pathogenic mutation in monogenic form of ID is
hindered by this huge amount of information, causing the classical “needle in the haystack” problem.
Nevertheless, the improvement of prediction software tools and the collection of large-scale
sequencing projects in the general population (detailed in Variant Annotation, pg.75) significantly
facilitated the process of variant annotation and prioritization. These steps are important for the

identification of candidate mutations that will be further analysed.
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Figure 16. Schematic workflow of variant analysis and identification of candidate variants

As the list of variants is generated, it is crucial to retrieve the maximum number of information
possible, including the description of the nature and the potential consequences of each variant (at
the DNA, RNA and protein level), the presence of the variants in other affected individuals or
unaffected individuals (Figure 16). According to these information, variants are then scored from the
most predicted damaging effect (usually, the truncating ones: frameshift, nonsense and splicing) to

the less ones (i.e. missense, synonymous) (see Variant Prioritization, pg. 79).
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7.1 VARIANT INTERPRETATION

Variant interpretation comprises the combination of different type of information to conclude about
the involvement of the variant in the pathology. Variants might be classified as responsible for the
disease (pathogenic; likely-pathogenic according to the strength of this evidence), or not responsible
(likely-benign, benign). In certain cases, it is not possible to conclude about variant’s implication with
the information available, and the variant is classified as variant of unknown significance (VUS). This
could be due to several reasons, e.g. a missense change never been described before and/or far from
the previously identified ones, or a variant in a non-coding region whose consequence is not clear, etc.
Using large-scale approaches such as WES or WGS, one can identify a promising variant in a gene never
been associated to ID. This gene is considered to be a gene of unknown significance (GUS) for the
pathology, and further analysis need to be done to prove that when mutated it causes ID. In the

following section | will described common strategies used to go further to interpret a VUS or GUS.

VUS or GUS

i

Constraint Expected Observed Constraint fibroblasts
from EXAC no. variants no. variants Metric

Synonymous 1259 68 2=320
Missense 2735 260 2=040 "
\
LoF 428 34 pUI =000 -

Zebrofish Fruit fly Mouse

ExAC and GnomAD

Clinical comparison Genetic data Functional analysis

Figure 17: Schematic workflow for VUS or GUS implication in ID

7.1.1 CLINICALCOMPARISON
If the variant is in a gene already associated to ID, a clinical comparison with previously reported

patients could further confirm the implication of a VUS, for example, if the phenotypes of the patients
overlap. This could also be done for GUS if the gene of interest is included in a CNVs already associated
to ID. However, the high genetic heterogeneity of ID has been a limiting factor for gene discovery,
especially in sporadic cases, since usually only one mutation in a patient is not sufficient to validate the
implication of a gene in a disease. For instance, it is estimated that even the most recurrent genes
associated to ID explain less than 1% of the total cases. Thanks to the high-through put capacity of the
NGS technologies, a large number of patients have been sequenced, increasing the chances to identify
a mutation in the same gene in more than one patient. It is also crucial to exchange information among

researchers, genetic counsellors and clinicians from all over the world. To this purpose, Matchmaker
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Exchange (matcmakerexchange.org) was created to provide a connection among people that have

identified potential mutations in the same genes (Philippakis et al., 2015; Sobreira et al., 2015).

MatchMaker Exchange includes Decipher (https://decipher.sanger.ac.uk/), which is a database that

collects and provides public data access to genotype-phenotype data from patients affected by
neurodevelopmental disorders (Firth et al., 2009). It contains more CNVs than SNVs, even if the
number of the latter category is constantly increasing. The most recent developed platform is

GeneMatcher (https://www.genematcher.org/) that, as the name suggest, matches clinician and

researchers interested in the same gene. The increasing use of this tool enabled a quick clinical
comparison of patients with a mutation in a GUS (Table 8, pg.65). The identification of novel genes
involved in ID has been facilitated by the emerging of such platforms (e.g. Decipher and GeneMatcher)
that allows researchers and clinicians to share information on a patient with a potential deleterious

variant in a gene never been implicated in ID.

7.1.2 GENETIC DATA
For both VUS and GUS a segregation analysis should be done on the available DNA from parents,

siblings and other relatives to check is the variant is present in all affected individuals and absent from
all unaffected individuals. As a matter of fact, a de novo event in a proband is usually in favour of the
contribution of the variant to the phenotype; however, de novo variants are not necessarily
deleterious. Additionally, a causative mutation for monogenic form of ID should not be frequently
observed in the general population; to this purpose, variant databases such as ExAC, GhomAD, EVS
and 1,000 Genomes (detailed in Variant Database, pg.78) are useful tools for variant interpretation.
Furthermore, other variant databases collect variations identified in patients (e.g. ClinVar,

https://www.ncbi.nlm.nih.gov/clinvar/), thus facilitating the interpretation of some VUS.

Genetic data from the general population could provide further information on a GUS. As a matter of
fact, the large amount of data generated by ExAC enabled the calculation of a constraint metric for the
four different classes of variants (synonymous, missense, loss of function and CNV) in each gene,
indicating its intolerance to variation. These values represent the differences observed between the
expected and the observed number of variants in a given gene. For synonymous and missense, the Z-
score indicates the deviation of the observed counts from the expected ones, according to size of the
coding sequence. The Z-score can be either negative, indicating that there are more variants than
expected, or positive, revealing fewer variants than expected, hence an increase constraint of the
gene. For LoF variants, another value is computed, the pLl, which represents the probability that a
given gene is extremely intolerant to LoF variation, based on the number of LoF (splice and nonsense

variants observed compared to what is expected. The more pLl is closer to 1, the more the gene is LoF
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intolerant. A pLlI above or equal to 0.9 reflects a gene that is extremely intolerant to LoF variation (Lek

etal., 2016). Thus, these values may indicate if a gene could be potentially implicated in ID.

7.1.3 FUNCTIONAL ANALYSIS
Functional validation should be done on VUS as well as on GUS to confirm their pathogenicity. For a

VUS in a known gene, the aim is to show that the variant affect protein function. For a GUS, we should
also show that the affected protein function is linked to brain dysfunction. Functional experiments
should be designed by considering several factors, among which the nature of the variant (i.e. loss- vs
gain-of-function) and its subsequent predicted impact (i.,e. mRNA and protein), and also on available

models.

7.1.3.1CELLULAR MODEL
The cellular model offers a relative easy and fast way to validate that a mutation has an effect on

protein function. If patients’ cells are available (fibroblasts or immortalized lymphoblastoid cells),
experimental studies can be conducted directly on these cells. In this case, protein and/or mRNA
analysis could be performed to test if the VUS or GUS affect the expression of the gene or the stability
of the corresponding protein. However, some genes involved in ID are specifically expressed in brain,
thus it is extremely difficult to obtain cells from the tissue of interest. To overcome this issue, different
strategies can be used. A common strategy is to introduce the specific mutation into the cDNA of the
transcript of interest (i.e. by site-directed mutagenesis) and then transfect human cells with both the
wild-type and the mutant transcript, to overexpress the wild-type and mutant proteins and observe
any difference in protein level or localization. Functional analysis at the protein or RNA level could then
be performed. On the other hand, it is also possible to silence the gene of interest (if expressed in the
cell model), for example by siRNA. This strategy can be used to check the consequences of a GUS where
truncating mutations have been detected, hence also to prove a haploinsufficiency mechanism.
Typically, the cellular model used are neuronal cells as they are a good model to characterize protein
functionality and molecular mechanisms involved in ID. For example, neuroblastoma cells such as N2A
and SH-SY5Y can be easily differentiated into neurons, and studies on the neurite outgrowth can be
performed (e.g. numbers of neurites and their length). However, this strategy limits the functional
study on a single type of cells (i.e. neurons or glias) and the candidate mutation must be introduced.
Somatic cells from patients can be reprogrammed to induced pluripotent stem cells (iPSCs) and then
differentiate in neurons. This approach is increasingly used due to its broad versatility to model brain
disorders and also early brain developmental processes. Currently, three-dimensional modelling of
human brain is being developed. Organoids are three-dimensional structures, comprising multiple cell
types derived from patients’ iPSCs, self-organized to recapitulate brain development. Organoids are a
good model for brain development since they well mirror the cytoarchitectural structure as well as the

different developmental phases, such as cell proliferation and neuronal migration. The use of these
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three-dimensional human brain models is still at its infancy hence some technical problems must be
solved, particularly the high variability in quality and brain regions among batches of organoids
(Forsberg et al., 2018). Nevertheless, the establishments of new methods to control these variabilities
would render organoids as a promising tool to well delineate the pathogenicity of a mutation during

neurodevelopment.

7.1.3.2IN-VIVO ANALYSIS
Animal models are extremely useful for a deeper understanding of the biological role of the variant

and gene of interest and its implication in human diseases. Nowadays, the CRISPR/Cas9 technology
enables the introduction of specific point mutations in target genes, offering the possibility to study
the effect of specific variants. Many animal models have been developed over the years to study genes
implicated in neurodevelopmental disorders. The model organism should be able to recapitulate the
observed human phenotype, thus it must be chosen according to it. For example, in the zebrafish
model it is difficult to perform cognitive analysis while it is possible in the mouse, hence the zebrafish
is not a good model for a non-syndromic ID. On the other hand, it takes a long time to obtain a
transgenic mouse while it is significantly shorter to genetically modify a fruit-fly or a zebrafish.

The presence in literature or in-house of animal models developed for particular genes helps in the
interpretation of the pathogenicity of the variants and to filter out or highlight candidate novel genes

involved in ID (Table 8). In this section | will only focus on the mouse, zebrafish and fruit fly models.

Gene Inh. Tot. Patient | Matchmaker Model Reference
DPF2 AD 8 + Cellular (Vasileiou et al., 2018)
RHOBTB2 AD 10 + Drosophila (Straub et al., 2018)
RLIM XL 84 - Zebrafish (Frints et al., 2018)
MED13 AD 13 + Patient cells (Snijders Blok et al., 2018)
CAMK2A/B AD 24 + Mouse (Kiiry et al., 2017)
WDR62 AD 15 + Patient cells (Skraban et al., 2017)
NAA15 AD 13 - Drosophila (Stessman et al., 2017)
CDK10 AR 9 - Mouse (Windpassinger et al., 2017)
PPM1D AD 14 + Patient cells (Jansen et al., 2017)
BCLL1A AD 9 - Mouse (Dias et al., 2016)

Table 8: Recent novel ID gene identified by NGS techniques and tool used for validation

7.1.3.2.1 Mus musculus
The establishment in mouse of techniques such as the in-utero electroporation allowed relatively fast

studies of genes and human mutations during cortical development, which is one of the processes
altered in ID. With this technique it is possible to check different mechanisms known to be involved in
the origin of ID, such as the neuronal migration and proliferation, by either silencing the gene of

interest or by overexpressing the wild-type and the mutated transcript.
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The mouse is also a valuable model, as its genome is highly similar to the human one. As the
development of genetic engineering techniques progressed, many mouse models have been
developed recapitulating specific genetic human disorders, among which ID. For instance, the presence
of a mouse model with a disrupted GUS presenting similar features to human patients it supports the
contribution of this gene to the phenotype, as recently demonstrated by the generation of a
conditional knock-out mouse for Cdk10 that displays a similar phenotype observed in patients with
mutations in the human paralogue gene affected by a syndromic form of ID with severe growth
retardation and spine malformations, further assessing the implication of this gene at the origin of this
disorder (Windpassinger et al., 2017). To this issue, the International Mouse Phenotyping Consortium
(IMPC) is currently providing a catalogue of gene function by systematically generating and
phenotyping each knockout strain for every gene in the mouse genome, obtained by the International
Knockout Mouse Consortium (IKMC). Each genotype-phenotype analysed data are then available to

the scientific community on the website http://www.mousephenotype.org/. The generation of these

mouse models enabled a deeper characterization of the gene function with a focus in neuronal cells.
Moreover, thanks to the improvement of the genetic engineering technologies, it is now possible to
create knock-in mouse model to study the specific effect of a mutation.

With the mouse model is possible to perform cognitive and behavioural analysis that comprises
relative basic functions, such as learning and memory, but also more complex ones, such as social and
anxiety behaviours. Therefore, it offers the possibility to perform pharmacological studies and to
observe the drug effect at a broader level, from cells to the behaviours. However, the mouse model
generation takes a long time and its progeny is not highly numerous, requiring even years to arrive at
a statistical significant number of samples.

The large amount of data obtained by the NGS is generating more candidate variants than they can be
currently interpreted. It is hence required an animal model that can provide relevant answers to

specific mutations in a short time.

7.1.3.2.2 Drosophilamelanogaster
The commonly known fruit fly is an animal model extensively used in genetics, since its maintenance

as well as the generation of fly mutants is easy, fast and cheap and flies are highly prolific. Despite the
evolutionary distance between flies and humans, a strong conservation of genes is observed, with 75%
of human disease genes having a related sequence in Drosophila. Starting from 2000s, researchers
have begun to widely use Drosophila to investigate genes involved in ID. Indeed, the Drosophila brain
is small but enough complex to be an appropriate model to study defects in neuronal morphology and
function along with the possibility to assay for cognitive process (van der Voet et al., 2014). Drosophila
is a useful model to study the role of genes in the brain organization and its nervous system, such as

neurotransmitter release, axon growth, synapse formation and physiology. Furthermore, it offers the
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possibility to test from relatively simple to more complex behaviours, ranging from fly to cognitive
behaviours, such as learning and memory abilities. Over the years, these assays have demonstrated
that they are valuable and reliable tool for a deeper investigation and characterization of genes
involved in ID. For instance, it has been recently used for the delineation of the pathophysiological
mechanisms of several missense variants in a novel ID-gene, RHOBTBZ2, suggesting a role in dendritic
formation (Straub et al., 2018).

Its relatively easy gene manipulation allows high throughput studies, and it offers the possibility to
check the pathogenicity of specific variants by over- and re-expressing either the human mutated gene
or - if the affected residue or gene is conserved — the mutated fly gene. The fly can also be used to
identify genetic modifiers as well as functionally related genes (Cukier et al., 2008; Schenck et al.,
2003), further contributing to the better delineation of the molecular pathways and networks involved

inID.

7.1.3.2.3 Daniorerio
The zebrafish model has been widely used in embryogenesis and organ development studies, since its

embryo transparency facilitates its observation and manipulation, allowing in-vivo visualization of cell
and organ processes. The zebrafish genes have about 70% of orthologues in human and, due to its easy
and cheap maintenance as well as its short generation time, it is now becoming a common tool also
for genetic studies, particularly in neurodevelopmental disorders. However, the modelling has mainly
focused on embryonic development and associated disorder comorbidities, such as the head size
(Kozol et al., 2016). The genetic manipulations in zebrafish not only validate the pathogenicity of a
candidate variant but also provide information on its effect (i.e. loss- or gain- of function), by combining
reduction of gene expression (using Morpholino or CRISPR/Cas9) and injection of wild-type or mutant
human transcript. Overall, the zebrafish model is an efficient tool to delineate the genetic mechanisms
at the origin of a disease and it is also a useful model to better understand the molecular and cellular
mechanisms that underlie behavioural phenotypes in developmental disorders and cause at the same
time non-cognitive comorbidities traits, such as epilepsy and gastrointestinal distress. For example,
chd8 morphants have a reduced numbers of enteric neurons resulting in an impaired gut motility,
which can be at the base of the gastrointestinal discomfort often reported in patients with a mutation
in CHD8 (Bernier et al., 2014). Due to its small size and large population, the zebrafish is increasingly
used for high throughput drug screens, thanks also to the improvement and standardization of the

high throughput techniques for behavioural screens, such as the swimming trackers software.
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AIMS OF THE PROJECT
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ID is a neurodevelopmental disorder that affects around 1% of the general population, representing a
major public health and social problem. ID is an extremely genetic heterogeneous disorder, with single
genetic events accounting for a large number of cases, ranging from chromosomal abnormalities to
CNVs (which may affect several genes) to SNVs in single genes. The increasing use of NGS technologies
in the research and in the clinical practice significantly helped the identification of the genetic causes
of this disease and up to now more than several hundred of genes have been reported to be implicated
in monogenic forms of ID. Nevertheless, there are still some genes that are not identified yet. Genetic
investigations allow the identification of a large number of variants, not always easy to interpret,
especially those falling in a gene never linked to any human disease. Moreover, for most of the
monogenic forms of ID, little is known about the physiological mechanisms that can lead to brain

dysfunction.

Therefore, the main goals of my PhD project are:

- To perform genetic investigation in patients with ID and/or ASD, in order to identify novel
mutations and novel genes involved in monogenic forms of ID/ASD using NGS techniques
(targeted, whole-exome and RNA sequencing).

- To prove the pathogenicity of the mutations identified and to confirm their involvement in ID,
but also to study their consequences to understand the pathophysiological mechanisms

involved.

69



PART 1: GENETIC INVESTIGATIONS IN

PATIENTS WITH ID/ASD
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MATERIALS AND METHODS

PART 1
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1. PATIENTS RECRUITMENT

Patients with ID and ASD were recruited through the molecular genetic laboratory of Strasbourg. They
were previously tested with routine genetic analysis, including X-fragile test, aCGHs. Clinical forms
were obtained from the clinicians following the patients along with consent from parents. Ethical
approval was obtained from the local ethics committees. Samples from patients, including blood or
saliva, were collected at Strasbourg hospital along with the parental ones and other relatives if

available. For some patients, fibroblasts and blood cells were also collected for subsequent analysis.

A cohort of 38 patients affected by ASD was included in this study, among which 9 females and 29
males. All patients were diagnosed with ASD by an autism diagnostic interview- revised (ADI-R). The
majority of the probands are sporadic cases (~76%; 29/38), while 9 individuals belongs to multiplex

families, with more than one relative affected with a similar phenotype (~24%).

Patients with ID who did not receive a molecular diagnosis after the targeted sequencing analysis were
passed to the whole-exome sequencing. Patients with a highly syndromic form of ID or belonging to a
family with more than one individuals affected by the same phenotype were directly passed to WES,
as these characteristics suggest a genetic origin of ID. Overall, 29 males and 10 females were included
in the cohort, for a total number of 39 patients sequenced by whole-exome sequencing. Individuals
can be grouped according to different criteria: sex (Males vs Females); if they were previously passed
through the targeted-sequencing or not (Negative TS vs Direct WES); and if they were sequenced alone

or in parallel with their parents (Solo vs Trio) (Table 9).

Males Females
Solo 8 1
Trio 21 9
Negative TS 23 8
Direct WES 6 2
total 29 10

Table 9: Classification of the patients' cohort passed to the WES

Patients that did not receive a diagnosis after WES were passed either to whole-genome sequencing
(not detailed in this manuscript) or to RNA-sequencing, if RNA was accessible. RNA from patients
affected by ID or BBS was collected from 15 patients, 9 from fibroblast and 6 from whole blood. RNA
from these patients was sequenced in two batches: in one batch samples were in duplicates while in

the second one only one RNA sample per individual was sequenced.
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2. DNA-SEQUENCING
2.1 LIBRARY PREPARATION AND SEQUENCING

DNA were extracted at the diagnostic laboratory (Strasbourg University Hospital) either from
peripheral blood, using QIASymphony from Qiagen®, or from saliva extracts, using Oragene kits from
DNAgenotek®. Upon their arrival, DNA integrity was verified on a 1% agarose gel by electrophoresis.
Quantification and further quality analysis were performed using the Nanodrop®. Samples should have

a 260/280 ratio above 1.8 and a 260/230 ratio above 1.7.

2.1.1 TARGETED-SEQUENCING
The DNA library preparation was performed using the SeqCap EZ Library from NimbleGen (Roche®).

Briefly, 1 ug of genomic DNA from samples was fragmented using the Covaris E220 AFA sonicator, to
obtain an average fragment size between 180 and 200bp. After the sonication, the ends of the gDNA
fragments were repaired to produce blunt-ended fragments and subsequently adenylated at the 3’-
end. Pre-captured dsDNA indexing adapters were ligated to the A-tailed library fragments and the
indexed library was then amplified with primers complementary to the sequencing adaptors, so to
amplify only the fragments carrying the appropriate adapter sequencing at both ends. The quality and
guantity of the amplified DNA library was assessed on a DNA Chip 1000 on a Bioanalyzer (Agilent
Technologies). Samples were mixed together at an equal quantity to obtain a multiple DNA samples
library pool. The multiplexed DNA sample library pool was hybridized to the biotinylated long
oligonucleotide designed probes provided by Roche NimbleGen. The hybridized DNA was then
captured using streptavidin beads and further amplified by PCR using the primers complementary to
sequencing adapters. The quality and quantity of the amplified, captured multiplex DNA sample was
finally checked on a DNA Chip 1000 on a Bioanalyzer (Agilent Technologies).

The amplified, captured multiplex DNA library were then sequenced 0,25 per lane of the flowcell.
Sequencing runs of 100bp paired-end were performed on a HiSeq4000 (lllumina).

The bioinformatics pipeline, variant annotation, prioritization, visualization, interpretation and

validation were carried out as the ones used in the WES.

2.1.2 WHOLE-EXOME SEQUENCING
The DNA library preparation was performed at the GenomEast platform at the IGBMC starting from

1ug of genomic DNA using the SureSelect XT Human all exon V5 (Agilent Technologies). Samples were
then sequenced 100bp paired-end, 4 per lane on a HiSeq2500 (until April 2016) or on a HiSeq4000

(lumina).

73



2.2 BIOINFORMATIC PIPELINE

This bioinformatics pipeline was developed in-house by bioinformaticians of the IGBMC sequencing

platform, mainly Stephanie Le Gras.
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Figure 18: Bioinformatic pipeline used to detect SNVs and small indels developed by Stephanie Le Gras

Imaging analysis and base calling were performed using CASAVA v.1.8.2 (lllumina). Barcode and part
of reads having a quality below 10 were discarded, so to avoid false positive variations. Reads were
then mapped onto the reference genome hgl19/CRCh37 using BWA v0.7.5a (Li and Durbin, 2009).
Reads that shared the same genomic coordinates and sequence (called duplicate reads) were marked,
so that they were not considered for further analysis, as they were most probably a PCR artefact, as
the probability of having twice the same DNA fragment is extremely low. Reads were then locally re-
aligned to improve the alignment quality, especially in the proximity of indels. A base quality score
recalibration was performed to avoid systemic biases in quality score assignment from the sequencers.
Finally, reads that mapped to several position in the genome (multi-mapped reads) were removed
from the analysis using Samtools v0.1.19 (Li et al., 2009), as their right position is uncertain.

Once reads were prepared, the variant calling was done by using GATK 3.2-2 UnifiedGenotyper
(DePristo et al., 2011), which allows to perform it on multiple samples, helping in the detection of low
covered variants in a given sample but are observed in other samples of the same project. A last step
of variant quality score recalibration was done to assign a well-calibrated probability to each variant

call.
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2.3 VARIANT ANNOTATION

Variant annotation was done via VaRank, a tool developed in-house (Geoffroy et al., 2015). VaRank
provides an accurate nomenclature of the variations, as it uses the HGVS mutation nomenclature

(http://www.hgvs.org/mutnomen/) and it calculates the frequency of each variant in the cohort of

patients analysed, indicating its allelic frequency in individuals with the same disease. Moreover,
VaRank computes also a family barcode, which enables for each variant a quick overview of its
presence/absence and its zygosity status (represented as “0” for homozygous wild-type; “1” for
heterozygous; “2” for homozygous for the variant allele), facilitating the analysis, especially in trio-
family exomes. VaRank provides a score of the variants based on the variation type and the predicted
impact, ranking the variants from the most likely to the less likely pathogenic. VaRank uses Alamut-HT
(Alamut-High Throughput, Interactive Biosoftware) to integrate several information for each variant,
such as: the putative effect of the variant at the protein and RNA level, conservation cues and the

frequency in the main variant databases.

2.3.1 BIOINFORMATIC TOOLS AND DATABASES
To understand the pathogenicity of the identified variant, different bioinformatics prediction tools

have been developed. These tools have different domains of predictions and all together provide an
overview of the possible consequence of a variant. The software Alamut Visual gather all the different
information on the analysed variant, including many prediction tools hence it is possible to have a
general overview of the variant all at once. In the following sections | will detailed the bioinformatics

tool and database used for the variant annotation, grouped on the predicted effect of the variant.

2.3.1.1 IMPACT AT THE DNA LEVEL
Two main tools are used for the prediction of the level of conservation of a specific nucleotide and

they are both freely provided for the entire human genome by the UCSC browser.

PhyloP is based on the multiple alignments of 46 species and it take in consideration not only the single
nucleotide conservation but also the one of the neighbouring bases. Then it calculates a probability
score that indicates the confidence that the nucleotide belongs to a conserved region (Pollard et al.,
2010). On the other hand, PhastCons considered only the single nucleotide and do not take in
consideration the adjacent residues. The output value ranges from -14.1 to 6.4. The positive values
indicate a slower evolution of the site than expected under neutral drift (i.e. conservation), while
negative scores reflects a faster evolution than the expected one, thus a fast evolving site (Siepel et

al., 2005).

2.3.1.2 IMPACT AT THE mRNA LEVEL
Alamut displays the result of five splice prediction software: MaxEntScan, NNSplice,

HumanSplicingFinder, GeneSplicer and SpliceSiteFinder-like. However, in VaRank only three of them

are computed, as two of them (namely GeneSplicer and SpliceSiteFinder) have been found to be
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redundant with the results of the other prediction tools, mainly due to the use of a similar
computational method.

MaxEntScan is based on the maximum entropy principle, whose parameters were estimated from
known signal sequences (Yeo and Burge, 2004). NNSplice analyses the structure of donor and acceptor
sites using a separate neural network recognizer for each site. Only genes with constraint consensus
splice site were considered in the training set, specifically GT for donor splice sites and AG for acceptor
splice sites (Reese et al., 1997). HumanSpliceFinder is based on position weight matrices with some
position-dependent logic. It asses the strength of 5’ and 3’ splice sites and branch points (Desmet et
al., 2009). GeneSplicer considers only a small regions around the splice junction (Pertea et al., 2001). It
uses a combination of the maximal dependent decomposition, to cluster a group of aligned signal
seguences into subgroups containing significant motifs (Lee et al., 2011), and a stochastic model that
capture additional dependencies among neighbouring bases. SpliceSiteFinder-like is based on position
weight matrices computed from a set of human constitutive exon/intron junctions for donor and
acceptorsites.

All the software calculate a score that indicate the strength of the acceptor/donor splice site. Splice
sites are considered to be affected when a decrease of more than 10% is observed in at least two
different prediction software. These prediction tools are only used in the exon/intron junction defined
by the cis-elements the 5’- and 3’ splice site and branch sites. There are also cis-elements located in
the coding-regions that contribute to the correct alternative splicing, by either stimulating (ESEs) or by
repressing (ESSs) splicing. ESEs are generally recognized by a class of protein (the SR proteins) that
promote the recruitment of the spliceosome to the correct position, hence stimulating the splicing.
Alamut includes also some prediction tools for these elements, in particular ESEFinder and RESCUE-
ESE. The ESEFinder method computes putative binding sites for ESEs, by using weight matrices
corresponding to the motifs for four different human SR proteins (Cartegni et al., 2003). Similarly, in
the computational/ experimental method RESCUE-ESE specific hexanucleotide sequences are

identified as candidate ESEs (Fairbrother et al., 2004).

2.3.1.3 IMPACT AT THE PROTEIN LEVEL
To help in the interpretation of the pathogenicity of the missense variants, several prediction tools

have been developed. In Alamut four of them are displayed: Sift, Align GVDV and PolyPhen2.

Sift prediction tool consists in the protein alignments of highly similar sequences and it is based on the
principle that the more the amino acid position is conserved, the more important is its function in the
protein (Kumar et al., 2009; Ng and Henikoff, 2003). The calculated scores range from 0 to 1 and the
pathogenicity threshold is below 0.05. Sift returns also a median value that indicates the diversity of

the sequences used in the alignment. It goes from 0 to 4.32, where the higher value designates that
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the full set of used sequences is highly similar, thus caution must be taken in the pathogenicity score
as all positions are considered as highly conserved.

Align-GVGD uses the protein multiple alignments, combined with the biophysical characteristic of
amino acids. It calculates two types of conservation scores: the Grantham Variation (GV) and the
Grantham Deviation (GD). The GV measures the degree of biochemical variation among the amino
acids found at a given position, while the GD indicates the biochemical distance of the mutated amino
acid from the wild-type one at a particular position (Mathe et al., 2006). Variants are then classified in
seven classes from CO to C65, according to their risk of pathogenicity. The higher the class the higher
risk that the missense variant is deleterious.

PolyPhen-2 predicts the impact of a missense variant based on the structure and function of the
protein. It utilizes the multiple alighment of homologous sequences combined with functional
annotation and structural information if available (Adzhubei et al.,, 2010). To check if the protein
function may be altered, PolyPhen-2 uses the UniProtKB/Swiss-Prot dabaseses to verify if a specific
protein feature is altered and - if a 3D structure is available- it also checks whether the variant is
spatially close to one of these critical domains. For each variant, it calculates a Bayesan probability that
the mutation is damaging and returns an estimation of the false positive rate, which is the chance that
the mutation is classified as damaging when it is not. Variants are then classified in three different
qualitative categories: benign, possibly damaging and probably damaging. Two different training
datasets are used: HumDiv and HumVar. HumDiv is assembled with all damaging alleles with known
effects on the molecular function causing Mendelian diseases from the UniProtKB databases, together
with differences between human proteins and their closely related homologous, apparently not
deleterious. The HumDiv model uses the 5% /10 % false positive rate as a threshold to determine the
probably or possibly damaging impact of a variant. On the other hand, HumVar uses all human
mutations causing a disease from the UniProtKB database in combination with common non-
synonymous SNPs that are considered as non-pathogenic. The cut-off for the HumVar model is
10%/20%, a little bit higher than the one used in HumDiv.

Conversely to the other software, MutationTaster is an integrated tool that returns predictions for any
DNA alterations, by collecting information from different biomedical databases and uses established
analysis tools. Therefore, it provides several information at once, ranging from evolutionary
conservation, splice site prediction, the NMD probability as well as loss of protein features and changes
(Schwarz et al., 2010). In Alamut Visual, MutationTaster is considered as a prediction tool for missense
variants. To predict the pathogenicity of a variant, MutationTaster uses a training set of known disease
mutations from Human Gene Mutation Database (HGMD) and SNPs and indel polymorphisms from
the 1,000 Genome Project. Then, the variant is classified in three Bayesian models: silent alteration,

alterations affecting a single amino acid or alterations causing complex changes in the amino acid
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sequence. The disease potential is scored as a probability value representing the confidence level of

the prediction that is divided in two main categories: polymorphism and disease causing.

2.3.1.4 VARIANT DATABASES
The introduction of NGS technologies has led to a huge amount of human genetic information that are

collected in different variant dabases.
The oldest polymorphism database is dbSNP, freely provided by the NCBI

(https://www.ncbi.nlm.nih.gov/SNP/) and it collects SNVs as well as small indels. dbSNP is directly

linked to ClinVar, a database that collects data from genomic variation and its relationship to human
diseases, helping in discriminating SNPs from mutations. However, cautions should be taken since
ClinVar is not always properly updated, hence some mutations may be listed as pathogenic when they
are not and viceversa. Similarly, 1,000 Genomes provides a large set of common human genetic
variation from multiple populations obtained by whole-genome sequencing. The 1,000 Genomes
project reported a total of 84.7 million of SNPs, 3.6 million of indels and also 60000 structural variants
in more than 2000 of individuals from 26 different populations (1000 Genomes Project Consortium et
al., 2015). This project was a pioneer in genome-sequencing of a large number of individuals and its
initial goal was to identify the most genetic variants with frequencies of at least 1% in the population.
These two variant databases are based on a general population which is not affected by a specific
disorder. Over the years, as the NGS technologies started to be widely used in clinical laboratories,
many genetic data have been accumulated, hence new databases were created collecting data from
individuals affected by a specific disease. Since many of these disorders are not related to cognitive
dysfunction, they were used as a control reference.

Exome Variant Server (EVS) collects data from more than 6,000 exomes from individuals with European
American or African American origins. This server is provided by the National Health Lung and Blood
Institute, and it collects data from individuals affected by cardiac, lung and metabolic phenotypes that
can be considered as bona fide controls for patients affected by ID

(http://evs.gs.washington.edu/EVS/). The EVS displays not only the allele frequencies but also the

genotype of the individuals, which is extremely helpful when analysing X-linked genes.
In the late 2014, the Exome Aggregation Consortium (ExAC) database was released

(http://exac.broadinstitute.org/). The aim of this consortium is to gather the largest amount and to

harmonize all the exome-sequencing data obtained from several whole-exome sequencing projects,
making it available to the biomedical scientific community. All the collected raw data from the different
projects were reanalysed using the same pipeline and jointly variant-called to increase the consistency
across them. In the EXAC browser, the average coverage sequencing of a specific gene is showed,
followed by a list of all identified variants. It is also possible to visualize on a genome browser the

generated reads of a specific variant in order to discriminate a false variant calling. Moreover, a
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summary statistic with the allele frequency, the allele count and the number of homozygotes and
hemizygotes is reported, and they are reported as a total as well as divided in the different population
groups. Currently, there are data from over 60,000 unrelated individuals that are part of a specific
disease cohort, except for severe paediatric disorders.

The natural evolution of EXAC led to the release in the early 2017 of the Genome Aggregation Database
(gnomAD) that contains both exome-sequencing data from more than 120,000 individuals as well as

whole-genome sequencing from 15,496 unrelated individuals (http://gnomad.broadinstitute.org/). As

in ExAC, all the raw data were re-analysed with the same pipeline and the same variant-calling
protocol. Even in this dataset, patients with a severe paediatric disorder and their first-degree relatives
were not considered. The gnomAD browser is like the EXAC one, and it combines information both
from the genome and from the exome callset. When looking to a gene, the coverage obtained both
from the exome and from the genome are showed, with a list of all the reported variants and the
corresponding NGS technology that identified it. When a variant is present in both dataset, it has a
combined summary statistic (that includes the allele count and frequency, the number of homozygous
and hemizygotes), but it is possible to select which data to display. The variant reads on the genome
browser are still displayed.

2.4 VARIANT PRIORITAZION

The tool used for the variant annotation — VaRank - ranks the variants from the most likely to the less
likely pathogenic, according to the variation type and the coding effect. Known mutation are the first
ones in the list, followed by truncating variants (i.e. nonsense, frameshift), essential splice site, start
and stop loss, intron-exon boundary (donor site is -3 to +6; acceptor site -12 to +2), missense, in-frame,
deep intronic changes and synonymous. Each variant score is then adjusted according to the additional
information coming from different prediction tools: a +5 is added if the conservation at the genomic
level is high and a +10 for each deleterious prediction to missense variants (Geoffroy et al., 2015).
Once variants are ranked, they are then filtered according to different criteria.

One of the first criteria was based on the read quality of the variant, so to avoid false positive results.
The corresponding base should be covered at least by 10 sequencing reads, in which the variant allele
should be seen in a minimum of 15% of all reads. Moreover, the allele read variant must be seen in at
least two reads to be considered. However, this filtering criteria may lead to negative false variants,
especially in poorly covered regions.

Variants were filtered according to the inheritance scenario and hence to a compatible frequency in
the general population. For an X-linked variant, the family barcode was set so that the male proband

resulted as homozygous, his mother heterozygous while absent in the father. The variant frequency in
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: Known mutation as annotated by HGMD and/or dbSNP

Known mutation 110 S e - v S
(rsClinicalSignificance="pathogenic/probable-pathogenic")

Nonsense 100, 105 A single-base substitution in DNA resulting in a STOP codon (TGA, TAA or TAG).

; e c leti e Iti . T

e eehif 100 Exon'u: insertion/deletion of a non-multiple of 3bp resulting often in a premature stop in the
reading frame of the gene.
Mutation in one of the canonical splice sites resulting in a significant effect on splicing (at least

Essential splice site 90, 95 2 out of the 3 programs indicate a relative variation in their score compared to the wild type
sequence).

Start loss 80, 85 Mutation leading to the loss of the initiation codon (Met).

Stop loss 80, 85 Mutation leading to the loss of the STOP codon.
Mutation outside of the canonical splice sites (donor site is -3 to +6’, acceptor site -12 to +2 )

Intron-exon e S e T 5

T 70,75 resulting in a significant effect on splicing (at least 2 out of the 3 programs indicate a relative

A/ variation in their score compared to the wild type sequence).
= 50, 55, 60, 65, : T oo < - :

Missense 70, 75 A single-base substitution in DNA not resulting in a change in the amino acid.

Indel in-frame 40 Exonic insertion/deletion of a multiple of 3bp.

Deep intron-exon 25, 30 Intronic mutation resulting in a significant effect on splicing (at least 2 out of the 3 programs

boundary t indicate a relative variation in their score compared to the wild type sequence).

Synonymous coding 10, 15 A single-base substitution in DNA not resulting in a change in the amino acid.

Table 10: VaRank scoring criteria (Adapted from the VaRank Manual)

the sequenced cohort was set as no more than 1 homozygous, as we did not expect to see the same
variant more than once. The frequency allele in the general population should not exceed 2 males and
the EVS number of total cases below 10 was used for filtering. The number of hemizygous individuals
in the gnomAD or EXAC database was then checked manually on the few obtained variants.

In the autosomal dominant de novo scenario, only the unique allele variants present in the patient
were considered, thus both the family barcode and the cohort allele count were set accordingly. Only
rare variants were considered, hence variants present in the ExAC general population more than 1%
were filtered out. Usually, the remaining variants were still too many to be analysed, thus | restricted
the analysis to variants not reported in ExAC.

For the autosomal recessive variants, the ExAC allele frequencies was set below 0.45%, so with a
frequency of homozygotes less than 0.002%. Then, for the homozygous variants, the family barcode
and the frequencies in the sequenced cohort were set in order to not have more than the variants
presentin the family. For the variants at the compound heterozygote state, the ones that were present
more than 10 times in the sequenced cohort population and the ones in the same parent were filtered
out. On the other hand, the analysis of the compound heterozygote variant was not possible for the
proband sequenced alone.

The best candidate variants were then further analysed in the next steps.

2.5 DATA VISUALIZATION

Even if a quality filter is applied, the quality of the candidate variants is manually checked in a genome
browser, like IGV (Integrated Genome Viewer, Broad Institute). The variant is visualized in parallel with

other unrelated samples and, if available, the parents. This step gives a general overview of the
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sequencing quality of the region and whether this variant is also observed in another samples (though

itis not annotated) or not.

2.6 VARIANT INTERPRETATION
Once the filtering step is done, usually a limited number of variants is obtained. At this step, it was

assessed if they could be implicated in monogenic ID or not. Variant interpretation comprises the
collection of all the evidences supporting the pathogenicity (or not) of a variant in a specific gene and
their connection to a specific phenotype. To do that, different and several data must be combined.

First, it was checked if the gene had been already reported in ID or in a related disorder. Alamut

provides a direct link to OMIM (https://omim.org/), which is an online catalogue of all human genes

implicated in monogenic disorders. OMIM provides several information on a gene, among which its
implication in specific disease. Moreover, it describes all the clinical features associated to a disorder,
enabling the users to check for a specific symptom, in our case ID.

The expression and the function of the gene was also checked in several databases, such as UniProt

(http://www.uniprot.org/) and Human Protein Atlas (https://www.proteinatlas.org/). Variants in

genes that appear to be not related to ID - e.g. genes not expressed in brain - were noted as likely
benign.

For each prioritized variant, an extensive bibliography was done to look for possible reported patients
(i.e. patients with a CNVs that encompass the gene of interest), previous studies on animal models,
and earlier investigation to verify if the mutated gene may be implicated in ID.

When a variant was identified in a gene that never been implicated in ID (GUS) or its effect is not so
well understood, the variant is reported as Variant of Unknown Significance (VUS), until other
evidences are gathered. GUS were uploaded on the MatchMaker platform (including Decipher and
GeneMatcher). If a match was not find at the moment of the submission, the genes will continue to
be queried by new entries (Sobreira et al., 2015).

2.7 VALIDATION AND DIAGNOSIS

Once a candidate variant(s) is highlighted, it is validated by Sanger sequencing. In parallel, a co-
segregation analysis was performed.

If the variant co-segregates with the disease-status in the family and either it was a missense previously
described or a truncating variant in a known ID gene it was classified as certainly pathogenic mutation.
All certainly pathogenic mutations were then transmitted to the diagnostic laboratory of Strasbourg
University Hospital, to ascertain official diagnosis reports to the clinicians that they relayed the
information to the patients and their families.

All the other variants with potentially deleterious effect were considered as likely-pathogenic, waiting

to be further confirmed or excluded, by performing additional co-segregation analysis or further
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studies. In particular for variants listed as likely-pathogenic in genes never been implicate in ID further

functional and characterization analysis were carried out.
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3. RNA-SEQUENCING

3.1 RNA LIBRARY PREPARATION AND SEQUENCING
RNA samples were extracted either from blood by PAXgene RNA kit (Qiagen®) from blood at the

diagnostic laboratory (Strasbourg University Hospital) or from fibroblast using TRI reagent® (Molecular
Research Center) or using the RNeasy Mini Kit (Qiagen®). Both protocols included an additional step of
DNAse | recombinant treatment (Sigma-Aldrich®). The integrity of the RNA was visualized on a 1%
bleach agarose gel by electrophoresis (Aranda et al., 2012). Quantification and further quality analysis
were performed using the Nanodrop®. Samples should have a 260/280 ratio around 2 and a 260/230
ratio above 1.7. The integrity and quality of the RNA were also evaluated by running samples on a RNA
6000 Nano Chip on the Bioanalyzer (Agilent Technologies) and samples should have a RNA integrity
number (RIN) equal or above 8.

Library preparation was performed at the GenomEast platform at the IGBMC, using the TruSeq® RNA
sample preparation v2 protocol (Illumina) starting from 1ug of extracted total RNA.

Libraries were then 2x100bp paired-end sequenced, 2 samples per lane on an lllumina Hiseq4000
sequencer. For the transcriptomic analysis on patients with the same mutated gene, libraries were

sequenced 2x100bp paired-end sequenced, 4 samples per lane on an lllumina Hiseq4000 sequencer.

3.2 BIOINFORMATIC PIPELINE
This bioinformatic pipeline was developed and currently curated by bioinformaticians at the IGBMC

sequencing platform, mainly Céline Keime and Damien Plassard, who ran it.

Image analysis and base calling were performed using CASAVA v1.8.2 (lllumina). Sequence reads were
mapped onto the reference genome hg19/CRCh37 using Tophat 2.0.14 (Kim et al., 2013) and bowtie
version 2-2.1.0 (Langmead et al., 2009). Only uniquely mapped reads were retained for further
analysis, to avoid PCR artefacts and only non-ambiguously assigned reads were considered for further
analysis. Three different type of analysis were carried out on the generated data and the bioinformatics

pipeline will be detailed in the proper section.

3.2.1 DIFFERENTIAL EXPRESSION
Comparisons of expression level were performed using the statistical method proposed by Anders and

Huber implemented in the DESeq v.1.6.1 Bioconductor package (Anders et al.,, 2015). Once the
normalization was validated, the generated data were explored and visualized to assess and check data
quality and to eventually remove bad quality data. Variance was then stabilized using the regularized
log transformation method (Love et al., 2014). The Wald test was used to estimate the p-values that
were subsequently adjusted for multiple testing with the Benjamini and Hochberg method (Benjamini
and Hochberg, 1995). Results of the statistical analysis were plotted on scattered and volcano plots.

Genes were filtered based on their log2 fold-change, which should be above 0.6 or below -0.6, to

detect respectively up- and down-regulated genes. As using only the fold-change does not control the
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false positive rate, another filter was added based on the adjusted p-value that should be statistical
significant, thus below 0.05.

Up- and down-regulated genes were analysed on the functional annotation tool of the Database for
Annotation, Visualization and Integrated Discovery v6.8 (DAVID) and on the Ingenuity Pathways
Analysis (IPA®, Qiagen®). The common aim of these software is to convert large gene list into
biologically meaningful modules to understand how genes are connected to each other and to the
functional annotation. Their common strategy is to link the provided gene list to the associated
biological annotation and then statistically highlight the most overrepresented ones (Huang et al.,
2009).

DAVID is a bioinformatic resource available online since 2003 (https://david.ncifcrf.gov/home.jsp) that

consists of an integrated biological knowledgebase and analytical tool. The user can upload a gene list
and select the genome of reference, which is then considered as the background. The genes in the list
are mapped to the relevant biological annotation in the DAVID database, which integrates in a non-
redundant way more than 40 publicly available annotation categories. With the gene functional
clustering function, genes with a related biological or cellular role are grouped together, enabling the
users to explore the larger biological networks. For each cluster, the enrichment score is calculated
and each enriched term functional annotations are showed with its gene counting and its proportion
relative to the background, their fold enrichment and their enrichment adjusted p-values.

IPA is a software developed by Qiagen Bioinformatics that is based on the manually curated Ingenuity
Knowledge Base and, similarly to DAVID, it identifies the most significant pathways present in the gene
list. The user uploads the list of genes with their associated fold-change and IPA returns the altered
pathways. For each pathway, a table reports the genes implicated and their expression values and

predictions. Moreover, IPA draws potential affected signal cascades and protein networks.

3.2.2 SPLICING ANALYSIS
To detect alteration in the alternative splicing among patients, three different tools were used:

JunctionSeq, rMATS and LeafCutter. According to the approach, different filtering criteria were used.

JunctionSeq is part of the Bioconductor package and it tests for the differential exon and splice junction
usage, which consists in the differential expression of a particular sub-unit of a gene relative to the
whole gene expression (Hartley and Mullikin, 2016). JunctionSeq detects only skipped exon events.
However, it is designed to consider replicates and it enables the detection of novel splice site, since an
additional isoform assembly step is not required. For each sample, the number of reads mapping to
each exon are counted and they are compared to the number of reads mapping to any other exons of
the gene. The ratio of these two counts indicates the relative exon usage and its changes are inferred
from the differences across the conditions. JunctionSeq also provides an automated visualization of

the expression profiles that helps in their interpretation. Once data were generated, exons and splice-
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junctions with a mean dispersion above 0.05 were filtered out to avoid false positive events. The
remained data were then ranked based on the adjusted p-value that was set to be at least less than
0.01. The absolute value of the log2 fold-change —which indicates the differential expression of an
exon- should be higher than 3, at a first analysis, or 0.6, during a second investigation.

rMATS, which stands for replicate Multivariate Analysis Alternative Splicing, also identifies novel
differential alternative splicing from replicate RNA-sequencing data. In addition to the other tools, it
detects several alternative splicing: skipped exon, 5’ and 3’ alternative splice sites, mutually exclusive
exons and retained introns events. For a skipped exon event, rMATS estimates the exon inclusion level
by counting the reads specific to the exon inclusion isoform —which are the reads from the upstream
splice junction, the alternative exon itself and the downstream splice junction- and the count of reads
specific to the exon skipping isoforms — which are the reads that directly connects the upstream exons
to the downstream exons. The other types of alternative splicing events can be similarly modelled with
this framework (Shen et al., 2014). The filter criteria applied to the obtained data were very stringent,
to retrieve a reasonable amount of data that could be manually checked. At the beginning, only data
with a p-value corrected for multiple testing below the order of E-10 were considered. The differences
of the average ratio of the exon inclusion transcripts among exon inclusion transcript between the two
conditions were considered if the absolute value was more than 0.05. The threshold of the likely-hood
ratio estimated by rMATS as the p-value of these differences was set at an absolute value of 5%.
LeafCutter is a relatively new tool for detecting alternative splicing events. While the other approaches
focus on the isoform ratio or exon inclusion levels, LeafCutter focuses on intron excisions to identify
and quantify known and novel alternative splicing events, such as exon skipping, 5’ and 3’ alternative
splice-site and additional complex events, apart from the intronic retention ones, since no split-reads
are present in this scenario. LeafCutter does not require read assembly or inference of isoforms. It uses
split reads to detect alternatively excised introns by connecting overlapping introns demarcated by
split reads into clusters, which represent alternative intron excision events. Rarely used introns are
then removed based on the ratio of reads supporting a given intron compared with other introns in
the same cluster. To infer the differential splicing among conditions, LeafCutter compares the counts
from the clustering step between the defined conditions (Li et al., 2018). Variants were filtered so that
the p-value adjusted with the Benjamini-Hochberg method (Benjamini and Hochberg, 1995) are below
0.01. The retained absolute value of the difference in the usage proportion among the two conditions

was above 0.2 and the absolute value of the log effect size was considered if above 0.6.

3.2.3 MONOALLELIC EXPRESSION
Variant calling has been performed as recommended using the GATK workflow for SNP and indel calling

on RNA-sequencing data, followed by several filtering steps to avoid as many false positives as possible.

In the next future, variants obtained by RNA-sequencing will be compared with the heterozygous
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variants identified by TS or WES in genes with a sufficient expression level in the RNA-sequencing.
Variants will be annotated and ranked from the most likely- to the less likely- pathogenic by VaRank.
Thanks to the family-barcode, only variants reported as heterozygous in the WES but homozygous
either for the alternative or the reference allele in the RNA-sequencing will be analysed. The loss of
heterozygosity of a genomic variant at the mRNA level could also be the result of a NMD mechanism

that could correlate to a decreased gene expression level, which could be subsequentially checked.

3.3 VARIANT VALIDATION
If a differential gene expression level is identified, this can be confirmed by an RT-qPCR. Database (i.e.

GTEXx) and literature could also be reviewed to check if an alteration of this gene expression is common
or it has been already related to a disease. If the gene is a good candidate, the genomic regions involved
in gene expression regulation (i.e. promoter, 5" and 3’ UTR) could be amplified and Sanger sequenced
to detect any potential pathogenic variant that could affect RNA expression or stability.

In case of the identification of an effect on the alternative splicing, all the different isoforms reported
for this gene are listed, to check its potential pathogenicity. The genomic DNA could then be amplified
to retrieve the causative variant. As for any other genomic DNA variant, if this variation occurs in a
gene already implicated in ID, clinical data could be compared to the already described phenotype to
check if they overlap. Otherwise, if the candidate mutation is in a gene never been implicated in ID,
we looked for other variants in this gene to replicate the results via MatchMaker Exchange.

To further verify the mono-allelic expression, an RT followed by Sanger sequencing could be

performed.
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| performed genetic investigations on patients affected by ID/ASD combining different NGS technology.
Patients with an unexplained form of ID or ASD were sequenced by TS. If no candidate mutation were
identified in 220-275 known ID genes, some of these patients have been sequenced by WES. This
strategy increases the chance to identify new genetic causes of ID. Some additional patients with a
highly syndromic form or coming from multiplex families were passed directly to WES. If still no
candidate mutation was identified, we passed some of these patients to whole-genome sequencing
(not detailed in this manuscript). Another strategy was to sequence the transcriptome of patients
either with a pathogenic variants affected splicing or mRNA level (positive control), variant of unknown
significance (VUS) or with no potential candidate variant. The goal of this analysis was to evaluate the
efficiency of the RNA-sequencing as a complementary tool for the diagnosis of genetically

heterogeneous disorder, such as ID.

Patient with unexplained intellectual disability/ASD

TARGETED SEQUENCING Multiplex family
(220-275 known ID genes) Highly syndromic form
VUS No diagnosis

No diagnosis

v

EXOME SEQUENCING (WES)

v

Vus
No diagnosis

W W

RNA-SEQUENCING

Figure 19: NGS strategy used for genetic investigations in patients with ID/ASD
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1. TARGETED SEQUENCING IN PATIENTS WITH ID/ASD

When | joined the lab, it has been developed a targeted sequencing on 220-275 genes (depending on
the version of the gene panel) that, on an initial cohort of 248 patients previously negative for routine
genetic analysis, gave a diagnosis yield of about 25% (Redin et al., 2014), comparable to other TS
studies with a similar number of genes in the gene panel (Figure 15, pg.56). The great advantages of
the TS are the time of processing and analysing data, and the extremely low-cost compared to other
NGS techniques that enables the inclusion of a major number of patients. To further confirm the
efficiency of the developed targeted sequencing workflow, a larger cohort of patients has been
recruited and tested at the diagnostic laboratory of the Strasbourg University Hospital, for a total of
about 1,500 individuals. | participated to these genetic investigations on some of the ID patients at the
beginning of my PhD project. During the genetic analysis, | identified several novel variants in known
ID-gene. The identification of these variants enlarged and better delineated the phenotype caused by
alterations in specific genes, such as TCF4 or ZBTB20 (Mary et al., 2018; Mattioli et al., 2016) (Appendix

1and 2, respectively pg.166 and pg.167).

Even if it has been showed a genetic overlap between ID and ASD and monogenic forms of ASD have
been described, their contribution to ASD seems to be lower compared to the ID ones, and the genomic
architecture of ASD is consider more complex, due to a large interplay between common and rare
variants as well as environmental factors (previously described in the section Genetic Overlap Between
Neurodevelopmental Disorders, pg. 32).

ASD patients can be classified in several groups: patients with ID vs patients without ID, with syndromic
vs non-syndromic ASD, and girls and boys affected. We sequenced patients mainly affected by ASD
using the same TS strategy and gene panel, in order to compare the two diagnostic rates and to

understand if one group of ASD-patients presents a higher rate of causative mutation.

1.1 RESULTS
The obtained sequencing data were of good quality, with 95% of the selected exonic regions covered

more than 30x in all patients. On average, 2,000 SNVs were identified per individual that were
annotated using Varank. After the filtering step, usually less than 10 variants were highlighted per

patient, even if this number was highly variable among individuals.

Overall, five certainly-pathogenic variants were identified in sporadic cases. All of them are de novo
and are in genes implicated in autosomal dominant form of ID often associated to ASD (Table 11).
Three of them are truncating mutations, while one affects splicing and the remaining one is a missense

change.
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Male 29 (1) 3 3(1)

Female 9 2 2

tot 38 0 5 0 5

Table 11: Classification of the identified mutation in TS

In a boy affected by ASD but no ID, a de novo frameshift mutation was identified in ZNF292 (Figure
20B), a gene whose implication in ID and ASD is still not confirmed. In the cohort of ID patients analyzed
at the diagnostic laboratory and through GeneMatcher, we have been in contact with several clinicians
who mainly identified de novo truncating variants in patients sharing a similar phenotype. In total, 25
cases have been identified and clinical features are currently being collected by MD M. Mirzaa at
Seattle Children’s Hospital, USA.

In a boy affected by ASD and mild ID, we identified a frameshift in SETD5 (Figure 20A), a well-known
gene causing ID by loss-of-function mutations. Interestingly, in the first paper that linked this gene to
an autosomal dominant form of ID, 5 out of the total 7 patients present also ritualized behaviour
and/or autism in addition to ID (Grozeva et al., 2014). Another frameshift mutation was identified in
FOXP1 in a boy affected by ASD and ID, with an evocative fragile X-syndrome phenotype (Figure 20C).
FOXP1 is a well described gene implicated in ID with language impairment, with or without ASD.
Moreover, a variable degree of ID has been also reported.

A mutation predicted to affect a donor site was identified in SOX5 in a girl affected by ASD and mild ID
(Figure 20E). This mutation is predicted to lead to an exclusion of the entire exon or to the usage of an
alternative donor site. An investigation on the RNA of the proband is required to delineate the exact
effect of the mutation. Several patients have been reported with deletions encompassing SOX5 but
only recently a de novo nonsense mutation in SOX5 was identified, further confirming the implication
of this gene in the previously described haploinsufficiency syndrome, which includes ID, language and
motor impairment and facial dysmorphisms (Nesbitt et al., 2015) but no ASD was described.
Nevertheless, we have been in contact with Dr. C. Depienne who identified and collected several
patients with ID and/or ASD.

In a girl affected by ASD and ID, we detected a missense mutation in SYNGAP1 (Figure 20D), a well-
characterized gene known to cause ID with ASD. The missense is in a highly conserved amino acid and
moderately conserved nucleotide (PhyloP: 2.79; PhastCons: 1). The mutation is predicted to be

pathogenic by two different software (SIFT: Deleterious; PolyPhen-2: Probably Damaging) and it has a
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large physiochemical difference between the wild-type and the substituted amino acid (Grantham

Score: 155). Furthermore, the missense variant is in an important functional domain of the protein.

A. SETD5 B. ZNFN292 C. FOXP1
NM_001080517.1:¢.2591dup, NM_015021.1:c.6142_6145del, NM_001244810.1:c.1705_1706dup,
p.Ser865Glufs*35 p.Lys2048Valfs*11 p.Ser570Leufs*46
]OTD “ C“OTD T 10 ‘ L]
¢.[2591dup;=] c.[6142_6145del;=] c.[1705_1706dup;=]
ASD + ASD + 1D
ASD + mild ID dvsmorphisms X-Fragile-like (Long face, large ears)
¥ P Speech delay, hyperactivity,
D. SYNGAP1 E. SOX5 hyperlaxity
NM 006772.2:c.1259T>C NM_006940.4:¢.931+3A>C,
p.Phe420Ser p.?
c-mOTD I S—
C.[1259T>C;=] |
ASD +1D c.[931+3A>C;=] pa
ASD + 1D

Figure 20: Mutations identified in the ASD cohort

Moreover, a missense variant was identified in ARHGEF9. This mutation affects a highly conserved
amino acid that have been already reported as mutated in a patient affected by ID and seizure (Lemke
et al.,, 2012). Mutations in ARHGEF9 have been reported in several patients affected by epileptic
encephalopathy, which is coherent with its function as a brain-specific guanine nucleotide exchange
factor. The missense mutation identified in our patient is transmitted from the heterozygote mother
(ARHGEFS9 is on the chromosome X) and a deeper segregation analysis is needed to eventually conclude
on the variant pathogenicity. Interestingly, two other missense variants have been identified in other
males from the cohort. This gene does not well tolerate missense variants (EXAC z-score: -2.97; 47
observed variants/ 110.9 expected variants). On the other hand, no putative deleterious variants in
this gene were identified in previous WES on ASD patients (De Rubeis et al., 2014; lossifov et al., 2014;
O’Roak et al., 2014; Sanders et al., 2012). Further investigations are required to understand if missense

variants in this gene could be predisposing factors for ASD.
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NM_001173479.1 NM_015185.2 NM_015185.2
cDNA c.16G>A c.868C>T c.1453G>A
Protein p.Gly6Ser p.Arg290Cys p.Gly484Ser
PhyloP 2.79 1.98 5.05
SIFT Tolerated (score: 0.73) Deleterious (score: 0) Tolerated (score: 0.57)
Mutation Taster n.d. Disease causing (p-value: 1) Disease causing (p-value: 1)
PolyPhen-2 Benign (HumVar: 0.004) | Probably damaging (HumVar: 1) Benign (HumVar: 0.005)
Grantham Score 56 180 56

Table 12: Prediction scores for the detected missense variants in ARHGEF9

1.2 DISCUSSION AND CONCLUSION
Overall, we obtained a diagnostic yield of 13 (16% if we count the p.Arg290Cys in ARHGEF9) that is

twice lower compared to the one obtained in cohorts of patients mainly affected by ID (usually around
25%) (Redin et al., 2014), but still significant. The majority of the patients for which a certainly-
pathogenic variant was identified were affected by a mild or borderline ID and they were all sporadic
cases and surprisingly no mutations has been detected in the familial cases. The obtained diagnostic
yield is higher than the one obtained by another similar study (13% vs 3.7%) (Chérot et al., 2018). This
difference could be explained by a different patient’s recruitment: for instance, Chérot et al.
considered in the ASD group only children meeting the criteria of autism diagnosis interview (ADI)
without any early delay development, while in our study we considered patients diagnosed with
stringent ASD criteria but we did not exclude patients for the presence of other comorbidity. Indeed,
a stratification of ASD patients based on their clinical morphological categorization in a trio-WES
previously showed that ASD individuals with minor physical anomalies have a low yield of diagnosis
(3.1%; 2/64) compared to the ones with more (respectively, 28.6% in the intermediate group and
16.7% in patients with more complex morphological phenotypes) (Tammimies et al., 2015). Moreover,
most of the patients for whom a certainly-pathogenic variant was identified were affected by a mild
or borderline ID (4/5); similarly, one out of the 2 diagnosed patients in the study of Chérot et al. (2018)
is also affected by mild ID. However, both studies have small cohorts (less than 55 individuals) hence
it is really difficult to conclude that ASD with ID or other features are majorly caused by a single genetic
cause compared to ASD with no other comorbid traits.

Nevertheless, despite the large genetic overlap between these two neurodevelopmental disorders,
both studies showed a higher diagnostic yield in ID patients than in ASD ones, further supporting the
genetic complexity of ASD. All the identified pathogenic variants were in genes previously associated
with ASD, suggesting that only a subgroup of ID genes is more involved in ASD than others. The absence
of pathogenic mutation in the majority of patients could be explained by various reasons: a pathogenic

mutation located in a gene not included in our gene-panel or in a non-coding region; or structural
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variants difficult to identify. On the other hand, it could also be explained by the implication of several
risk factors — including the environmental ones - with a moderate or variable risk rather than the full
penetrance of a single genetic cause. However, our TS strategy is not optimized to investigate these
non-monogenic genetic forms and other approaches should be developed (i.e. analysis of variants in a
network of genes rather than gene by gene). Our diagnostic yield should be confirmed on a much larger
cohort of patients. Nevertheless, these results highlighted the importance and effectiveness to

perform genetic analysis in patients mainly affected by ASD even in those not presenting a severe ID.
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2. WES ON ID-PATIENTS WITH NO MUTATION IDENTIFIED IN TS

Despite the relatively high diagnostic yield obtained with the TS, the majority (~75%) of the patients
remained without a molecular diagnosis. This could be explained by several reasons other than the
non-genetic origin of ID; for instance, the causal mutation may lie in a gene not included in the gene
panel — e.g. it is newly associated to ID — or it is in a gene never been implicated in ID. 31 patients who
did not receive a diagnosis after the TS were sequenced by trio-WES. This strategy increases the chance
to find potential pathogenic mutation never been implicated in ID, a major goal of this study.
Additionally, some patients with a highly syndromic form of ID or belonging to a multiplex family were

directly passed to WES without going through TS.

2.1 RESULTS

The mean coverage obtained for all the sequenced patients and parents was around 94x and the 93%
of the targeted regions were covered by more than 20x. On average, more than 60.000 SNVs were
identified per individual. After the filtering criteria, the potential candidate variants in trio were less
than 5 for XLID, and below 10 for ADID and ARID, even if these numbers were extremely variable

among individuals, and much higher when the proband was sequenced alone.

60,00%
50,00%
40,00%
30,00%
20,00%
10,00%
0,00% I I .
Males Females Solo Trio Negative TS Direct WES
M Solved M Ambigous Unresolved

Figure 21: Percentage partioning of patients classification in WES
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During the variant analysis, we classified patients into three main groups: solved, which includes
patients for which we identified a pathogenic mutation either in a known or novel ID gene; ambiguous,
which comprises individuals for which we detected a variant of unknown significance; and unresolved,
for which we did not point out any candidate mutation. We observed a higher rate of molecular
diagnosis in patients sequenced in trio, but no other difference in the diagnostic yield between other

categories (Figure 21).

PURA
ALG2
THOCE

GTPBP3
MEF2C
KLHL15
AUTS2

m Novel ID genes m New variants in known ID genes

® Solved ® Ambigous = Unresolved

Figure 22: Percentage partitioning of variant classification in WES

A little bit more than half of the mutations was identified in genes already implicated in ID (7/12)
(Figure 22). This is explained because either:

- the gene was recently implicated in ID (i.e. PURA, THOC6, KLHL15, ALGS8), therefore it was not
included in the gene panel used in TS;

- the patient was passed directly to WES (i.e. GTPBP3, AUTS2);

- the mutation did not retain attention in the first analysis by the targeted sequencing (i.e. mutations

inthe 5" UTR of MEF2C).

The remained identified pathogenic variants were in genes never been implicated in ID (UNC13A,

NARS, CNOT3, NOVA2 and BRPF1) (Figure 22).
The overall diagnostic yield is comparable to the one obtained from previous trio-WES studies.

However, we combined two different NGS approaches; therefore, if we considered the overall NGS

strategy used (TS + WES), we obtained a diagnostic yield of more than 40%.
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Male 29 1 6 2 9

Female 10 1 2 3

Tot. 39 1 7 4 12

Table 13: Classification of the detected mutations in WES based on their inheritance mode

Among the positive diagnosis, we identified a majority of genes with an autosomal dominant
inheritance (7 out of the 12 identified mutations) (Table 13), in line with the hypothesis that de novo
mutations are the major cause of ID in outbreed populations (Vissers et al., 2010). In particular, three
WES studies did not identify any autosomal recessive mutations (Hamdan et al., 2014; de Ligt et al.,
2012; Rauch et al., 2012), but they were mainly focused on sporadic cases. Other studies including
patients with a broader phenotype (including other neurodevelopmental disorders like epilepsy) still
reported a majority of autosomal dominant mutations (ranging from 13.2% - 64% of the positive
diagnosis) but also a low percentage of autosomal recessive ones (25.8% — 23% of the positive
diagnosis) (Deciphering Developmental Disorders Study, 2015; Yang et al., 2013). In our cohort of
patients, we identified a higher rate of autosomal recessive mutations (~33.3%; 4/12). This could be
partially explained by the inclusion of some consanguineous families (4 + 2 suspected); however, we
identified only two homozygous mutation in 2 of these families (1 known and 1 suspected), while we

did not identify any deleterious variants for the remaining ones.

2.1.1 VALIDATION OF MUTATIONS IN KNOWN ID GENES
Many mutations identified by WES were in genes previously implicated in ID and their identification

expands the clinical phenotype. For some of these | carried out some functional analysis to further
delineate their pathophysiological mechanisms (see Clinical And Functional Characterization Of
Recurrent Missense Mutations Involved In THOC6-Related Intellectual Disability, pg.124 and
Characterization Of Functional Consequences Of Truncating Mutations Affecting Long And Short AUTS2
Isoforms, pg.126). Nevertheless, some of these variants were still classified as VUS as further analysis
are required to prove their pathogenicity. Here | will describe an example of a validation analysis

performed for a missense variant located in the 5’"UTR of MEF2C.

NON-CODING VARIANT IN MEF2C
A girl with a Rett syndromic-like phenotype was previously tested for a Sanger sequencing of MEF2C,

FOXG1 and MECP2 but no candidate pathogenic variants were identified; then a targeted-sequencing
of 220 genes returned negative. The trio-WES pointed out a de novo candidate variant located in the
non-coding 5'UTR region of MEF2C, a substitution located only 8 nucleotides upstream the initiation

codon (NM_001193347.1: c.-8C>T). The nucleotide is well conserved (PhastCons: 1; PhyloP: 5.53) and
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it is predicted to affect the Kozak sequence of the normal AUG, creating an alternative one in frame

three amino-acid before (Figure 23) (http://dnafsminer.bic.nus.edu.sg/) (Liu and Wong, 2003). This

variant is not present in gnomAD.

WT AACGGGGAC TATGGGGAGAAAAAAGA TTCAGATTACGAGGATTATGGATGAACGTAACAGACAGGTGAGT
(NM_001193347) | IS IS S NS O 0 T B A A G R T

AATGGGGAC TATGGGGAGAAAAAAGA TTCAGATTACGAGGATTATGGA TGAACGTAACAGACAGGTGAGT
NM_001193347.1: c-8C>T A EN NS N DA NN

Figure 23: Schematic representation of the identified non-coding variant in MEF2C and its predicted effect

MEF2C belongs to the myocyte enhancer factor-2 family of transcription factor and is located in the
5g14.3 region, for which microdeletions have been reported in patients affected by a syndromic form
of ID characterized by severe ID, epilepsy, muscular hypotonia and variable brain and other minor
anomalies (Cardoso et al., 2009; Engels et al., 2009). Indeed, thanks also to the development of a
conditional knock-out model, MEF2C was known to be implicated in the neuronal differentiation and
regulation of excitatory synaptic number, suggesting a role in the synaptic plasticity, hence in learning
and memory abilities as well as in seizure (Li et al., 2008). The identification of several patients with de
novo truncating and missense variants in this gene eventually lead to the implication of this gene in
the aetiology of this syndromic form of ID (Bienvenu et al., 2013; Le Meur et al., 2010; Zweier et al.,
2010). Recently, several patients with a similar phenotype have been reported with balanced
cytogenetic abnormalities breakpoints (BCAs) distal to MEF2C, disrupting the TAD containing the
coding region of MEF2C thus leading to alterations in its expression (Redin et al., 2017).

Truncating mutations in MEF2C were shown to cause a decrease in the gene expression level (Redin et
al., 2017; Zweier et al., 2010), while for the missense mutations either there was a significant increase
(Patient 5, p.Leu38GIn from (Zweier et al., 2010)) or no difference with controls (Patient 8, p.Gly27Ala
from (Zweier et al., 2010)) in the expression of MEF2C. We investigated the expression level of MEF2C
in our patient by performing a RT-qPCR on cDNA obtained from reverse transcription using the
SuperScript Il (Invitrogen) on the extracted RNA from PAXgene blood tubes. We measured MEF2C
expression level by using two different couple of primers; one that amplifies all the different isoforms
(MEF2C_1: forward primer: ATCGACCTCCAAGTGCAGGTAACA; reverse primer:
AGACCTGGTGAGTTTCGGGGATT), while a second one amplifies NM_00119335, NM_001308002 and
NM_002397 transcripts (MEF2C_2: forward primer: GCCCTGAGTCTGAGGACAAG; reverse primer:
AGTGAGCTGACAGGGTTGCT). The latter transcript is known to be highly expressed in brain (Zweier et

al., 2010). gPCR was performed in triplicates and MEF2C mRNA level was quantified by the 2°°¢
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method using GAPDH as a reference gene. Both couple of primers showed a significant increase in

MEF2C expression in the patient compared to age- and sex- matched controls (n=4) (Figure 24).
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Figure 24: qPCR analysis of MEF2C expression level

On the left, the gPCR analysis done with the couple of primers amplifying all isoforms (MEF2C _1); on the right, the gPCR
analysis performed with primers amplifying specific transcripts (MEF2C_2).

Patients with deleted or mutated MEF2C were reported to have a significant decrease in MECP2 and
CDKL5 expression levels, potentially explaining the similar phenotype observed in patients with a
mutation in one of these genes (Zweier et al., 2010). We investigated by qPCR the expression level of
CDKL5 (forward primer: GAAACACATGAAATTGTGGCG; reverse primer: GCTTGAGAGTCCGAAGCATT)
and of MECP2 (forward primer: ACTCCCCAGAATACACCTTGCTT; reverse primer:
TGAGGCCCTGGAGGTCCT), but we did not observe any significant difference in the mRNA levels in both
genes (data not shown).

The mutated Cytosine is located in a CpG and is predicted to be methylated (RoadMap Epigenome
Browser v1.19). Therefore, we hypothesize that this variant may alter the methylation of this specific
C. To answer this question, we are going to bisulfite-treat the genomic DNA of the patient, her parents
and controls, amplify the region containing the variant by PCR and then Sanger sequence it. Thus, by
observing the differences among the reference sequence we will be able to see if the nucleotide
change affects its methylation status. However, it is unlikely that affecting the methylation of one
Cytosine might directly lead to an increase of MEF2C expression. Other mechanisms might therefore

be involved.

2.1.2 VALIDATION OF MUTATIONS IN NOVEL ID GENES
WES was confirmed to be an efficient approach for the identification of novel genes implicated in ID.

Overall, | identified 5 mutations in genes never been implicated in ID before, so in about 12% of the
total patients sequenced by WES.
We first identified two truncating mutations in two genes never been implicated in ID before (BRPF1

and NOVA2). For these mutations, | performed some functional molecular analyses to characterize
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their consequences and understand how they could lead to ID. They will be described in other sections
(Mutations in Histone Acetylase Modifier BRPF1 Cause an Autosomal-Dominant Form of Intellectual
Disability with Associated Ptosis, pg.115 and De Novo Truncating Variants In The Neuronal Splicing
Factor NOVA2 Cause A Syndromic Form Of Intellectual Disability With Angelman-Like Features, pg.116)

NARS
We identified a nonsense variant in a boy affected by severe ID, epilepsy, spasticity, microcephaly, with

no speech and walk. This de novo variant (NM_004539.3: c.1600C>T; p.Arg534%*) is close to the end of
NARS, a gene encoding for asparagine-tRNA synthetase, an enzyme necessary for translation. Though,
NARS appears to be tolerant to LoF (EXAC pLI = 0.00 with numerous truncating variants reported) and
this would exclude that haploinsufficiency of this gene could lead to a severe form of ID. The nonsense
variant was then considered as VUS and submitted to GeneMatcher. Through this data exchange, we
have been in contact with MD D. Koleen (Nijmegen) who identified 3 patients with the same de novo
nonsense variant. The comparison of the phenotype showed a high similarity among the 4 individuals,
with recurrent clinical features, such as severe ID, microcephaly, ataxia and/or spasticity and seizures,
suggesting that this recurrent mutation is responsible for this phenotype. After this first match, we
have been in contact with Dr. A. Manole and Dr. H. Houlden (University College of London) and GeneDx
that identified several recessive cases with homozygous or compound heterozygous mutations in
NARS. We have been also in contact with other teams who previously identified variants in NARS in
sporadic cases and even in large families that were classified as variants of unknown significance.
Overall, many patients have been detected with a mutation in NARS, for a total of 5 individuals with
the same de novo nonsense mutation; 7 recessive cases (compound heterozygotes and homozygotes)
and 11 homozygotes individuals from 4 unrelated families with the same missense variant
(p.Arg545Cys). Due to the many truncating variants over the whole length of the protein up to a
nonsense variant p.Arg522* reported in gnomAD, we hypothesized that the recurrent nonsense
variant (p.Arg534*) does not act by haploinsufficiency, but may have a dominant negative or gain of
function effect by removing the last 15 aa in the highly conserved C-terminal domain necessary for
ATP-binding. The homozygous missense variant detected in the 4 distinct families might have a similar

effect, since it affects the same C-terminal stretch.
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aa Allelic frequency PP2
Genotype SIFT Mutation Taster GS | PhyloP
change in GhomAD (%) (HumVar)
ArgliPro homo 0.0007218 Tolerated Disease causing Tolerated | 103 2.3
Possibly
Thri7Met homo 0.001219 Deleterious Polymorphism 81 3.03
damaging
comp. ht. with
Met34Leu 0.01133 Tolerated Disease causing Benign 15 1.01
Asn218Ser
Comp. ht with
Met69Aspfs*4 / / / / / /
Asp356Ala
comp. ht. with
Asn218Ser Met34Leu or 0.02634 Tolerated Disease causing benign 46 4.73
Arg322Leu
comp. ht. with Probably
Arg322leu / Deleterious Disease causing 102 5.69
Asn218Ser damaging
comp. ht with Probably
Leu350Pro / Deleterious Disease causing 98 4.64
Alad22Thr damaging
comp. ht. with
Asp356Ala 0.09236 Tolerated Disease causing Benign 126 3.03
Met69Aspfs*4
comp. ht with
Alad22Thr 0.002033 Deleterious Disease causing Benign 58 5.61
Leu350Pro
Probably
Gly509Ser homo / Tolerated Disease causing 56 5.69
damaging
Arg534* de novo ht / / / / / /
Possibly
Arg545Cys homo 0.001807 Deleterious | Disease causing 180 5.86
damaging

Table 14: Mutations identified in NARS, their prediction scores and frequencies in the general population

Two missense variants found only at a compound heterozygous state (p.Asn218Ser and p.Asp356Ala)
appear to have an allelic frequency that would be too high for a pathogenic allele associated to a severe
recessive form of ID (Table 14). A missense variant predicted to be essential for enzymatic activity
(p.Arg322Leu) (Pr. H. Becker, personal communication) is observed only at the compound
heterozygous state (Table 14). Furthermore, many truncating mutations are present in the general
population but only one has been observed in patients at the heterozygous state (p.Arg534*) (Table
14). We thus hypothesized that, given the vital function of NARS, two loss-of-function variants would
be embryonic lethal while the combination of rare hypomorphic alleles can cause the disease.
Functional analysis to prove this hypothesis are currently carrying out in vivo by Dr. Manole at the
University College London, including yeast complementation tests and zebrafish modeling, and
biochemically in vitro studies by Pr. H. Becker at the University of Strasbourg, comprising testing of the

aminoacylation and charging capacity of the transcript and the kinetic of charging for tRNA”",
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CNOT3
We identified a de novo missense mutation in CNOT3 (NM_014516.3: c.439G>A) in a boy affected by

ID, epilepsy, nystagmus, stereotypical behaviours, growth retardation and facial dysmorphism. This
variant was classified as VUS, since there was no obvious pathogenicity evidence, except that CNOT3
in EXAC has a high constraint value for missense (z-score= 3.89) and it is intolerant to LoF variants
(pLI=1). Recently, in a study of a large cohort of patients affected by neurodevelopmental disorders
(Deciphering Developmental Disorders Study, 2017), several patients with a missense variant in this
gene were reported. Furthermore, by submitting this gene to GeneMatcher, patients with a similar
phenotype were identified. Overall, 17 patients have been detected with a de novo variant in CNOT3,
among which 4 are missenses variants of the same amino acid, 4 other missense variants and 9
truncating mutations (Figure 25). At a general view, these patients share some recurrent clinical
features, such as ASD, global developmental delay and macrocephaly. Curiously, all the missense
mutations are located closer to the N-terminus, while the truncating variants are all over the length of
the protein. It would be interesting to perform a genotype-phenotype comparison and to test
functional effects to check if there are differences based on the type of mutation. The collection of

clinical information is currently pursued by Dr. R. Martin at Newcastle University.

p.Ser245Alafs*g p.Ser282*
p.Glu147Lys p.Ala376Glyfs*61
p.Ser452Lysfs*63
|
| | _— donF;mo 55331
Decipherdatabase  p.Glu20GIn | p.Ser244Alafs*9
p.Leu48Val p.Gly493Thrfs*21 | p.GIn694*
p.Arg188His (3x) p.Arg188Cys p.Trp622*

Figure 25: Identified mutations in CNOT3
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UNCI13A
In a girl affected by a severe encephalopathy, with severe ID, epilepsy, no speech and walk,

macrocephaly and low weight, | identified a frameshift mutation and a de novo missense mutation,
both not present in GnomAD, in the UNC13A gene. Segregation analyses showed that the frameshift
mutation (NM_001080421.2:c.339_340insCAGGAAAC) is present in her two unaffected siblings and
was transmitted from the mother, who does not show any clinical symptoms. On the other hand, the
missense variant (NM_001080421.2: c.605G>A) arose de novo (Figure 26). An allele specific PCR
(Forward primer: 5’-tgctgttgctcgtttcactgt-3’; reverse primer: 5’-tcatggcagacagtgagatctgtg-3’)
confirmed that the two mutations are in trans. The missense variant is in a well conserved nucleotide
(PhyloP: 5.53; PhastCons: 1) and it is predicted to be deleterious (Mutation Taster and PolyPhen-2),
even if the physical distance between the two amino acids is small (Grantham score: 29). In EXAC this
gene has a high constraint metric with less observed missense variants than expected (z-score= 5.89)

and it seems to be intolerant to loss-of-function mutations (pLI=1).

CCTTGGTGCCACAGA CCTTGGTGCCTTTGAT
JoaMaaoanh [T
CACTGECEGETAGT Q CACTE? AGT

[== | [c.339_340insCAGGAAAC; =]

[c.339_340insCAGGAAAC; c.605G>A] [c.339_340insCAGGAAAC; =] [c.339_340insCAGGAAAC =]

CCTTGGTGCCTTTGAT GATCAAAGGCACCAAGGA  GATOTGTGECOCCAAGGA

Db, M, pon it

CACTGCEGETAGT ACTACCGCAGIG ACTACCOCAGIG
' At wﬂw

Figure 26: Pedigree of the family and mutations in UNC13A

UNC13A belongs to the UNC13 family proteins involved in the regulation of the neurotransmitter
release at the nerve cell synapse. In particular, UNC13A is important for the priming of the synaptic
vesicles, which leads to their fusion and release at the pre-synaptic plasma membrane. Knock-out mice
for UNC13A died early after birth because of a severe paralysis and brains of the newborn showed an
almost complete reduction of the readily releasable synaptic vesicle pool and a consequent reduction

of spontaneous and action potential evoked glutamate release (Augustin et al., 1999).
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Recently three mutations have been identified in UNC13A: a homozygous nonsense mutation
(p.GIn102*), located at the beginning of the protein, in a patient affected by microcephaly and cortical
hyperexcitability who died at 4 years of age for respiratory failure (Engel et al., 2016); a de novo
missense variant p.(Pro814Leu) in an individual affected by a dyskinetic movement disorder, global
developmental delay and autism (Lipstein et al.,, 2017); and a homozygous missense mutation
p.(Glu52Lys) in a patient with global developmental delay, seizures, generalized hypotonia, myopathy
and microcephaly (Lionel et al., 2017) (Figure 27). The nonsense mutation is located at the beginning
of the protein and leads to a truncated protein lacking the syntaxin-1 (STX1A) binding site, through
which it stabilizes the functional open conformation of STX1A. Therefore, the authors speculated that
the clinical feature observed in the patient were caused by a persistent non-functional state of STX1A,
which inhibited cholinergic transmission at the neuromuscular junction and glutamatergic
transmission in the brain, as the observed clinical features in the patients well overlap with the ones
observed in individuals with mutations in this gene (Engel et al., 2016). On the other hand, the missense
variant p.(Pro814Leu) has a dominant gain of function that increases the fusion propensity of the
synaptic vesicles, leading to a major synaptic vesicle release probability and abnormal short term
plasticity, as demonstrated by functional analysis on electrophysiological studies on mouse neuronal
cell cultures and Caenorhabditis elegans (Lipstein et al., 2017). No functional analyses were performed

on the p.(Glu52Lys) variant.

p.Arg202His
p.Pro814Leu
p.Thr117Argfs*18 {Leipstein et al. 2017) Heterozygous
NP_001073890 [ C1 C2B MUN domain C2C
CaM
p-Gln102* Homozygous
(Engel etal. 2016)
p.Glu52Llys
(Lionel etal.2017)

Figure 27: Mutations identified in UNC13A

Through GeneMatcher we have been able to identify several patients with a mutation in UNC13A, both
de novo heterozygous or compound heterozygotes. Functional studies are currently performed by Dr.
Lipstein at the Max-Planck Institute for experimental biology. She will use neurons from a double
knock-out mouse for Uncl3a and Uncl3b and introduce the variants, by using lentiviruses. The
expression of the different variants will then be analyzed either on a null background (especially for

the missense mutation) or in a wild-type background to assess a dominant negative effect.
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3. RNA-SEQUENCING IN PATIENTS WITH ID
Despite the high diagnostic yield obtained both with the TS and the WES, half of the patients did not

receive a molecular diagnosis, underscoring the common limitations of these two strategies.

These unidentified cases could represent more complex forms of ID, caused by variants in several
genes (oligogenism), epigenetic events or even non-genetic causes, but could also be from monogenic
origin involving a mutation not identified by TS or WES, due to their technical limitations. These
monogenic forms can be caused by: variations that are not located in CDS and could not have been
identified by TES and WES, variations in CDS that have been missed by the techniques (small CNV
affecting one or few exons of a gene, variations in poorly captured regions) or variations in CDS
identified but whose effect at the mRNA level was misjudged. Some VUS and mutations in non-coding
regions might affect RNA abundance or isoforms. Besides mutations affecting canonical splice sites or
creating an exonic cryptic site with high prediction scores, the effect of SNV on splicing can be difficult
to predict and in particular those which might affect exonic or intronic splicing enhancer sequences
(ESE, ISE). Some informatic programs exist but predict a huge number of potential sequences, for
which no real functional effects have been proven. Moreover, also intronic mutations located too far
from exon/intron junctions and SNV in regulatory elements involved in transcription, such as
promoters, 5’-UTR or distal enhancer are also not detected by TS and WES. Therefore, RNA-sequencing
could be a useful complementary tool for variant identification and interpretation, as proved by recent
studies on different patients’ cohorts (Cummings et al., 2017; Kremer et al., 2017), but this was never
tested in individuals with ID.

To evaluate the efficiency of RNA-sequencing as a complementary tool in the diagnosis of
heterogeneous disorder, we sequenced the mRNA from individuals affected by ID and Bardet-Bied|
syndrome (BBS). BBS is a disorder caused by defects in several genes mainly implicated in the formation
and function of the primary cilium. BBS affects multiple organs, including the eye as most of the
patients present retinis pigmentosa. We collected RNA from tissue available from patients but
unfortunately non-relevant for the disorders, fibroblasts and blood. In this cohort we included some
positive controls - i.e. individuals with a known mutation predicted to alter RNA levels — and patients
with a VUS or with no pathogenic variant detected. We included 6 patients affected by BBS and 9
presenting ID, for a total of 15 patients. For the BBS individuals we only sequenced RNA from fibroblast,
while for ID patients we sequenced RNA from fibroblasts for 3 patients and from whole blood for 6
others. For BBS we analysed 3 known pathogenic variants and 3 unknown cases, while for ID individuals

we included 3 known mutations, 2 VUS, and 4 unknown cases (Table 15).
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Ind. Mutation Disease | Tissue
Ind 1 SDCCAGS; c.836+356C>T BBS fibros
Ind 2 BBS3; deletion exon1-3 BBS fibros
Ind 3 Unknown BBS fibros
Ind 4 BBS1; c.1168A>G + complex insertion in exon13 BBS fibros
Ind 5 unknown BBS fibros
Ind 6 unknown BBS fibros
Ind 7 unknown ID fibros
Ind 8 unknown ID fibros
Ind 9 DYRK1A;c.951+1 951+4delGTAA ID fibros
Ind 10 OPHN1; duplication exon4to5 ID blood
Ind 11 MEF2C, c.-8C>T (VUS) ID blood
Ind 12 CCDC101; ¢.225-2dup (VUS) ID blood
Ind 13 unknown ID blood
Ind 14 unknown ID blood
Ind 15 DYRK1A; c.328-1G>T ID blood

Table 15: RNA-sequenced patients

3.1 RESULTS

On average 300 millions of sequences were generated per individuals. Before starting to analyse the
obtained data, we checked the expression of the genes of interest in both tissue, by comparing the
normalized number of reads using the reads per kilobase per million mapped reads (RPKM) (Mortazavi
et al., 2008). We then analysed the expression of known genes implicated in ID and BBS in the two
tissues, blood and fibroblasts.

The list of ID genes was retrieved from a combination of different European lists (Radboud UMC list,
Nijmegen, https://issuu.com/radboudumc/docs/intellectual_disability _dg29?e=28355229/48848639;
genes of the Genome England PanelApp https://panelapp.genomicsengland.co.uk/; list of genes from

the SysID database: http://sysid.cmbi.umcn.nl/), for a total of 836 genes. Moreover, we specifically

checked the expression level of the most recurrently mutated 40 genes, according to database and
literature. Overall, the expression level of ID genes is higher in fibroblast than in blood cells (RPKM

value ~20% more) (Figure 28A).
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Figure 28: Expression of ID genes in fibroblast and blood cells

Overall, 57% of the ID genes are expressed (RPKM > 5) in both tissue, while 12% are expressed
exclusively in fibroblasts and only 3% in blood (Figure 28B). However, a large portion of ID genes are
not expressed neither in fibroblasts nor in blood (28%), among which 10 genes frequently reported to
be mutated in ID. Indeed, some of these genes code for synaptic proteins (KCNQ2, SCN2A, SCN1A,
SYNGAP1, SHANK3, GRIN2B), hence it was expected not to find them expressed in these tissues.
However, some of the not expressed genes are involved in more common mechanism, such as
transcription regulation or chromatin remodelling (ASXL3, KAT6B, EP300, SATBZ2). Generally speaking,
the RNA-sequencing analysis seems more efficient from patients’ fibroblasts than from blood cells,

even if around a quarter of ID genes are not detected.

On the other hand, BBS genes are not highly expressed neither in fibroblasts nor in blood, with a
general RPKM around 50 in both cells’ types (A). Overall, about 36% of RP-genes are detected both in

fibroblasts and blood cells, 12% are specifically expressed in fibroblasts while 3.6% in blood (Figure

30B).
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Figure 29: Expression of BBS genes in fibroblasts and cells:

This analysis allowed us to delineate the limit of the RNA-sequencing. We then analysed the data in

order to identify the potential genetic causes of the disease of interest, which was the goal of this pilot

study. Transcriptomic analyses were done by comparing one patient versus all the others, as the

probability they have the same exact mutation is extremely low. The transcriptomic variation could be

the result of different events, such as a mutation in the regulatory regions or in a splice-site. For

instance, a mutation may lead to a dysregulation of gene expression, while a mutation in the splice-

site causes an alteration in the alternative splicing. To this end, we investigated the variations in RNA

abundance and sequences in three different situations: a change in the gene expression level;

differences in the alternative-splicing; and allele-specific expression (Figure 29)
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Figure 30: Workflow used for variant identification with RNA-sequencing
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3.1.1 DIFFERENTIAL EXPRESSION

We analysed the differential expression of mRNA levels of each patient versus all the others.
Differences in gene expression could be caused by mutations in regulatory regions (e.g. promoter,
enhancers), by a NMD mechanism or by deletion/duplication of a gene. However, this analysis has
several limitations: for instance, the differential expression could be the consequence of a mutation in
a gene that regulate the expression of a subset of genes (e.g. transcription factor). Moreover, variants

and mRNA located on the X-chromosome were not analysed separately.

| will not detail all the results, as the whole analysis is still ongoing, but | will show just an example.

In an individual with a known genetic cause of BBS (Ind 2), we detected a significant decrease in BBS3
expression (log2FC= 8.42 and p-value= 7.98E-26) (Figure 31). Indeed, the known mutation is a
homozygous deletion disrupting exon 1 to 3 of this gene and the differential expression analysis

allowed us to detect the affected gene, showing the efficiency of this investigation.
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Figure 31: Volcano plot and RNA-sequencing reads of BBS3 in individual 2

3.1.2 SPLICING ANALYSIS
We checked for differential alternative splicing events in order to detect alterations possibly caused

by mutations close to the exon-junction or in exonic/intronic splicing enhancer. Among the alternative
splicing events there are the exon skipping, intron retention, mutually exclusive exons, alternative 5’
and 3’ splice sites, alternative first or last exons and more complex alternative splicing patterns. To
detect splicing alterations, we used three different software: JunctionSeq, rMATS and LeafCutter.

We compared the number of splicing events detected by the three software (Table 16), using different
filtering criteria. We noticed that, even if rMATS identifies the largest number of alternative splicing

events, the filtering criteria must be extremely stringent (FDR < E-10) to avoid too many false positive
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events. Moreover, rMATS returns separate files for each possible splicing event (skipped exon;
retained intron; mutually exclusive exons; alternative 5’ splice site; alternative 3’ splice site) which
increases the time of analysis. Junctionseq on the contrary restricts its analysis to skipped exons
events. However, also with JunctionSeq we had to use stringent filters; for instance, to highlight
potential differential splicing events, we had to consider a log2 Fold Change above 3 (Table 16),
potentially missing some splicing events. On the other hand, with LeafCutter we did not use stringent
filtering criteria on the fold change, but we observed a different number of splicing events when using
a more stringent filter criterion on the adjusted p-value (Table 16).

Within the cohort, we included several individuals with a known mutation affecting the splicing. Among
them, we could not detect any alteration in OPHN1, as the gene was poorly expressed in blood.
Another known splice mutation (DYRK1A, NM_001396.3: ¢.328-1G>T) was not detected by all the three
different software but we could not explain why, as the gene was expressed in the mRNA of the cell
type. The second mutation in DYRK1A affecting the splicing (NM_001396.3:¢.951+1_951+4delGTAA)
was detected by both rMATS and LeafCutter, but it was filtered out when using a stringent filter
(respectively for rMATS a FDR < E-10 and for LeafCutter a padj< 0.01), probably because the sample
was sequenced in simplicate. The homozygous missense intronic variant in SDCCAGS8
(NM_001350248.1:¢.836+356C>T) was detected in all the used software but, while with JunctionSeq
and rMATS the analysis was more complicated due to the high number of splicing events detected,

with LeafCutter we could easily retrieve this altered splicing event.
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rMATS JunctionSeq LeafCutter
Ind. Mutation Disease | Tissue FDR< E-10; | IncLevelDifference|> 0.05 padj< 0.01; dipersion< 0.05 |logef|>0.6; |AW|>0.2
SE RI | MXE A5SS A3SS | |log2FC|>3 | |log2FC|>0.6 | padj<0.05 | padj<0.01
Ind 1 SDCCAGS8 BBS fibros 83 0 14 6 5 39 168 58 35
Ind 2 BBS3 BBS fibros 20 2 1 6 16 127 61 37
Ind 3 unknown BBS fibros 15 3 10 7 18 68 40 34
Ind 4 BBS1 BBS fibros 11 4 5 3 0 6 33 12
Ind 5 unknown BBS fibros 29 7 16 3 5 43 329 113 69
Ind 6 unknown BBS fibros 28 1 5 2 6 29 139 114 56
Ind 7 unknown ID fibros 43 5 11 9 7 29 301 172 67
Ind 8 unknown ID fibros | 132 23 30 22 19 312 1852 738 429
Ind 9 DYRK1A ID fibros 11 4 3 2 5 1 3 6 0
Ind 10 OPHN1 ID blood 196 56 27 37 92 42 185 438 42
Ind11 | VUS(MEF2C) ID blood | 303 65 60 64 130 73 279 1452 202
Ind 12 | VUS(CCDC101) ID blood | 244 61 41 78 79 164 754 1186 214
Ind 13 unknown ID blood 110 11 15 23 43 4 10 17 3
Ind 14 unknown ID blood 165 39 30 26 65 12 49 54 13
Ind 15 DYRK1A ID blood 53 4 8 12 9 0 0 4 2

Table 16: Number of splicing events detected by the three used sofwtare

FDR= false discovery rate ; |IncLevelDif.|= module of the difference among conditions between the percentage of the exon inclusion transcripts that splice from the upstream exon into

the alternative exon and then into the downstream exon; SE = skipped exon; Rl = retained intron, MXE= mutually exclusive exons; A5SS= alternative 5’ splice site; A3SS= alternative 3’
splice site; padj= adjusted p-value; log2FC= estimation of the Fold Change value in log2; |logef|= logarithm effect size; | AW |= module of the difference in usage proportion of each intron

among the two conditions
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3.1.3 MONOALLELIC EXPRESSION

The identification of a differential expression or splicing are limited to the detection of the
consequences of one mutation, but not the detection of the mutation itself. It is possible to use the
RNA-sequencing data to identify SNVs. Moreover, the comparison with DNA-sequencing data
previously obtained could reveal a loss of expression of the mutant or the wild type allele (allele-
specific expression). The complementation of these two NGS techniques helps in the detection of these
events and eventually to suspect a second mutation in trans in the case of a recessive disorder. The
comparison of the lists of variants (the vcf file) identified in DNA- and in RNA-sequencing is still
ongoing. Then, thanks to the family barcode presents in varank, we are going to analyse variants

present at the homozygous state in the RNA while they are at the heterozygous state in the DNA.

3.2 CONCLUSIONS AND PERSPECTIVES
We tested an RNA-sequencing approach in fibroblasts and blood cells of 15 patients affected by BBS

or by ID, two heterogeneous disorders. We first checked the expression of the genes implicated in
these disorders in these tissues; for the ID, more than half of them were expressed both in fibroblasts
and blood cells with fibroblasts expressing the highest number of ID-genes compared to blood cells
(Figure 28).

For the 6 BBS-patients we were able to detect in fibroblasts 3 variants: 2 positive controls and 1
unknown (Table 17). Among the 9 ID patients, we could not detect one known mutation as the gene
of interest was not express (i.e. OPHN1), while we detected only in fibroblast one of the two known
mutations altering splicing in DYRK1A, while the gene was expressed both in fibroblast and blood.
However, we detected some candidate gene and are waiting for monoallelic expression to interpret
these results. Overall, we analysed the efficiency of the RNA-sequencing for variant identification in
heterogeneous disorders. We created an analysis pipeline that enables the identification of potential
candidate mutations. In the next future, the monoallelic expression analysis will be carried out on the
available patients, hopefully incrementing the number of detected mutations. Furthermore, the
analysis of the monoallelic expression may also help in the implementation of the current workflow.

For instance, it can be used as a first test to create a list of genes to focus for further analyses.
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Solved by RNA-seq.

Ind. Mutation Disease | Tissue
DE | Splicing MAE
Ind 1 SDCCAGS8 (c.836+356C>T) BBS fibros - +
Ind 2 BBS3 (del. ex1-3) BBS fibros + -
Ind 3 unknown BBS fibros + -
Ind4 | BBS1 (p.Met390Val + complex insertion) BBS fibros - -
Ind 5 unknown BBS fibros - -
Ind 6 unknown BBS fibros - -
Ind 7 unknown ID fibros - -
Ind 8 unknown ID fibros - - Ongoing
Ind 9 DYRK1A (c.951+1_951+4delGTAA) ID fibros - +
Ind 10 OPHN1 (dup. ex4-5) ID blood - -
Ind 11 VUS (MEF2C, c.-8C>T) ID blood - ?
Ind 12 VUS (CCDC101, ¢.225-2dup) ID blood - ?
Ind 13 unknown ID blood - -
Ind 14 unknown ID blood - -
Ind 15 DYRK1A (c.328-1G>T) ID blood - -

Table 17: Preliminary results of the RNA-sequencing analysis for variant identification

(DE= Differential Expression ; MAE= MonoAllelic Expression)
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PART 2: DECIPHERING MOLECULAR

MECHANISMS INVOLVED IN KNOWN

AND NOVEL MONOGENIC FORMS OF ID
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The NGS technologies used during my PhD project led to the identification of numerous candidate
variants in known and novel ID-gene. These VUS/GUS require further steps of validation, which may
include segregation analysis and functional studies, according to the gene function. Once the variant
is proved to be deleterious, the next question concerns the specific role of the gene in this disorder.
This issue is particularly important for novel ID-gene. In this section, | describe two novel ID-genes
identified by trio-WES in patients with no mutation in known ID-genes. First, | identified a truncating
mutation in a large family evocative for an autosomal dominant syndromic ID in BRPF1, a gene coding
for a protein known to be a chromatin regulator. Investigation on the functional consequences of this
mutation led to the better understanding of the role of this gene as well as its implication in ID (Mattioli
et al., 2017). Similarly, | identified a de novo frameshift mutation in NOVA2, a RNA-binding protein
involved in the alternative splicing of axon-guidance genes (Saito et al., 2016). Through data exchange
we identified additional patients all sharing an Angelman-like ID. | am currently carrying out functional
analyses to understand the pathogenicity of these mutations to explain the arising of such syndromic
ID.

Even variants in known ID-gene require further steps of validation analysis to prove their pathogenicity
and to better delineate the molecular mechanisms altered. For instance, | will describe the
consequences of three homozygous missense variants in THOC6, a gene recently implicated in ID.
These three variants are present at the same low frequencies in the general population (GhomAD
data), suggesting they are in linkage. It is thus interesting to disentangle the contribution of each
missense to the phenotype. Furthermore, by TS and WES we identified several truncating variants in
AUTS2, a gene reported with a variable syndromic form of ID and ASD. Despite many studies on this
gene, only few point mutations have been reported and the pathophysiological mechanisms involved
are not yet clear, especially because the gene encodes two major and different isoforms. The
characterization and identification of the molecular mechanisms altered in each monogenic form of ID
is extremely important for a deeper understanding of the disorder. Moreover, the disentanglement of

the concerned molecular pathways might lead to the development of therapeutic targets.
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1. MUTATIONS IN HISTONE ACETYLASE MODIFIER BRPF1I CAUSE AN
AUTOSOMAL-DOMINANT FORM OF INTELLECTUAL DISABILITY WITH
ASSOCIATED PTOSIS

By WES, | identified a truncating mutation in BRPF1 in a large family evocative for an autosomal
dominant syndromic ID. BRPF1 encodes a protein known to be a chromatin regulator, controlling the
histone acetyltransferase activity of the MYST family. At the transcript level, | observed that the
mutated transcript was still expressed, indicating that it partially escaped the nonsense mediated
decay, probably producing a truncated protein. | overexpressed human BRPF1 cDNA wild-type and
with the frameshift mutation in Hela cells and confirmed the existence of a truncated BPRF1 protein
which also shows an aberrant cellular localization. Furthermore, | showed that the truncated protein
loses certain protein interactors, specifically ING5 and MEAF6 that are important for the stabilization
of the complex formation between BRPF1 and the histone acetyltransferases. Since BRPF1 is known to
be a chromatin regulator, | analysed the histone modifications in patient’s fibroblast, in particular at
the level of the histone 3 (H3), which is a well-known target of this protein. | first studied the global
acetylation level of H3, but | did not observe any difference, so | focused the analysis on the acetylation
levels of specific lysines known to be preferentially acetylated by the complex of which BRPF1 is part
and | observed a slight decrease for H3K23.

By exchanging data via Decipher and GeneMatcher we collected 6 additional cases with a mutations
or deletion in BRPF1. Since BRPF1 is located in the 3p15 region, which is implicated in a microdeletion
syndrome causing ID, ptosis and growth delay for which a single gene was reported to be as the
causative one (SETD5) (Grozeva et al., 2014), | carried out a phenotype-genotype comparison and
showed that when BRPF1 is disrupted all patients presenting ptosis.

Overall, | showed for the first time that BRPF1 is a gene involved in ID with growth retardation,

microcephaly and ptosis.
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REPORT

Mutations in Histone Acetylase Modifier
BRPFI Cause an Autosomal-Dominant Form
of Intellectual Disability with Associated Ptosis

Francesca Mattioli,!>3#45 Elise Schaefer,® Alex Magee,” Paul Mark,® Grazia M. Mancini,’

Klaus Dieterich,'? Gretchen Von Allmen,!! Marielle Alders,'? Charles Coutton,!?

Marjon van Slegtenhorst,” Gaélle Vieville,!> Mark Engelen,!? Jan Maarten Cobben,!? Jane Juusola,'4
Aurora Pujol,'>1617 Jean-Louis Mandel,123451819% and Amélie Piton!23418%*

Intellectual disability (ID) is a common neurodevelopmental disorder exhibiting extreme genetic heterogeneity, and more than 500
genes have been implicated in Mendelian forms of ID. We performed exome sequencing in a large family affected by an autosomal-domi-
nant form of mild syndromic ID with ptosis, growth retardation, and hypotonia, and we identified an inherited 2 bp deletion causing a
frameshift in BRPF1 (c.1052_1053del) in five affected family members. BRPF1 encodes a protein modifier of two histone acetyltrans-
ferases associated with ID: KAT6A (also known as MOZ or MYST3) and KAT6B (MORF or MYST4). The mRNA transcript was not signif-
icantly reduced in affected fibroblasts and most likely produces a truncated protein (p.Val351Glyfs*8). The protein variant shows an
aberrant cellular location, loss of certain protein interactions, and decreased histone H3K23 acetylation. We identified BRPF1 deletions
or point mutations in six additional individuals with a similar phenotype. Deletions of the 3p25 region, containing BRPF1 and SETD5,
cause a defined ID syndrome where most of the clinical features are attributed to SETD5 deficiency. We compared the clinical symptoms
of individuals carrying mutations or small deletions of BRPF1 alone or SETD5 alone with those of individuals with deletions encompass-
ing both BRPF1 and SETD5. We conclude that both genes contribute to the phenotypic severity of 3p25 deletion syndrome but that
some specific features, such as ptosis and blepharophimosis, are mostly driven by BRPF1 haploinsufficiency.

cephaly, and dysmorphic features, notably ptosis.' The
terminal or interstitial deletions range from large deletions

Intellectual disability (ID) characterizes a group of neuro-
developmental disorders that constitute a major public

health, social, and educational problem because of of several megabases to smaller deletions of fewer than

the cumulated frequency and the heavy burden for
affected individuals and families. ID is defined by
significant limitations in both intellectual functioning
and adaptive behavior associated with an intellectual
quotient (IQ) below 70, and it affects about 2% of chil-
dren or young adults. Moderate to severe forms of ID
can be caused by chromosomal anomalies, including
pathogenic deletions or duplications or single-gene de-
fects with recessive, X-linked, or autosomal-dominant in-
heritance. More than 500 genes have been implicated in
Mendelian forms of ID. Mutations can cause non-syn-
dromic or syndromic ID with other associated clinical fea-
tures. Additionally, a number of recurrent microdeletions
also cause ID.

Terminal 3p and interstitial deletions of the 3p25-p26
region cause 3p deletion syndrome (MIM: 613792), charac-
terized by mild to severe ID, growth retardation, micro-

500 kb and do not always overlap, rendering it difficult
to identify the genes associated with the phenotype. An
increasing number of harboring deletions
of this region has advanced the understanding of the
critical genes for this 3p25 region. Several individuals
with a small 3p25.3 distal deletion present with a non-3p
phenotype with ID, epilepsy, poor speech, ataxia, and
stereotypic hand movements, and the two genes encod-
ing GABA transporters, SLC6A1 (MIM: 137165) and
SLC6A11 (MIM: 607952), were suspected to be involved.”
For the more proximal deletions in 3p25, the most
promising gene appears to be SETD5 (MIM: 615743), en-
coding a putative histone methyltransferase. Indeed,
variations in SETD5 in individuals with ID and clinical fea-

individuals

tures consistent with the 3p deletion syndrome have
recently been reported.”” However, some clinical features
recurrent in 3p25 deletion syndrome, such as ptosis and
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blepharophimosis, are not consistently observed in indi-
viduals with SETD5 mutations.

Here, we investigated the genetic origin of an autosomal-
dominant syndromic form of mild ID associated with
other features such as growth retardation, ptosis, and rela-
tive microcephaly, present in six affected relatives over
three generations (Figure 1A). Ethical approval was ob-
tained from the local ethics committees. The proband, III-
2, was born at term with intrauterine growth restriction:
weight 2,900 g (fifth percentile), height 46 cm (third
percentile), and head circumference 32.5 cm (third percen-
tile). Bilateral clubfeet were diagnosed during the preg-
nancy, and a karyotype was performed but was negative.
At birth, edema of the back of the feet was noticed. He
was hospitalized at the age of 1 month for the association
of hypotonia and eating disorders without weight gain.
The clinical examination found dysmorphic features
with left ptosis, bilateral epicanthus, anteverted nostrils,
a round face, a long philtrum, small and round ears, and
unilateral cryptorchidism (Figure 3). Brachymetacarpia
and clinodactyly of the toes were also noticed. Echocardi-
ography, renal ultrasound, and cerebral echography found
no anomaly. The cerebral computed tomography scan and
hearing were normal. Gastroesophageal reflux was diag-
nosed. His development was significant for growth restric-
tion and development of psychomotor delay. At 4 months
old, the proband weighed 4,950 g (-1.5 SDs) and had a
length of 54 cm (-3 SDs) and a head circumference of
39.5 cm (-1.5 SDs). At 4 years old, he weighed 14 kg (-
1 SD) and had a length of 94 cm (-2 SDs) and a head
circumference of 48.5 cm (-2 SDs). The boy sat at
16 months and walked at 30 months of age. He also pre-
sented with delayed language, and toilet training was ac-
quired at 4 years of age. He had surgery for his ptosis and
for cryptorchidism. His older brother (III-1) presented
with no ID, growth disorder, or facial dysmorphism. How-
ever, his mother (II-2) presented with mild ID (permitting
professional integration), short stature (150 cm), bilateral
ptosis, facial dysmorphism similar to that of her son, and
brachymetacarpia. Familial history
mother (deceased) and two of her sisters presented with
the same phenotype. The phenotype is more severe for sis-
ter II-5, who had surgery twice for her ptosis with limited
results and has had limited employment (Figure 3). She
also presented with hypothyroidism. The other sister (II-
3) also had surgery twice for her ptosis with limited re-
sults (Figure 3). She was 153 cm tall. Her daughter (III-4)
presented with bilateral ptosis and mild ID with learning

revealed that her

difficulties and concentration problems. Secondarily, the
mother (II-2) had a new pregnancy: fetal echography
showed a suspected anomaly of foot positioning, indi-
cating possible clubfeet. At birth, the baby (III-3) had
normal growth parameters: he weighed 3,560 g and had
a length of 48 cm and a head circumference of 35 cm. He
presented with pes varus, edema of the back of the feet,
and the same facial dysmorphism as that of his brother.
Progressively, the child presented with growth retarda-

tion, relative microcephaly, and developmental delay. At
19 months old, he could not walk. He weighed 8.2 kg
(-3 SDs) and had a length of 75 cm (-2 SDs) and a head
circumference of 45 cm (-2.5 SDs). His DN A was not avail-
able for testing. The child III-4, a cousin of the index in-
dividual, was born at term with short stature (47 cm), a
normal weight (3,050 g), and a normal head circumference
(33 cm). Bilateral ptosis was rapidly diagnosed and surgi-
cally repaired. Her motor development was within accept-
able limits, given that she could sit at 8 months and walked
at 18 months. Later, she presented with delayed language,
difficulties at school, and behavioral disorders. Echocardi-
ography, electroencephalogram, cerebral MRI, and a hear-
ing test were normal. Unlike that of her cousins, her
growth was normal: at 5.5 years, she weighed 22 kg and
had alength of 114 cm and a head circumference of
50 cm. On clinical examination, the child presented with
the same familial dysmorphism. Since then, the parents
have had another child, who is in good health without
developmental delay or facial dysmorphism.

The most severely affected individual (III-2) underwent
multiple genetic tests before we decided to perform
whole-exome sequencing (WES). In addition to karyotype,
array comparative genomic hybridization, and fragile-X
testing, many tests have been conducted, including evalu-
ation of 22ql11.2 (MIM: 611867) and 22ql13.3 (MIM:
606232) deletion syndromes (by fluorescence in situ
hybridization), as well as Prader-Willi (MIM: 176270)
(15q11.2—q13 DNA methylation), DM1 myotonic dystro-
phy (MIM: 160900) (DMPK [MIM: 605377] expansion),
Aarskog (MIM: 305400) (FGD1 [MIM: 300546] se-
quencing), Noonan (MIM: 163950) (PTPN11 [MIM:
176876], SOS1 [MIM: 182530], RAF1 [MIM: 164760],
SHOC2 [MIM: 602775] sequencing), and Saethre Chotzen
(MIM: 101400) (TWIST1 [MIM: 601622] and FGFR3
[MIM: 134934] sequencing) syndromes.

Given that no pathogenic genetic event could be identi-
fied by these genetic investigations, we performed WES
for individual III-2, his maternal cousin (III-4), and his
maternal aunt (II-5). Libraries and captures from genomic
blood DNA were done with the SureSelect XT Human All
Exon V5 Kit (Agilent Technologies), and sequencing was
performed on a 100 bp paired-end run on the HiSeq
2500 sequencer (Illumina). Reads were aligned and vari-
ants were called and annotated as previously described.”’
To identify a variant shared by the three affected individ-
uals, we used the family barcode given by the VaRank
ranking program.® Then, we filtered out the frequent
mutations by using public databases and a large cohort
of ID-affected individuals as previously described.”
Applying these criteria, we identified four candidate
variants: oneloss-of-function (LoF) and three missense var-
iants in the heterozygous state in all three affected mem-
bers. Thethree missense variants, c.650G> A (p.Arg217His)
(GenBank: NM_080668.3) in CDCA5 (MIM: 609374),
c.143C>T (p.Ser48Leu) (GenBank: NM_005199) in
CHRNG (MIM: 100730), and c.1279C>T (p.Pro427Ser)
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Figure 1. Identification of a Co-segregating 2 bp Deletion, ¢.1052_1053del, in BRPF1 in a Family with Three Generations Affected by a
Form of Mild ID Associated with Ptosis

(A) Pedigree of family A, which has three affected generations.

(B) The mutation partially escapes NMD. Quantitative real-time PCR was performed on RNA extracted (three extractions per individual)
from fibroblasts of individual II-5 and three unrelated control individuals. The expression of BRPF1 in relation to the average of two refer-
ence genes, GAPDH and 185, was calculated by the 2°°“* method. A t test was performed and showed no significant difference in the
BRPF1mRNA level (error bars indicate the SD of three independent experiments). Sequences of blood DNA and fibroblast cDNA (treated
or not with the NMD-blocker emetine) from individual II.5 are shown on the right.

(C) Expression of BRPF1in HeLa cells. HeLa cells transfected with HA-tagged wild-type or p.Val351Glyfs*8 BRPF1 cDNA. Cells were har-
vested 36 hr after transfection. BRPF1 expression was analyzed by SDS-PAGE, and immunoblotting was performed with anti-HA
antibody.

(D) HeLa cells were transfected with HA-tagged wild-type or p.Val351Glyfs*8 BRPF1 cDNA. BRPF1localization was visualized by immu-
nofluorescence with an anti-HA antibody. Nuclei were colored in blue by Hoechst staining.

(E) HA-tagged wild-type or mutant BRPF1 was transfected along with expression plasmids for FLAG-tagged KAT6A, HA-tagged ING5, and
HA-tagged MEAF6 into HEK293 cells. HAT complexes were immunoprecipitated from protein extracts with anti-FLAG antibody to pull
down KAT6A, and products of the complex were revealed by western blot using anti-HA antibody.

(GenBank: NM_198517) in TBC1D10C (MIM: 610831), identified was a 2 nt deletion, ¢.1052_1053del (GenBank:
were unlikely to be considered pathogenic for the syn- NM_001003694.1) in BRPF1 (MIM: 602410), which en-
dromic ID phenotype (Table S1). The unique LoF variant codesbromodomainand PHD finger-containing protein1.
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Figure 2. Mutations in BRPF1 and Deletions in the 3p25 Region

(A) Overview of 3p25 deletions reported in the literature and in DECIPHER (from the UCSC Genome Browser). Black lines indicate a
deletion encompassing both SETD5 and BRPF1; orange lines represent the deletion containing SETD5 but not BRPF1; and red lines indi-
cate the two deletions including BRPF1 but not SETD5 reported in DECIPHER.

(B) Pedigree of the two additional families affected by 3p25 deletions encompassing BRPF1 but not SETD5.

(C) Pedigree of four additional families with the BRPF1 pathogenic variants shown in (D).

(legend continued on next page)
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This deletion occurred in a well-conserved region, accord-
ing to PhastCons and USCS Multiz alignment of 100 verte-
brates and orthologs (from Ensembl), and was predicted to
cause a frameshift leading to a premature stop codon eight
amino acids downstream. Sanger sequencing in available
family members confirmed that affected individuals car-
ried deletion c.1052_1053del (Figure 1A), which has been
added to ClinVar.

To evaluate whether BRPF1 is tolerant of protein-trun-
cating variants, we looked in the Exome Aggregation Con-
sortium (ExAC) Browser, which contains 60,706 exomes
from individuals unaffected by severe pediatric diseases.
Here, we found five variants potentially leading to LoF
in BRPF1: one nonsense and four splice variants. The
nonsense variant is reported in one individual but present
in only 21% of reads, suggesting a mosaic status (Table S2).
The four splice variants are present in the heterozygous
state. One of them is present in several (six) individuals
but affects a known processed non-coding transcript
(Ensembl: ENST00000469066.1). The three remaining
variants are present in one individual each and affect
canonical splice sites of exon 8 (324 nucleotides; might
create an in-frame deletion of 108 amino acids), exon 9
(285 nucleotides; might create an in-frame deletion of 95
amino acids), or exon 11 (137 nucleotides; might create a
frameshift). On the basis of gene length, 36 LoF variants
in the BRPF1 coding region could be expected for this
gene; however, only five have been reported.® These data
suggest that BRPF1 is an extremely LoF-intolerant gene
(probability of LoF intolerance a 1).

To investigate whether the mutant BRPF1 transcript un-
dergoes nonsense-mediated decay (NMD), we obtained
dermal fibroblasts from skin biopsy of individual II-5 and
three unrelated control individuals. They were expanded
as previously described.” Fibroblast RNA was extracted
according to the TRI Reagent protocol (Molecular Research
Center), treated with DNasel (Roche Diagnostic), and
reverse transcribed into ¢cDNA with random hexamers
and SuperScript II Reverse Transcriptase
the manufacturer’s recommendation. PCR was performed
with specific primers (BRPF1 5%tgccagaacagcaatgtcatectc-3°
[forward] and 5%cgcacaggctccatcttcatgtaa-3° [reverse]).

qPCR were performed in triplicate, and the BRPF1 mRNA
5-DDCt

according to

level was quantified by the method with an average
of two reference genes, GAPDH and 18S. A parametric Stu-
dent’s t test was performed to compare the relative BRPF1
expression and revealed a slight but not significant decrease
in BRPFI mRNA levels in individual II-5, suggesting that
the mutated transcript partially escapes NMD. cDNA
sequencing (GATC) from II-5 revealed the presence of
both the wild-type and the mutant transcripts (Figure 1B),

but peak heights were lower for the latter. A similar peak
height could be restored when fibroblasts from individual
II.5 were treated with emetine (100 mg/mL) to block
NMD, confirming that the ¢.1052_1053del BRPF1 tran-
scriptundergoes partial NMD.

The deletion leads to a frameshift with the appearance of
a premature stop codon: p.Val351Glyfs*8. The truncated
protein is predicted to contain 358 amino acids instead
of 1,220 and lacks several essential functional domains,
including the second PHD finger domain, the bromodo-
main, and the PWWP domains, which are involved in his-
tone recognition and binding (Figure 2D). We were not
able to detect wild-type BRPF1 by western blot in fibro-
blasts from control individuals with the anti-BRPF1
antibody (Peregrin N-16, sc-103110, Santa Cruz Biotech-
nology; PCRB-BRPF1-2A12, DSHB, University of Iowa).
To evaluate the protein, we generated N-terminal HA-
tagged wild-typeand mutantBRPF1. HeLacellsweretrans-
fected (Lipofectamine 2000, Invitrogen), and total proteins
were extracted after 36 hr. Western blot using anti-HA anti-
body revealed an ~50 kDA truncated BRPF1 that accumu-
lated at a lower level than the wild-type, suggesting
reduced stability (Figure 1C). Using fluorescence micro-
scopy, we observed that wild-type BRPF1 localized to the
cytoplasm with the formation of cytoplasmic puncta, as
previously reported (Figure 1D)."” By contrast, the mutant
BRPF1 signal was weaker, and the truncated protein ap-
peared to be more uniformly distributed in both the cyto-
plasm and nucleus.

BRPF1 is a chromatin regulator that promotes histone
acetylation by bringing different histone acetyltrans-
ferases (HATSs) of the MYST protein family (HBO1, KAT6A
[also known as MOZ], and KAT6B [MORF]) into a com-
plex with other regulator proteins, such as ING5 and
MEAF6.">" The truncated protein, p.Val351Glyfs*8, still
contains the KAT6B and KAT6A interaction domains be-
tween amino acids 59 and 222."* A similarly truncated
form of BRPF1 (DN-terml, truncated after amino acid
354) was still able to bind KAT6A." However, the ING5-
MEAF6 interaction is mediated by amino acids 540—
640, suggesting that p.Val351Glyfs*8 BRPF1
not be able to bring these two proteins into the HAT com-
plex. To test this, we transfected HA-tagged wild-type
and p.Val351Glyfs*8 BRPF1, along with expression plas-
mids for FLAG-tagged KAT6A, HA-tagged ING5, and HA-
tagged MEAF6, into HEK293 cells. The HAT complexes
were immunoprecipitated from protein extracts with
anti-FLAG antibody to pull down KAT6A, and products
were analyzed by western blot using anti-HA antibody
(Figure 1E). We observed that both wild-type and
p-Val351Glyfs*8 BRPF1 were able tobind KAT6A. Whereas

would

(D) Top: schematic representation of BRPF1 and localization of the five different LoF and missense mutations. Bottom: the four de novo

10

LoF variants described by the DDD project in individuals with neurodevelopmental conditions  (in dark blue) and the LoF variantiden-
tified in one boy with schizophrenia and mild ID." Domains are colored as follows: yellow, PHD finger (PHD) domains; green, bromo-
domain (Bromo), involved in the recognition of acetylated lysine residues; blue, PWWP nucleosome-binding domain. Regions involved

in binding with MOZ, MORF, ING5, and EAF6 are underlined. 12
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the wild-type was able to bind ING5 and MEAF6, the
p-Val351Glyfs*8 variant failed to do so.

To investigate the effect of the BRPF1 mutation on the
global acetylation level of histone H3, we extracted his-
tones from the fibroblasts of individual II-5 and three
unrelated healthy control individuals. We used 2 mg of
histone proteins to detect global histone H3 acetylation
with the EpiQuik Global Histone H3 Acetylation Assay
Kits (Epigentek) (Figure S1A). No significant difference in
H3 acetylation levels was detected. To dissect more specif-
ically the acetylation occurring at the different lysines
known to be acetylated by the KAT6A-KAT6B HAT
complex,'*'” we performed western blot analysis on his-
tone extractions with specific anti-H3K9 (ab4441, Abcam),
anti-H3K14 (in house), and anti-H3K23 (9674, Cell
Signaling) antibodies, and we normalized the intensities
obtained to the intensity of global histone H3 (catalog
no. 06755, lot 31949, Upstate). No change in acetylation
levels was observed for H3K9 or K14 (Figure S1B); however,
compared with controlindividuals, individual II-5 showed
a slight but non-significant decrease in the acetylation
level of H3K23. Histone H3 acetylation levels were also
analyzed in histone extracts obtained from HeLa cells co-
transfected with constructs encoding KAT6A, ING5, and
MEAF6 with or without wild-type or p.Val351Glyfs*8
BRPF1. No difference was observed in the ability to stimu-
late K9 and K14 acetylation between wild-type and mutant
BRPF1. However, unlike wild-type BRPF1, the p.Val351-
Glyfs*8 variant failed to stimulate K23 acetylation of his-
tone H3 (Figure S1C).

BRPF1-KAT6A-KAT6B complexes are involved in the
development of the forebrain and other organs in mice,
and complete knockout causes embryonic lethality with
vascular defects and abnormal neural tube closure.'® Inac-
tivation in mice and other animal models, including
medaka fish, has demonstrated that BRPF1 acts through
the regulation of Hox genes to effect skeletal develop-
ment."”"” To determine whether BRPF1 also alters HOX
expression in humans, we investigated the expression of
human homologs of some Hox genes described as regu-
lated by the murine BRPF1-KAT6A-KAT6B complex in indi-
vidual II-5 fibroblasts. Results obtained for HOXA7 (MIM:
142950) and HOXC10 (MIM: 605560) were not interpret-
able as a result of variability in expression among control
individuals (data not shown). However, low variability
was observed in control individuals for the HOXDS8
(MIM: 142985) mRNA level, and we observed that the level
of HOXD8 mRNA was significantly higher in individual
II-5 than in control individuals (Figure S2).

In order to confirm the association between BRPF1 and
ID, we performed data exchange to retrieve additional
individuals carrying BRPF1 mutations. We first queried
DECIPHER to identify copy-number variants affecting
BRPF1 and identified two individuals with 3p25 deletions
including BRPF1 but not SETD5 (a gene previously associ-
ated with ID) (Figure 2A). Clinical details of these two indi-
viduals are compared to the clinical symptoms of the first

family (Tables 1 and 2; Table S3). The first individual has
a de novo 172 kb deletion encompassing BRPF1 and four
other genes (family B individual 6; Figure 2B). The second
has a 181 kb deletion including BRPF1 and eight other
genes (family C individual 7; Figure 2B; Figure 3); this
was inherited from her mildly affected mother (individual
8). Both individuals have mild ID, ptosis or blepharophi-
mosis, and a roundish face, clinical features that overlap
those of members of the large family. Next, we used the
GeneMatcher exchange database to search for ID-affected
individuals with BRPF1 mutationsidentified by WES anal-
ysis (where no other obvious candidate gene was present).
We found three nonsense or frameshift variations—
€.2982C>G (p. Tyr994*), c.567delT (p.Aspl90Metfs*24),
and c.104dupA (p.Tyr35*)—and one de novo missense

variant, c.1165T>C (p.Cys389Arg) (Figure 2C). Two of
the nonsense mutations occurred de novo, and one was
from unknown inheritance (in an adopted boy with a fam-
ily history in his biological family; no DNA was available
for testing). The missense variant affects a well-conserved
amino acid located in the second PHD domain and is pre-
dicted to be pathogenic (by SIFT and PolyPhen-2). These
four individuals presented with mild to moderate ID,
hand and feet anomalies, and similar facial appearances
with the presence of ptosis (Tables 1 and 2; Table S3;
Figure 3). In total, all individuals with BRPF1 mutations
or deletions have mild or moderate ID. Of the three indi-
viduals with moderate ID, two (individuals 10 and 11)
carry the earliest truncating mutations, whose protein
products would lack at least part of the interaction domain
with KAT6A and KAT6B. This truncated protein product
might increase the severity of the phenotype, but we
cannot exclude other genetic or environmental modifiers
in the variable expressivity of this disorder.

De novo truncating variants in BRPF1 have also been
recently reported in large studies: the Deciphering
Developmental Disorders (DDD) study has reported
four de novo LoF variations in BRPF1—c.1883_1886dup
(p-GIn629Hisfs*34), c.2117dup (p-Val707 Argfs*8),
c.2497C>T (p.Arg833%), and c.2915dup (p.Met973Asnfs*
24), identified in 4,293 UK individuals with neurodevelop-
mental disorders.'” A de novo LoF variant was also
reported in BRPF1 in one male individual from a schizo-
phrenia cohort."'

3p25 deletion syndrome is characterized by ID, growth
retardation, microcephaly, hypotonia, and specific facial
dysmorphism. The critical region contains BRPF1 and
SETD5, among other genes. Previous work has established
that disruption of SETD5 is involved in the cognitive
phenotype of this 3p25 syndrome.” The identification
of LoF mutations and deletions of BRPF1 in individuals
with ID led us to investigate the contribution of BRPF1
in the 3p25 syndrome. We performed a genotype-pheno-
type comparison by using those individuals with muta-
tions affecting either BRPF1 (group 1) or SETD5 (group 2)
only as well as those with a 3p25 deletion including
both SETD5 and BRPF1 (group 3) (Table 3; Table S3). For
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Table 1. Clinical Features of Individuals Carrying BRPF1 Mutations in Families A and B

Family A

Family B

Individual 1 (111.2)

Individual 2 (11.2)

Individual 3 (11.3)

Individual 4 (111.4)

Individual 5 (1.5)

Individual 6

Mutation (GenBank:
NM_001003694.1)"

Mutation type

Sex

Age of examination
Uneventful pregnancy
Birth weight

Birth length

Birth OFC

Neonatal hypotonia
Hypotonia

Small stature

Low weight

1D

Microcephaly

Brain anomalies (MRI)
Seizures

Delay in walking
Speech delay
Behavioral anomalies
Vision or eye problems

Ptosis and/or
blepharophimosis

Hand anomalies

Feet anomalies

¢.1052 1053del
(p.Val351Glyfs*8)

intragenic

male

5 years, 9 months
diagnosis of club feet
<5M %

<3 9%

<3 %

yes

yes

yes (104.5 cm; <3 %)
yes (16 kg; <3 %)
mild

mild (50 cm; <10™ %)
ACC (rostrum)

no

yes

yes

no

strabismus, amblyopia

yes

BM, BD

clinodactyly, club feet

¢.1052 1053del
(p-Val351Glyfs*8)

intragenic

female

32 years

NA

NA

NA

NA

NA

NA

yes (150 cm; <3 %)
no (62 kg)

mild

no (54.5 cm)

NA

no

NA

NA

no

refraction problems

yes

BM, BD

no

¢.1052 1053del
(p-Val351Glyfs*8)

intragenic

female

34 years

NA

NA

NA

NA

NA

NA

yes (153 cm; <3 %)
no (67 kg)

mild

yes (53 cm; <3™ %)
NA

no

NA

NA

no

refraction problems

yes

BM, BD

NA

¢.1052 1053del
(p-Val351Glyfs*8)

intragenic
female
6 years, 10 months

yes

normal

no (122 cm)

no (25 kg; >90™ %)
mild

no (50 cm)

no

no

yes

yes

hyperactivity
refraction problems

yes

BM, BD

no

¢.1052 1053del
(p-Val351Glyfs*8)

intragenic

female

30 years

NA

NA

NA

NA

NA

NA

yes (152 cm; <3 %)
NA

mild

mild (54 cm; <10™ %)
NA

no

NA

NA

no

strabismus, amblyopia

yes

BM, BD

no

deletion of chr3:
9,724,693-9,896,683

NA, de novo

male

6 years, 6 months

no (36.5 WoG)

3 %

NA

NA

no

no

no (113 cm)

no (21 kg)

mild

mild (50.3 cm; <10™ %)
NA

no

no

mild

hyperactivity, shy, quiet
NA

yes (bilateral)

bilateral CD of fifth finger

syndactyly of the second
and third toes

Abbreviations are as follows: %, percentile; ACC, agenesis of corpus callosum; BD, brachydactyly; BM, brachymetacarpia; CD, camptodactyly; MRI, magnetic resonance imaging; NA, information not available; OFC, occipital
frontal circumference; and WoG, weeks of gestation.
2The mutation was absent from all of the available unaffected individuals in family A.
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Table 2. Clinical Features of Individuals Carrying BARPF1 Mutations or Deletions in Families C-G

Family C

Family D

Family E

Family F

Family G

Individual 7

Individual 8

Individual 9

Individual 10

Individual 11

Individual 12

Mutation (GenBank:
NM_001003694.1)

Mutation type

Sex

Age of examination
Uneventful pregnancy
Birth weight

Birth length

Birth OFC

Neonatal hypotonia
Hypotonia

Small stature

Low weight

ID

Microcephaly

Brain anomalies (MRI)
Seizures

Delay in walking
Speech delay

Behavioral anomalies

Vision or eye problems

Ptosis and/or blepharophimosis

Hand anomalies

Feet anomalies

deletion of chr3: 9,632,462-9,813,339

NA, inherited from affected mother

female

3 years, 8 months
no (30 WoG)
2,070 g

43 cm

30 cm

mild (<10" %)

NA

impaired social
interactions

strabismus

yes
no

no

female
37 years
NA
NA
NA
NA
NA
NA
NA
NA
mild
NA
NA
NA
yes
NA

shyness

NA

NA
NA

NA

c.2982 C>G (p. Tyr994%)

intragenic, de novo
male

10 years

caesarean (37 WoGQG)
normal

NA

NA

yes

yes

141.5 cm

no (56.3 kg; >97™ %)
moderate

NA

strabismus, refraction
problems

yes (bilateral)
CD (left second finger)

long first toe

c.567delT (p.Asp190Metfs*24)

intragenic, de novo
male

3 years

33 WoG

normal

43.2 cm (normal)
28cm (<3™ %)

no

no

mild (91.4 cm; <10™ %)
no (17.7 kg; >90" %)
moderate

mild (48 cm; <10™ %)

NA

NA

yes (bilateral)

bilateral CD of fifth finger

no

c.104dupA (p.Tyr35%)

intragenic, unknown
male

12 years

NA

NA

NA

NA

NA

NA

yes (<3 %)

NA

moderate

yes (<3 %)

NA

yes

yes (mild)

yes (no words at 3 years)

hyperactivity, autism

near sighted

yes

bilateral CD of fifth finger

no

c.1165T>C (p.Cys389Arg)

intragenic, de novo
male

3 years, 9 months
yes

normal

NA

NA

yes

yes

no

no

mild

mild (<10™ %)

no

no

yes

yes (only few words)

very shy

strabismus

CD

Abbreviations are as follows: %, percentile; CD, camptodactyly; MRI, magnetic resonance imaging; NA, information not available; OFC, occipital frontal circumference; and WoG, weeks of gestation.
®Enlarged perivascular Virchow-Robin spaces.
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Figure 3. Facial Characteristics of the Individuals with BRpF1 Mutations

Pictures of individuals with BRPF1 point mutations and deletions. Common features include a roundish face, blepharophimosis and
ptosis, downslanted palpebral fissures, temporal narrowing, and a downturned mouth. Ethical approval was obtained from the local
ethics committees. For all individuals included in this figure, families also gave consent for publication of the images.

individuals with BRPF1 disruptions, only one index indi-
vidual per family was taken into account. Clinical infor-
mation for individuals with SETD5 disruptions or 3p25
deletions of both BRPF1 and SETD5 was retrieved from
the literature.*”'®"” We observed that disruption of
SETD5 or BRPF1 tends to lead to mild or moderate ID,
whereas all of individuals with severe ID have disruptions
of both SETD5 and BRPF1. However, the degree of severity
was evaluated by different clinical geneticists and lacked
IQ testing for the individuals available, which could be
biased. We performed a Fischer’s exact test to compare
clinical features between these groups. Although the ma-
jority of the individuals presented with delay in the acqui-
sition of walking (86%, 83%, and 100% for groups 1, 2,
and 3, respectively) and language (86%, 92%, and 100%
for groups 1, 2, and 3, respectively), the severity is signifi-
cantly increased in group 3. All individuals from group 3
acquired walking after 3 years of age (5/5 for group 3 versus
2/19 for groups 1 and 2, p value %2 0.0005) and presently
have no language (5/5 for group 3 versus 1/19 for groups
1 and 2, p value % 0.0001) (Table 3), suggesting that
disruption of both BRPF1 and SETD5 contributes to the
phenotype of 3p25 deletion syndrome. Interestingly,
both genes encode proteins involved in histone modifica-
tion and gene regulation, and they might have common
targets. SETD5 encodes a methyltransferase involved in
the methylation of histones H3 and H4, whereas BRPF1
binds methylated histone H3 and promotes its
acetylation.

Toinvestigate the contribution of BRPF1 disruption to
particular clinical features of the 3p25 microdeletion syn-
drome, we compared all individuals with disruptionsin
BRPF1, with or without SETD5 disruptions (group 1p 3),
with those individuals with only SETD5 disruptions
(group 2). A significant difference was observed between

the two groups for the presence of microcephaly or border-
line small head size (10/10 in group 1 p 3 versus 1/13 in
group 2, p value < 0.0001) and unilateral or bilateral ptosis
and/or blepharophimosis (12/12 in group 1 p 3 versus
1/14in group 2, p value < 0.0001). These eye and/or eyelid
anomalies were presentinallindividuals carryingadisrup-
tion of BRPF1. Other clinical features (small stature and
strabismus) were enriched in individuals with BRPF1 dis-
ruptions; however, these differences were not significant
after Bonferroni correction for multiple testing (threshold
p value < 0.0017). Better delineating other clinical features
driven by BRPF1 haploinsufficiency will require a larger
cohort.

Recently, mutations in KAT6B (MIM: 605880) have been
associated with syndromic ID, including Ohdo syndrome
(MIM: 603736), genitopatellar syndrome (MIM: 606170),
blepharophimosis-ptosis-epicanthus
and even a Noonan-syndrome-like phenotype.””” Muta-
tions in KAT6A (MIM: 601408) are associated with ID
with craniofacial dysmorphism, microcephaly or craniosy-
nostosis, feeding difficulties, cardiac defects, and ocular
anomalies (MIM: 616268).”**

Zebrafish and mouse models of Brpfl and BRPF1 disrup-
tion, respectively, are reported in the literature."””® Zebra-
fish mutants show craniofacial defects, with shifts in
segmental identities of craniofacial arches, as a result of a
progressive loss of anterior Hox gene expression, indi-
cating that Brpfl plays a role in patterning the vertebrate

inversus syndrome,

head by mediating the expression of Hox genes. Mice
with homozygous Brpfl deletion show  embryonic
lethality with different embryonic defects, including

abnormal neural tube closure.'”*The forebrain-specific
deletion of Brpfl results in early postnatal lethality and
growth retardation. Viable mice show neocortical abnor-
malities, partial agenesis of the corpus callosum, and
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Table 3. Dissection of SeTD5 and BRPF1 Contributions to Clinical Features of 3p25 Deletion Syndrome
Group 1 (BRPF1 Only) Group 2 (SETD5 Only) Group 3 (Both SETD5 and BRPF1)
Percentage Number Percentage Number Percentage Number
1D 100% 7/7 100% 14/14 100% 5/5
Mild or moderate ID 100% 6/6 100% 6/6 40% 2/5
Severe ID 0% 0/6 0% 0/6 60% 3/5%
General Characteristics
Uneventful pregnancy (born at term) 33% 2/6 64% 9/14 40% 2/5
Low birth parameters 33% 2/6 8% 1/13 0% 0/4
Small stature 43% 3/7° 15% 2/13 100% 4/47
Microcephaly or borderline small 100% 6/6"¢ 8% 1/13 100% 4/4
head size
Development
Walking delay 86% 6/7 83% 10/12 100% 5/5
Severe walking delay (>3 years) 0% 0/7 17% 2/12 100% 5/5%¢
Speech delay 86% 6/7 92% 12/13 100% 5/5
No speech 0% 0/7 8% 1/12 100% 5/5"¢
Neurological Features
Seizures 29% 2/7 21% 3/14 80% 4/5°
Hypotonia 67% 4/6 67% 4/6 100% 4/4
Brain anomalies (MRI) 67% 2/3 0% 0/4 25% 1/4
Behavioral anomalies 71% 5/7 77% 10/13 25% 1/4
Others Features
Strabismus 80% 4/5° 36% 5/14 100% 4/4
Ptosis and/or blepharophimosis 100% 7/7"¢ 7% 1/14 100% 5/5%
Hand anomalies 71% 5/7 50% 7/14 80% 4/5
Feet anomalies 57% 4/7 15% 2/13 40% 2/5
Congenital heart defect 0% 0/7 15% 2/13 40% 2/5

Clinical information for individuals with SETD5 point mutations or deletions (group 2) and individuals with large 3p25 deletions encompassing SETD5 and BRPFI
was retrieved from the literature.*®'®'° Clinical information for individuals with BRPF/ point mutations or small 3p25 deletions reported in this publication
(group 1) was retrieved from physicians attending the families. For the sake of avoiding artifacts, one member per family was considered. A 2 3 2 contingency
table was made for analyzing the presence of each clinical sign, and because of the small sample size, a two-tailed Fisher’s exact test was used to calculate the

p value to highlight a statistically significant difference between groups.

Clinical feature more prevalent when both genes are deleted (group 3) than when only one gene is deleted (groups 1 and 2) (p value < 0.05).
bClinical feature significantly more associated with BRPFI disruption, with or without SETD5 (group 1 and 3), than with SETD5 disruption only (group 2)

(p value < 0.05).

Significant after Bonferroni correction for multiple testing (p value < 0.0017).

behavioral anomalies.” Interestingly, the investigators
observed an alteration in the expression of several tran-
scription factors involved in developmental processes
and upregulation of Hox gene expression. These data indi-
cate that Brpf1 is involved in forebrain development and
acts as both an activator and a repressor of gene
expression.

Certain chromatin modifiers that are associated with ID
when mutated in the germline are also associated with
childhood cancer when mutated at the somatic level, for
example, SETBP1 (MIM: 611060) and KMT2A (MIM:
159555). Several somatic mutations affecting different re-

gions of BRPF1 have been reported in childhood leuke-
mia” and adult medulloblastoma.”

In conclusion, we report here that LoF point mutations
and small deletions affecting BRPF1 are responsible for a
syndromic form of ID associated with eye and/or eyelid
phenotype, i.e., ptosis and/or blepharophimosis. BRPF1 en-
codesthe third member of the HATKAT6A-KAT6B complex,
which is involved in ID when functionally impaired.

We have therefore shown that BRPF1, together with
SETD5, contributes to the severity of the 3p25 deletion
syndrome phenotype and is responsible for some specific
clinical features, such as ptosis and blepharophimosis.
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Figure S1. Effect of the ¢.1052_1053del variant on histone H3 acetylation level. (A)
Global histone H3 acetylation level was compared between individual 1I-5 and three unrelated
control individuals. Histone were extracted from fibroblasts and H3 acetylation level was
measured (experiments performed in triplicate, error bars indicate the SD) using the EpiQuik
Global Histone H3 kit. (B) Immunoblot performed on histone extracts from fibroblasts of
individual II-5 and three unrelated control individuals (four extractions per individual) with
specific anti-H3K9ac (Abcam, ab4441), anti-H3K14ac and anti-H3K23ac (cell signaling,

#9674) antibodies and global H3 antibody (upstate, cat 06755, lot 31949). No difference was
observed in H3K9 or H3K14 acetylation intensity between patient II-5 and controls when
normalized by the intensities obtained for global H3. A non-significant decrease of H3K23
acetylation level was however observed for the patient II-5 compared to the three unrelated
controls (experiments performed on four histone extractions per individuals) (C) HeLa cells
were cotransfected with MOZ/KAT6A, ING5 and MEAF6 cDNAs with or without wild-type
or mutant BRPF1 c¢cDNA. Oligonuclesomes were extracted and in vitro histone acetylation
assays were performed as previously described’. Acetylation levels were analyzed by

immunoblotting using antibodies against histone H3 and its acetylated forms.
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Figure S2. Significant increase in HOXDS expression level was observed in individual II-
S cells. Quantitative real-time PCR was performed on reverse-transcribed mRNA extracted
from fibroblasts of patient II-5 and of four unrelated controls (experiments performed on four
different extractions per individual). The relative expression of HOXDS v.s. GAPDH was
calculated using the 2 “Y method. Error bars indicate the SD of four independent

experiments. A t-test was performed and showed a significant increase of HOXDS8 mRNA

level in patient’s fibroblasts.



Gene
CDCAS
CHRNG
TBC1D10C
BRPF1

Supplemental Tables

Table S1.

Variation

NM 080668.3:c.650G>A

NM 005199: c.143C>T

NM 198517: ¢c.1279C>T

NM 001003694: c¢.1052 1053del

Status

heterozygous
heterozygous
heterozygous

heterozygous

Type of
variation

substitution
substitution
substitution

deletion

Consequensis Attheproteinlevel

missense p.Arg217His
missense p.Ser48Leu
missense p.Pro427Ser

frameshift p.Val351Glyfs*8

dbSNP ExAC
rs771200184 1 heterozygous
rs370022034

rs756681324 15 heterozygous

SIFT

Deleterious (0)
Deleterious (0.04)
Tolerated (0.12)
NA

Polyphen2

POSSIBLY DAMAGING (0.828)
BENIGN (0.108)

BENIGN (0.005)

NA

Table S1. Rare non-synonymous variants identified by WES and common to the three affected family members sequenced.



Table S2.

Protein

Chrom Position Reference Alternate Consequence

3 9783787
3 9785260
3 9785263
3 9786193
3 9787255

AG

T

p.GIn645Ter

p.?

p.?

p.?

Transcript Consequence

ENST00000383829.2:¢.1933C>T

ENST00000383829.2:¢c.2312 2A>C

ENST00000469066.1:n.217 2A>G

ENST00000383829.2:¢.2920+1G>A

ENST00000383829.2:¢.3069 1delG

Annotation

stop gained

splice acceptor

splice acceptor

splice donor

splice acceptor

Allele
Count

Allele
Number

121384

112 398

113 094

105 458

121324

Number of
homozygous

Table S2. Splice and nonsense variants identified in BRPF1 in the ExAC general population

Population

African

European
(Non Finnish)

LATINO

LATINO

European
(Non Finnish)

Comments

The variation is present in 14/65 reads. It could
be a mosaic variant

It affects the acceptor splice site of exon 8 (324
nts length), might create an in frame deletion of
108 a.a (Ala771 to Lys878)

It affects a known processed transcript, not
coding for a protein

It affects the donor splice site of exon 9 (285 nts
length), might create an in frame deletion of 95
a.a (Gly879 to Met973). Rs191236303

It affects 137 nts, might create a frameshift the
acceptor splice site of exon 11 (137 nts length),
might cause a frameshift



Table S3.

Reference

Type of mutation

Sex

ID severity:

severity:

mild

moderate

severe

General characteristics:

Uneventful pregnancy (born at term)
low birth weight height/growth retardation
Small stature

Microcephaly/smaller head size
Development

Mild walking delay (>18mo <3y)
Severe delay at walk (>3y)

speech delay

Groupl

this report

BRPF1 Lof
or deletions
w/o SETDS
6M, 1F

7/7

3/6
3/6
0/6

2/6
2/6
3/7
6/6

6/7
0/7
6/7

Grozeva et al.
2014

SETDS LoF

™
7/7

4/7
0/7
1/7
1/7

6/7
2/7
7/7

Group 2
Pinto et al. Kuechler et al.
2014 201S (Patient 1,
2, 3, Riess et al.
201, Kellogg et
al. 2013)
SETDS SETDS Lof
deleti and deletions
eletion \v/ot BRPF1
M 4F, 1M
1 5/5
1 4/5
1/5
0/5
1 4/5
0 1/5
0 1/5
0 0/5
4/4
0/4
1 3/4

Ellery et al.
2014

SETDS
deletion

M
1

n.a.

Group 3

Kuechler et al. 2015
(Patient 4, 5, 6,
Gunnarsson et al.,
Peltekova et al.)

3p25 deletions

encompassing both
SFTNS and RRPF1

4F, 1M
5/5

1/5
1/5
3/5

2/5
0/4
4/4
4/4

0/5
5/5
5/5



no speech 0/7 1/7 0 0/3 0 5/5
Neurological features

Behavioral anomalies 5/7 5/7 1 4/5 n.a. 1/5
Brain anomalies (MRI) 2/3 0 (6n.a.) n.a. 0/3 n.a. 1/4
Hypotonia 4/6 n.a. n.a. 3/5 1 4/4
Seizures 2/7 0/7 0 2/5 1 4/5
Facial dysmorphisms

Strabismus 4/5 1/7 4/5 3/5
Ptosis and/or blepharophimosis 7/7 1/7 0 0/5 5/5
Limbs

Hand anomalies 5/7 2/7 0 4/5 1 4/5
Feet anomalies 4/7 1/7 0 1/4 2/5
Others features:

Congenital heart defects 0/7 2/7 0 0/5 2/5

Table S3. Clinical features of patients reported in literature with mutations/deletions of SETDS5 (Group 2) or deletions encompassing

both SETDS5 and BRPF1 (Group 3)
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2. DE NOVO TRUNCATING VARIANTS IN THE NEURONAL SPLICING
FACTOR NOVAZ2 CAUSE A SYNDROMIC FORM OF INTELLECTUAL
DISABILITY WITH ANGELMAN-LIKE FEATURES

Many genes that play important roles in the development of the nervous system undergo alternative
splicing to generate protein variants with different functions. The use of alternative mRNA isoforms
for the regulation of gene expression is a critical process during neuronal development, since specific
proteins are required at different time and space. mRNA regulation is coordinated by different RNA-
binding proteins (RBPs). NOVA (Neuro-Oncological Ventral Antigen) proteins NOVA1 and NOVA2 are
two RBPs, which are involved in neuronal-specific alternative splicing. They have been first described
as antigens in patients with a paraneoplastic neurologic syndrome (POMA), a neurological disorder
characterized by ataxia with or without opsoclonus- myoclonus, with or without dementia,
encephalopathy and cortical deficits along the other symptoms (Yang et al., 1998)(Darnell and Posner,
2003). The two proteins share three similar KH-domains through which they bind directly to YCAY
motifs (where Y stands for a pyrimidine) in the RNA sequence (Buckanovich and Darnell, 1997; Jensen
et al., 2000a; Lewis et al., 2000). According to the binding location on mRNA, they can either induce
exon skipping or exon retention (Ule et al., 2006).

Both NOVA1 and NOVA2 are mainly expressed in the central nervous system. However, they are
reciprocally present in specific brain areas in mouse. For instance, NOVA2 is majorly expressed in
cortex and hippocampus, whereas NOVA1 is mainly present in midbrain and spinal cord (Saito et al.,
2016; Yang et al., 1998). Both the two Nova null mice displayed growth retardation, a progressive
motor dysfunction and they died shortly after birth but only Nova2” mice present agenesis of corpus
callosum (Jensen et al., 2000b; Saito et al., 2016). This peculiar defect suggested that Noval and Nova2
control different set of RNA transcripts. As a matter of fact, Nova2 seems to be more associated to the
splicing regulation of genes involved in axon guidance and axonal projection in development mouse
cortex (E18.5). These splicing events were developmentally regulated between E12.5 and E18.5 in
mouse cortex, highlighting an important role of Nova2 as an axonal pathfinder modifier during cortical
development (Saito et al., 2016).

2.1 IDENTIFICATION OF MUTATIONS IN NOVAZ2

By WES, we identified a de novo frameshift mutation in NOVA2 (NM_002516.3: c.782del) in a patient
presenting with intellectual disability, growth retardation, microcephaly, epilepsy, subcortical atrophy
and traits of pyramidal syndrome as main features. Through data exchanging with other French and
international teams, we identified four additional patients with a de novo truncating mutations in this
gene. All variants are predicted to remove the third and last KH domain (Figure 32), which is important
for RNA recognition and binding. The five mutations cluster in a small GC- and repeat-rich domain,

which is poorly covered in most of the WES (like in ExAC) and some mutations in this gene might thus
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have been missed in large-scale sequencing projects. Nevertheless, only one LoF variant has been
reported in GhomAD but it is predicted to affect the splice donor site of a non-canonical transcript. All
the detected mutations are in the last and larger exon of the gene and they all lead to frameshift
encoding a common C-terminal tail of 134 amino acids. The location of the different variants in the last
exon of the gene suggests that the mutant transcripts would escape to nonsense-mediated decay
(NMD), a hypothesis that we were not able to verify directly in patients, due to the low expression of

NOVA2 in blood.

p.Leu238Cys fs*159

p.Val237Profs*146 p.Ala241Pro fs*162
p.Val261Trp fs*135

p.Val261Gly fs*135

(bd] KHT | | KH2 | [KH3 [ ] NP_002507
492aa

Figure 32: Schematic representation of the NOVAZ2 protein and the relative position of the mutations identified in ID patients

Patients share different clinical features in addition to ID (Table 18). All patients presented with a
syndromic intellectual disability characterized by developmental, motor and speech delay. Most of the
individuals show also abnormal behaviour (3/4), including also autistic traits (2), stereotypic
movements with the hands (3/4) and frequent laughter (2/4). Most of them present hypotonia (3/4)
and feeding difficulties (3/4). Spasticity and/or ataxic gait was reported in most of them (4/5). Brain
malformations, reported in 3 out of 4 patients included cortical atrophy, Chiari Malformation and
corpus callosum thinning. Two patients present with seizures. Several of these clinical features, such
as the poor speech, the ataxic gait, the epilepsy, and the “jovial” behaviour as well as hand stereotypies
may evoke Angelman syndrome (OMIM 105830). Interestingly, three patients were previously

screened for it, including analysis of UBE3A methylation and sequencing.
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Developmental delay + + + + n.a. 4/4
ID + + + + n.a. 4/4
Motor delay + + + + n.a. 4/4
Speech delay + + + + n.a. 4/4
[Abnormal behavior + + - + n.a. 3/4
Stereotypic movements + + - + n.a. 3/4
Frequent laughter + - - + n.a. 2/4
Feeding difficulties + + - + n.a. 3/4
Hypotonia - + + + n.a. 3/4
Epilepsy + - - - + 2/5
Ataxie/Spasticity + + + + 4/4
Brain anomalies + - + + n.a. 3/4
Angelman, Angelman, Angelman,
Previous genetic test n.a. n.a.
ARX CDG MECP2

Table 18: Main clinical phenotype of patients with a mutation in NOVA2
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As NOVA2 is a gene that has never been implicated in ID, we performed some functional analysis to
validate the pathogenicity of the variants identified, define their functional consequences and decipher

the pathophysiological mechanisms.

2.2 FUNCTIONAL CONSEQUENCES OF MUTATIONS IN NOVA2

Since NOVA2 is specifically expressed in brain, we could not have access to tissue expressing it. To
overcome this problem, we generated N-terminal FLAG-tagged wild-type and the four mutated NOVA2
cDNAs (NM_002516: c.782del; c.711_712insTG; c.701_720dup20; c.709_748del40). These constructs
were then overexpressed in Hela cells, where NOVA2 is physiologically not expressed. Cells were
transfected with either the wild-type or one of the four mutant NOVA2 cDNA (Lipofectamine 2000,
Invitrogen) and total proteins were extracted after 36 hours. Western blot analysis using an anti-FLAG
antibody revealed that the four truncated NOVA2 proteins are expressed at a similar level to the wild-

type, suggesting that the truncated proteins are stable (Figure 33).
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Figure 33: Western blot on N-FLAG NOVAZ2 wild-type and mutated overexpressed in Hela cells

As the truncated NOVA2 proteins are expressed and since protein localization should not be altered as
the frameshift variants are located downstream of the nuclear localization signals, we hypothesized
that the protein function of NOVA2 is altered. NOVA2 is a neuronal splicing factor that regulates the
splicing of axon guidance genes; altered splicing events in these genes were reported in Nova2 knock-
out mouse model (Saito et al., 2016). We retrieved the list of alternative splicing events depending
from Nova2 in mice and we tested two of these alternative splicing events in our human cells
overexpressing NOVA2. RNA was extracted after 36hours and a reverse transcription was performed
(SuperScript IV, Invitrogen), then the obtained cDNA was amplified using specific primers designed to
surround the splicing event to test: 1) if the spliced mRNA of interest is expressed in Hela and 2) if
NOVA?2 is regulating the splicing. Among the analysed genes, we found that overexpression of human

NOVA?2 alters the splicing of exon 26 of NEO1 and exon 14 of APLP2. NEO1 and APLP2 codes for two
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different transmembrane receptors, well expressed in human brain tissues (Human Protein Atlas).
Neogeninl (NEO1) is a transmembrane receptor well expressed in differentiating neurons (Wilson and
Key, 2007). NOVA2 has been shown to temporally regulate the splicing of a specific intracellular
domain of NEO1. The presence or absence of these amino acids lead to the activation of different
signalling pathways, which may play important roles during development. Amyloid Beta A4 Precursor-
like protein 2 (APLP2) belongs to the conserved amyloid precursor protein gene family, which are
important for the formation, maintenance and plasticity of synapses (Han et al., 2017). We observed
that overexpression of NOVA?2 leads to an increase of skipping of NEO1 exon 26 compared to non-
transfected cells (respectively, 61.15% vs 8.4%; p-value < 0.01) (Figure 34 on the left). On the other
hand, itincreases exon 14 retention in APLP2 mRNA (10.10% in transfected vs 3.58% in non-transfected
Hela; p-value < 0.01) (Figure 34 on the right). We repeated the experiment and transfected Hela cells
with the four mutant NOVA2 and tested if these splicing events were affected. We observed that
mutant NOVA2 proteins are less efficient than the wild-type to regulate these alternative splicing
events, as we detected a significant difference in the average concentration ratio of the two isoform
of NEO1 (skipped/retained exon 26) in transfected HelLa with NOVA2 mutated compared to non-
transfected (0.83 vs 0.09; p-value < 0.01) and also compared to Hela overexpressing in NOVA2 wild-
type (0.83 vs 1.66; p-value < 0.01) (Figure 34, on the left); similarly, the average ratio of the two isoform
of APLP2 (skipped/retained intron 14) between the transfected Hela with the mutations differs from
the one of the non-transfected cells (respectively, 20.05 vs 27.15; p-value < 0.01) and from the one of

the Hela transfected with NOVA2 wild-type (20.05 vs 8.9; p-value < 0.01) (Figure 34 on the right).
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Figure 34: NEO1 and APLP2 splicing in Hela cells
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To confirm the role of human NOVA2 on the regulation of NEO1 and APLP2 splicing in a neuronal cell
model, we investigated the effects of the inactivation of NOVA2 in human neural stem cells (hNSCs),
where NOVA?2 is physiologically expressed. hNSCs were transfected (Interferin, PolyPlus) with siRNA
targeting human NOVA2 (ON-TARGETplus siRNA HUMAN NOVA?2, GE Healthcare Dharmacon). siRNA
efficiency was checked after two and four days of transfection by RT-gPCR and we confirmed a
decrease of NOVA2 mRNA level respectively of about 50% and 60% (Figure 35A). Expression of the
paralog NOVA1 was also assessed to exclude an eventual compensatory mechanism and to check the
specificity of the inactivation (Figure 35B). Splicing events in NEO1 and APLP2 were then tested in
extracted RNA from siRNA hNSCs. Only one APLP2 isoform (the one excluding exon 14) was detected
in hNSCs, with or without NOVA2. However, partial inactivation of NOVAZ2 affects the splicing of NEO1.
We observed an increase of the NEO1 isoform containing exon 26, meaning that inactivation of NOVA2
lead to a reduction of exon 26 skipping (Figure 35C). This result is consistent with the increase of exon
26 skipping observed when NOVA2 is overexpressed (in Hela cells). A similar result is obtained in hNSCs
after four days of siRNA transfection. RNA-sequencing experiments are on-going on RNA extracts from

these cells to detect other altered alternative splicing events related to NOVAZ2 inactivation.
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Figure 35: NOVA2 and NOVA1 expression and NEO1 alternative splicing in hNSCs
2.3 CONLUSIONS AND PERSPECTIVES
We identified five patients with a de novo frameshift mutation in NOVA2, a gene coding for a neuronal
splicing factor. These mutations all cluster in a small, GC- and repeat-rich region and they are all
predicted to lead to a truncated NOVA2 protein lacking the last KH domain. Interestingly, all 5

mutations gave the same frame, leading to the insertion of a common C-terminal amino acid sequence.
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Patients show an overlapping phenotype and they are mainly affected by ID, developmental, motor
and speech delay and some of them present also behavioural anomalies. Most of the reported
individuals were previously tested for Angelman-syndrome, as their clinical manifestations are highly
evocative of this syndrome. As all the individuals present an Angelman-like phenotype, we are
currently investigating an additional cohort of patients with ID who were previously suspected to have
Angelman-syndrome and for who UBE3A methylation or sequencing was performed as previous
genetic screening, in order to identify additional mutations (Strasbourg University Hospital).

The frameshift mutations lead to stably expressed truncated NOVA2 proteins. As all the frameshift
variants lead to a truncated protein lacking the last KH domain, we are currently investigating the
ability of truncated NOVA2 proteins to recognize and bind the RNA (Collaboration with Nicolas Charlet-
Berguerand, IGBMC). We showed that the overexpression of NOVA2 in Hela cells — where NOVA2 is
physiologically absent — specifically regulates the alternative splicing events of NEO1 and APLP2,
encoding two transmembrane proteins playing important role in brain development. The
overexpression of the mutant NOVA2 in Hela cells lead to a partial dysregulation of these alternative
splicing. The reduction of NOVA2 mRNA level in hNSCs confirmed the role of NOVA2 on regulation of
NEO1 splicing. Overall, these data suggest that frameshift mutations in NOVA2 result in at least a
partial loss-of-function, altering alternative splicing events occurring in NOVA2 target genes. These
splicing events, naturally occurring during neurodevelopment, are important for neuronal migration
and differentiation. We are currently testing the consequences of NOVA2 inactivation or
overexpression on neurite outgrowth in neuronal N2A cells. After a treatment of few days with retinoic
acid to induce their differentiation into neurons, the number and length of neurites formed by N2A
will be measured to see if inactivation of NOVA2 leads to defects in neurite outgrowth and if this can
be rescued by overexpressing wild-type or mutant NOVA2 proteins. If on one hand our data suggest a
partial loss of function effect, it is quite unusual that all five frameshift mutations are in the same
frame. The shared C-terminal amino acid sequence (Figure 36) might contain some novel putative
protein-protein interaction domains, suggesting they could have a novel molecular function of the
mutant proteins. The experiments performed in N2A, as well as the use of a zebrafish model
overexpressing wild-type and mutant NOVA2 (Collaboration with Gaélle Hayot and Christelle Golzio,
IGBMC) will allow to test the gain and the loss of function behaviour of the mutations identified.
Overall, these preliminary results show for the first time that NOVA2 is a novel gene implicated in an

Angelman-like syndromic ID.
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Figure 36: Mutated and wild-type NOVA2 protein alignment (Clustal Omega, EMBL-EBI)

In yellow are highlighted the shared C-terminal amino acid sequence of the mutated proteins

123



3. CLINICAL AND FUNCTIONAL CHARACTERIZATION OF RECURRENT
MISSENSE MUTATIONS INVOLVED IN THOC6-RELATED INTELLECTUAL
DISABILITY

THOCS6 is part of the THO complex, which is part of the larger TREX complex, known to be involved in
MRNA processing and transport. THOC6 has been already implicated in a recessive syndromic form of
ID in a large consanguineous Hutterite family (Beaulieu et al., 2013) and additional patients with
homozygous and compound heterozygote mutations have been reported since then. By trio-WES |
identified three homozygous variants in THOC6 (p.(Trpl00Arg, Val234Leu, Gly275Asp)) in a boy
affected by ID. Curiously, these variants are present at the heterozygous state in the mother,
suggesting a maternal uniparental disomy of chromosome 16 (where THOCG6 lies). We have been in
contact with a clinician following a girl who is compound heterozygote for this three missense changes
and a previously reported missense variant (THOC6: p.Gly190Glu). Interestingly, these three missense
variants are reported at the heterozygous state in different database (GnomAD, 1000Genomes, etc),
at the same minor allele frequency (MAF) in each different subpopulation, suggesting they are in
linkage disequilibrium. Due to the relative recurrence of this haplotype, it was crucial to delineate the
consequences of these three missense variants and to understand if it is one specific amino acid change
or the combination of the three that cause the disease. To do that, | overexpressed human THOC6
cDNA carrying each missense variant alone and combined, plus two other mutations reported in at
least two patients (p.Arg87* and p.Gly190Glu) in Hela or HEK293T cells to check if they affect its
stability and its cellular localization. While the protein expression was not altered by the
overexpression of the haplotype, the physiologically subcellular localization was altered, and it was
driven by only one missense variant (p.Trp100Arg) of the haplotype. Alteration in the physiologically
subcellular localization were noticed also in the additional two mutations. We hypothesized that the
subcellular localization could be the consequence of a disrupted interaction between other members
of the THO complex. Thus, | overexpressed THOC6 cDNA wild-type and mutated in HEK293T cells,
immunoprecipitated them and detected the potential interactors by western-blot. Among the tested
interactors, | observed a decrease in THOC1 and THOCS in the three-variant-haplotype and the known
mutation. However, inside the haplotype, it is a different missense change (p.Gly275Asp) that causes
this phenotype. During these functional analysis, another patient carrying the same three missense
variants was reported (Casey et al., 2016), underscoring the relative recurrence of this haplotype.
Overall, we demonstrated that the three mutations tested, the truncating p.(Arg87%*), the missense
p.(Gly190Glu) variant and the haplotype of three variants, alter THOC6 physiological cellular

localization and interaction with other members of the THO complex, THOC1 and THOC5. However, it
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does not seem to exist a direct link between the two types of alterations, because within the haplotype

it is two different variants that drive these alterations.
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ABSTRACT

THOCG6 encodes a subunit of the THO complex that is part of a highly-conserved TREX
complex, known to perform roles in mRNA processing and export. Few homozygous or
compound heterozygote variants have been identified in the THOC6 gene in patients with a
syndromic form of intellectual disability (ID) (Beaulieu-Boycott-Innes syndrome, BBIS MIM#
613680). Here we report two additional individuals affected with BBIS originating from the
north of Europe and who share an haplotype carrying three very rare missense changes in
THOCG: p.(Trpl100Arg, Val234Leu, Gly275Asp). The first affected individual is a boy who is
homozygous for the three-variant haplotype, due to a maternal uniparental disomy event. The
second is a girl, who is compound heterozygote for this haplotype and a previously reported
p.(Gly190Glu) missense variant. We analyzed impact of these different amino acid changes
identified on THOC6 protein stability, cellular localization, and interaction with the other THO
complex subunits. We show that the different THOC6 variants alter its physiological nuclear
localization and interaction with at least two THO subunits, THOC1 and THOCS5. Two amino
acid changes of the three-variant-haplotype have alone specific effects and might contribute to
the pathogenicity of the haplotype. Overall, we expanded the cohort of currently known BBIS
affected individuals by reporting two individuals carrying the same recurrent European
haplotype composed of three amino acid changes affecting THOCG6 localization and interaction

with THO protein partners.
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INTRODUCTION

Intellectual disability (ID) is one of the most frequent neurodevelopmental disorders (NDDs)
and affects about 2% of children or young adults. It is characterized by significant limitations
in both intellectual functioning and adaptive behavior and it is associated with an intellectual
quotient below 70 before the age of 18. It is estimated that a genetic anomaly is the cause of ID
in about 60% of cases (Gilissen et al., 2014). The genetic origins of ID can be due to
chromosomal abnormalities, copy number variations (CNVs) and point mutations or small
insertion/deletions affecting a single gene. For the latter category, more than 700 genes have
been identified so far (Vissers et al., 2016). Around 300 genes have been implicated in
autosomal-recessive ID, the majority of them related to syndromic form of ID, that is to say
that combine other symptoms in addition to ID. One of these genes, THOC6, codes for THOC6
protein that is component of a highly-conserved TREX mRNA export complex, and was
implicated in the Beaulieu-Boycott-Innes syndrome (BBIS, MIM: #613680), an autosomal-
recessive syndromic form of ID associated to various cardiac and renal malformations and
peculiar facial dysmorphism (Beaulieu et al., 2013; Boycott et al., 2010). This syndrome was
first identified in two related Hutterite families, followed by discovery of other nonsense and
missense variants in patients with consistent BBIS clinical manifestations. In total, nine affected
individuals from seven unrelated families have been reported with deleterious variants in

THOC6 (Amos et al., 2017; Anazi et al., 2016; Beaulieu et al., 2013; Casey et al., 2016).

THOCG6 encodes a subunit of the THO complex that is involved in mRNA processing and
mRNA export. The THO complex was first identified in yeast that is composed of three
subunits. In humans, the THO complex is composed of homologous subunits of the yeast Hprl
(THOCT1), Tho2 (THOC?2) and Tex1 (THOC3) and three additional subunits that do not have a

yeast counterpart: THOCS, THOC6 and THOC?7. Even though their names are akin, the THO
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complex proteins are not orthologues and contain different protein domains (Masuda et al.,
2005). The THO complex is part of the larger Transcription and export complex (TREX), which
is recruited to the 5’end of the mRNA in a splicing- and cap-dependent way (Cheng et al., 2006;
Masuda et al., 2005). In Drosophila, the THO complex is involved in the extracellular stimuli
mediated signal transduction (Rehwinkel et al., 2004). A similar role is performed by human
THOCS (Tran et al., 2014a, 2014b), suggesting the contribution of the THO complex in cellular
proliferation, differentiation and stress response. Indeed, THOC6 is shown to have a role in
apoptosis regulation (Beaulieu et al., 2013). Identification of four THOC2 missense variants in
4 unrelated large families with syndromic X-linked ID (Kumar et al., 2015) and a de novo
PTK2-THOC?2 gene fusion in a patient with psychomotor retardation and congenital cerebellar
hypoplasia (Di Gregorio et al J Med Genet 2013;50: 543—551) further suggests the important

role of the THO complex in neuronal development.

Here we report two individuals with clinical features consistent with BBIS, carrying the same
rare haplotype composed of these three amino acid changes p.(Trp100Arg, Val234Leu,
Gly275Asp): a boy, homozygous for this haplotype due to a maternal uniparental disomy event
and a girl, compound heterozygote for this haplotype together with a previously reported
missense p.(Glyl90Glu) variant. We investigated the consequences of these amino acid
changes on THOC6 expression, localization and interactions with known protein partners,
compared to the effects of the first reported nonsense variant p.(Arg87*) (Anazi et al., 2016),
and show that the different variants lead to an altered subcellular localization of THOC6
proteins and disruption of its interaction with members of the THO complex. While our studies

were in progress, a BBIS patient homozygous for the same haplotype p.(Trpl00Arg,
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Val234Leu, Gly275Asp) inherited from unrelated parents was reported (Casey et al., 2016),

confirming that this haplotype is recurrently involved in BBIS in the European population.

RESULTS

Identification of two affected individuals with missense variants in THOC6

Patient 1 (Figure 1A) underwent multiple genetic testing and no candidate variant was detected
by targeted-sequencing. By whole-exome sequencing (WES) we identified only one de novo
loss-of-function nonsense variant in the PSPN gene (NM_004158.2: ¢.436C>T; p.GIn146*).
This variant, coding for a 10 amino acid truncated protein, was considered to be non-pathogenic
as PSPN is largely tolerant to loss-of-function (LoF) variants (probability of LoF intolerance,
pLI=0.01 with 3 truncating variants reported in the general population EXAC). Surprisingly,
our exome sequencing data identified 58 rare (MAF< 0.0045) homozygous variants on
chromosome 16; all heterozygous in the mother and absent from the father’s DNA. Among
these homozygous variants, three missense changes (NM_024339.3: ¢.298T>A, p. Trpl100Arg;
c.700G>C, p.Val234Leu; c.824G>A, p.Gly275Asp) were located in THOC6, a gene previously
implicated in ID. The missense change p. Trp100Arg is predicted to be the most deleterious
according to prediction programs (Table 2). We hypothesized that these homozygous variants
originated from a maternal uniparental disomy of chromosome 16. A SNP-array analysis was
performed on the proband and confirmed the existence of two different regions of
homozygosity, with the following approximate coordinates: chr16:1-16,227,147 and chrl6:
84,453,753-90,354,753. THOCG is located in the first region. Patient 1 was born at 35 weeks
of pregnancy, characterized by the identification of an intrauterine growth restriction as well as
a micropenis and a short corpus callossum. Birth measurements were the following: 2.060 kg,
46 cm and occipital-frontal head circumference (OFC) of 32 cm. He presented with neonatal
hypotonia and feeding difficulties At 3.5 years, his measurements were: 13kg, 95.5cm and OFC

47cm. He has severe psychomotor retardation with severe speech delay (no word) and walk
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acquired at 24 months. He has upper limbs stereotypies and autistic behavior. He presents facial
dysmorphism (tall forehead, short palpebral fissures, long noise, retrognathia) consistent with
the other BBSI patients previously reported. Genetic and molecular investigations performed
in Patient 2 (Figure 1B) include high-resolution karyotype, SNP microarray, plasma amino
acids, urine organic acids, and urine amino acids. All of these studies were normal with the
exception of urine organic acids and plasma amino acids, which were abnormal in non-
diagnostic patterns. Whole exome sequencing analysis revealed with parental samples used for
segregation analysis. She was born at 34 weeks due to concerns for fetal movement; birth
measurements were 1.92kg, 43.5cm length, and OFC of 33.3cm. Prenatal concerns included
ventriculomegaly and dichorionic-diamniotic twin gestation; her brother is healthy and
developmentally appropriate for his age. After birth, a cleft palate, micrognathia, choanal
atresia, and a congenital heart defect were noted, in addition to hydrocephalus. She had
hypotonia. Patient 2 had a ventriculoperitoneal shunt placed and patent ductus arteriosus
ligation shortly after birth and currently has a stable atrial septal defect (ASD); her cleft palate
was repaired at age 21 months. Patient 2 (now 6 years old) has severe global developmental
delays: she has never developed words and is non-ambulatory (although she can roll over).
Despite intensive therapies, Patient 2 cycles through periods of achievement followed by
regression, usually around one month following skill acquisition (for example, patient 2 stopped
standing with minimal support and no longer attempts to stand). She has oral aversion and
takes all feeds through a G tube. Dysmorphic features associated with BBIS include:
microcephaly, prominent forehead, short palpebral fissures with epicanthal folds, low-hanging
columella, abnormally shaped dentition with malocclusion. She also presents cupped ears,
small anteverted nares, down-turned corners of the mouth with a tented upper lip, maxillary
hypoplasia, prominent fetal pads on hands and feet, and bilateral overlapping toes. Patient 2 has

additional medical complications that include alternating exotropia, nystagmus, hyperopia,
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bilateral sensorineural hearing loss, seizures, chronic lung disease, and pulmonary

hypertension.

The haplotype p.(Trpl100Arg, Val234Leu, Gly275Asp) is recurrent in the European population

The haplotype composed of the three missense variants p.(Trp100Arg, Val234Leu, Gly275Asp)
identified in our two affected individuals was recently described at the homozygous state in
another individual presenting a BBIS form of ID (Casey et al., 2016). These three missense
variants are also reported at the heterozygous state in the GnomAD database at the same minor
allele frequency (MAF) in the different subpopulations suggesting they are in total linkage
disequilibrium (Supplementary Table 1). The highest frequency is obtained in the European
population. In 1000 Genomes database, the variants are present in only one European individual
of a British origin. Recent data from UK 10K indicate a high allele frequency at 0.001 for these
variants in the population from United Kingdom (n=3,577 individuals). Together the data
suggest that this haplotype may have origin in this specific region. The three BBIS individuals
with this haplotype have also a Northern European origin: Patientl is from North of France,
Patient2 with likely Northern European descent (surname sounding English) and the patient

reported by Casey et al. (2016) is of Irish traveler origin.

We compared the clinical manifestations present in Patients 1 and 2 to the individual reported
by Casey et al and the other patients reported with different THOC6 variants (Table 1, Figure
1C). Overall, a similar phenotype was observed among patients with a variant in THOC6 and
no obvious difference between missense and nonsense variants was noted. We do not see any
clinical features specific to carriers of the triple variants haplotype. Due to the relatively high
recurrence of this haplotype (3 out of 11 BBIS cases), we found it critical to delineate the
consequences of these three missense changes with an ultimate aim of understanding if one or

more of the variants contributed to pathogenicity. To answer this question, we analyzed the
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effect of each of the missense variants alone or combined together. We also included in our
analysis, the missense ¢.596 G>A, p.(Gly190Glu) variant identified in Patient 2 and a patient
reported previously (Amos et al., 2017), and a recurrent nonsense ¢.259 C>T, p.(Arg87*)

variant (Amos et al., 2017; Anazi et al., 2016) (Figure 1C).

Gly275Asp alone or the truncating variant Arg87* reduce the THOC6 protein stability

At first, we investigated if THOCG6 variants affect stability of the proteins in HEK293T cells.
HEK293T cells were transfected with plasmids expressing human FLAG-tagged wild type or
mutant forms with: Trpl00Arg, Val234Leu or Gly275Asp alone, the combination of the three
missense variants (“triple mutant”), Gly190Glu or Arg87* THOC6. FLAG-THOC6 proteins
were analyzed by immunoblotting using an anti-FLAG antibody. Quantification of THOC6
protein level (normalized to housekeeping protein TUB2A2) showed reduced levels of Arg87*

or Gly275Asp but not the triple mutant THOCG6 protein (Figure 2, Table 2).

p.(Trpl100Arg), p.(Gly190Glu) and p.(Arg87%*) variants alter localization of normally-nuclear

THOCG6 protein

All the THO complex subunit proteins, including THOC6 are localized in the nucleus,
specifically co-localizing with the splicing factors in the nuclear speckle domains (Dias et al.,
2010; Masuda et al., 2005) (Beaulieu et al., 2013). The first homozygous Gly46Arg missense
variant implicated in BBIS was shown to affect the natural nuclear localization of THOCG6 in
HeLa cells (Beaulieu et al., 2013). We performed immunostaining on HeLa cells transfected
with plasmids expressing FLAG-tagged human wild-type or variant THOC6 cDNAs using anti-
FLAG antibody and found that whereas wild-type showed a normal nuclear localization, the

triple mutant, Gly190Asp and Arg87* THOC6 showed an abnormal cytosolic localization
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(Figure 3, Table 2). Among the amino acid changes composing the haplotype, only Trp100Arg
affects the nuclear localization of THOCG6. This missense variant was predicted to be the most
pathogenic of the haplotype by the different programs (Table 2) and changes a tryptophan
located in a WD rich domain, which are usually implicated in multiprotein assembly and

interaction.

Interaction with protein partners from the THO complex

As no nuclear localization signal (NLS) was identified in THOC6, we hypothesized that its
import into the nucleus is facilitated by other protein/s. As THOC6 belongs to the THO
complex, we wondered if the variants leading to abnormal THOC6 localization might affect
their interactions with other proteins of the THO complex. We performed immunoprecipitation
experiments using an anti-FLAG antibody on HEK293T cells transfected with human wild-
type or variant THOCG6 expression plasmids. A Coomassie Blue staining revealed the presence,
among the immunoprecipitated proteins, of FLAG-THOC6 along with other proteins at an
estimated size of 75 and 28 KDa (data not shown). The immunopreciptated proteins were
immunoblotted for THOC1, THOC2, THOC3, THOC4/ALY, THOCS, CIP29 and CBPS80
TREX subunits. Among these, only THOCI and THOCS5 were detected in the
immunoprecipitated proteins (Figure 4). Interactions with THOC1 and THOCS was abolished
or decreased in the case of Gly275Asp, the triple mutant, Gly190Glu and to a lesser extent

Arg87* (Figure 4).

DISCUSSION

Here we describe two affected individuals carrying the same three missense variants
p.(Trp100Arg; p.Val234Leu; Gly275Asp) in the THOC6 gene presenting clinical
manifestations consistent with BBIS. These three missense variants were also recently reported

in an another BBSI affected individual (Casey et al., 2016). Patient 1 haplotype composed of
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the three missense variants was inherited from his mother. This haplotype is heterozygous in
the mother and homozygous in the affected child, resulting from a maternal uniparental disomy
in chromosome 16. Patient 2 inherited the haplotype from his mother and a single missense
variant p.(Gly190Glu) reported previously (Amos et al., 2017) from his father. Overall, three
distinct Northern European BBIS affected individuals carry this haplotype most likely with its
origin in the United Kingdom region. To better understand the pathogenicity of this haplotype
recurrently associated with BBIS in Europe, we analyzed the three missense variants
individually or in combination to determine if they affected the THOC6 protein levels,
localization or interactions with the known THO protein partners. We asked if pathogenicity in
the affected individuals was caused by one or more of these THOCG6 variant proteins. We also
included in our analyses two other recurrent variants: the second missense variant identified in
trans in Patient 2 p.(Gly190Glu) as well as a nonsense variant p.(Arg87%*) identified in several
individuals. We confirmed the nuclear localization of the THOC6 protein and identified an
interaction between the overexpressed THOC6 protein and two other members of the THO
complex, THOC1 and THOCS, without determining whether it is direct or indirect interactions,
in HEK293 cells. A direct interaction between THOCS and THOC6 was already reported
(katahira et al 2013) but a previous study did not find any interaction between THOC6 and
THOCS5/1 (El Bounkari et al., 2009). Thocl and Thoc5 knockout mice were embryonically
lethal, indicating their important role during development (Li et al., 2005; Mancini et al., 2010).
We showed that the three-variant haplotype, p.Glyl90Glu and p.Arg87* lead to a
mislocalization of THOC® in the cytosplasm, and to a loss or a decrease of its interactions with
THOC1 and THOCS. Therefore, the variants might make THOCG6 unable to carry out its normal
function and impact mRNA export, leading to clinical outcomes. Our results combined to the
previous ones indicate that compound heterozygosity for the two most common pathogenic
missense variants (the haplotype and Gly190Glu found in Patient2) appears, on the basis of

single patient descriptions, as severe as homozygosity for the haplotype (Patient 1, and Patient
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3 described by Casey et al.), homozygosity for a null mutation (Patient 8 described by Anazi et
al. and Patient 9 described by Amos et al.) and by combination of a null and a missense
pathogenic variant (Patients 10 described by Amos et al.). Thus about all the known alleles
appear to play equivalent roles as a null allele. Combining the frequency in Europeans of the
known mutations to the cumulative frequency of other LoF variants in this population (9
variants in 10 individuals, see Sup Table 2), one can estimate the minimum frequency of
pathogenic alleles in Europeans is 7.03e-4, corresponding to an incidence of affected

individuals of 0.5 per million.

We have speculated at the beginning that it could have existed a link between the alterations in
THOC6 binding to THOCS and/or THOC1 and the THOC6 mislocalization in the cytoplasm.
It is the case for another member of the THO complex deprived of NLS, THOC?7. El Bounkari
et al. previously showed that THOCS directly interacts with THOC?7 and that this interaction is
responsible for bringing THOC?7 to the nucleus. However, in our case, the amino acid change
leading to an abnormal cytoplasmic THOCG6 localization, Trpl100Arg, does not affect
interactions with THOCS5 and THOCI. Therefore, disruptions of these interactions might not
be the primary cause of the cellular mis-localization of THOC6. We can hypothesize that the
cytosolic abnormal localization would be the result of a loss of interaction with another protein,

which we were not able to identify in our study.

Previously published immunoprecipitation experiments with THOC2 reported a direct
interaction between THOC2 and THOCG6 (Cheng et al., 2006; Masuda et al., 2005). However,
we did not detect THOC?2 in our immunoprecipitation experiments, may be because the protein
is large (~182 KDa). THOC?2 is involved in the export of polyA™ RNA (Chi et al., 2013).
Missense variants in THOC2 were reported in patients with an X-linked ID characterized by
elevated BMI, speech delay, short stature and seizures a phenotype that do not well overlap

with BBIS (Kumar et al., 2015). By comparing the few available common clinical features
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among the two cohorts of patients, we did not notice a strong overlap between clinical
manifestations of patients with THOC6 and THOC?2 variants. Facial dysmorphy observed in
BBIS seems to be specific only to THOC6 variants. It has been proposed that specific
THO/TREX subunits are differentially recruited to specific subsets of mRNA (Heath et al.,
2016), which could explain that consequences are different when they are altered by genetic
variants. The microcephaly is significantly more pronounced in these patients than in patients
with THOC2 mutations, which is consistent with a role of THOCG6 in apoptotic processes, which
was previously shown (Beaulieu et al., 2013). Interestingly, THOC1 has a death domain
through which it regulates cell-cycle and induce p53-independent apoptosis (Gasparri et al.,
2004) and THOCS is known to play a role in cell differentiation and proliferation (Mancini et

al., 2010).

In conclusion, we have expanded the cohort of BBIS affected individuals by reporting two
additional European patients, both carrying the same haplotype, originating from the north of
Europe and composed of three missense variants. This highlights its relative high frequency, as
up to now it is one of the most frequent BBIS variant present in more than about a quarter of
the patients (3/11). We did not observe any obvious clinical feature specific to this haplotype.
We demonstrated that this haplotype, as well as two other recurrent variants identified in non-
consanguineous European population, the truncating p.(Arg87*) and the missense
p.(Gly190Glu) variants, alter THOCG6 physiological nuclear localization and its interaction with
other members of the THO complex, THOC1 and THOCS. However, it seems that there is no
direct link between these two alterations, because they are driven by two different missense
changes within the haplotype. The pathogenicity of the haplotype results therefore of a

combined effect of at least two of the three missense changes.
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MATERIALS AND METHODS
Patient recruitment and genomic analysis

Patient] underwent multiple genetic testing that included karyotyping, array comparative
genomic hybridization, fragile X-test and targeted-sequencing of more than 400 genes
implicated in ID. As no clear pathogenic variant was detected, a trio-whole exome sequencing
was then performed. Libraries and captures from genomic blood DNA were prepared with the
SureSelect XT Human All Exon V5 Kit (Agilent Technologies), and 100 bp paired-end
sequencing was performed on the HiSeq2500 sequencer (Illumina). Reads were aligned and
variants called and annotated as described previously (Geoffroy et al., 2015; Redin et al., 2014).
Potential pathogenic variants were identified using VaRank ranking program (Geoffroy et al.,
2015). Variants were filtered according to different inheritance scenarios by using public
databases and a large cohort of ID-affected individuals as previously described (Redin et al.,
2014). A SNP array (Infinium HumanCytoSNP-12 v2.1 BeadChip, Illumina) containing
300 000 SNPs was performed to study the unidisomy event. The potential functional effects of
the amino-acid changes on the protein was assessed using several bioinformatics programs
including SIFT (Ng and Henikoff, 2003), PolyPhen2(Adzhubei et al., 2010) and Mutation

Taster. (Schwarz et al., 2010)

Site-directed mutagenesis

The variant FLAG-THOCS6 expression plasmids were generated by site-directed mutagenesis
of thepcDNA3.1-FLAG-THOCG6 construct reported previously (Beaulieu et al., 2013) using the
following specific primers: c.298T>A For 5’-ATGGGGAGGTGAAGGCCaGGCTTTGGG-
3> and  c.298T>A Rev 5’-GAGCATCTCCGCCCAAAGCCtGGCCTTCACC-3’,
c.700G>C _For 5’-AACTGATTCCGACTGGATGcTCTGTGGAGG-3’ and ¢.700G>C_Rev

5’-TGGGCCCCCTCCACAGAgCATCCAGTC-3’, c.824G>A For 5’-
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GACCTGATTCTGTCAGCTGaCCAGGGCCG-3’ and ¢.824G>A_Rev 5’-
TTGACGCAGCGGCCCTGGtCAGCTGACAG-3’,¢.256C>T For 5’-
ATAGCATGGTTTCCACCGATtGACATCTGC-3’and ¢.256C>T Rev 5’-
CAGCACTAAGCAGATGTCaATCGGTGGAAAC-3’, ¢.569G>A_For 5°-
CTGTCAGGTGGCGAGGATGaAGCTGTTCGAC-3’ and ¢.569G>A_Rev 5’-
GTCCCAAAGTCGAACAGCTtCATCCTCGCC-3’. The variant FLAG-THOC6 plasmids

were confirmed by sequencing (GATC, Germany).

Western Blot analysis

HEK293T cells were transiently transfected with the different plasmids expressing FLAG-
tagged wild-type or variant forms of THOC6 using Lipofectamine2000 (Invitrogen) and
harvested 36 hours after transfection. For immunoblotting analysis, proteins were lysed in RIPA
buffer combined with protease inhibitors (Roche). THOC6 expression was analyzed by SDS-
PAGE, and immunoblotting was performed with anti-FLAG (1:1000, F1804, SIGMA) and anti-
TUB2AZ2 (in house, 1:4000) antibodies. Protein semi-quantification was done by measuring the
band intensity using ImageJ software and then calculating a ratio between FLAG and TUB2A2

intensities. The experiments were performed in quadruplicates.

Immunoprecipitation experiments

For immunoprecipitation studies, proteins were extracted using a NP40 buffer combined with
anti-proteases (Roche) (25mM Tris-HCI pHS, 150mM NacCl, 10% glycerol, 1% NP-40, 2mM
EDTA). FLAG-THOC6 was immunoprecipitated with Dynabeads Protein A (Invitrogen) using
2ug of mouse anti-FLAG antibody (F1804, SIGMA) or 2ug of a negative control (AR-441,

SantaCruz). After washing steps, proteins were eluted with SDS sample buffer. Coomassie
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staining revealed the presence of the immunoprecipitated proteins. The presence of proteins of
the THO/TREX complex were investigated by immunoblotting with THOC1 (1:2000; Bethyl
A302-839A), THOC2 (1:300, ProteinTech, 55178-1-AP) THOC3 (1:2500; Sigma-Aldrich
HPA044009), THOC4/ALY (1:4000; Bethyl A302-892A), THOCS (1:5000; Bethyl A302-
120A), CIP29 (1:2000; Thermo Scientific PA5-21783) and CBP80 (1:5000; Bethyl A301-

794A). The experiments were performed in duplicates.

Analysis of cellular localization by immunofluorescence

Wild-type and mutant FLAG-THOC6 localization was performed by immunofluorescence
detection. HeLa cells were transfected with the plasmids described above using Lipofectamine
2000 (Invitrogen) and after 36 hours cells were fixed with 4% paraformaldehyde and
permeabilized with 1x-TBS containing 0,2% TritonX-100, 10% fetal calf serum and 1% bovine
serum albumin. Cells were incubated overnight with anti-FLAG antibody (1:500, F1804,
SIGMA) and then with the secondary antibody Alexa-594 conjugated goat anti-mouse (1:1000,
Invitrogen). Cells were stained with Hoechst and mounted onto microscope slides. Images were

obtained with an upright motorized fluorescent microscope (Leica Microsystems).
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FIGURE AND TABLE LEGEND

Figure 1. Two previously unreported individuals with syndromic form of ID carrying

THOC6 missense variants.

A, B. Pedigrees of the patients (Patient 1, A; Patient 2, B) described in this study. C. THOC6
protein showing the variants reported previously and the missense variants identified in the two

patients reported here (highlighted in red).

Figure 2. THOCG6 variant protein stability is reduced in HEK293T cells.

HEK293 cells transfected with plasmids expressing FLAG-tagged wild-type or variant THOC6
proteins were harvested 36 hr after transfection and the THOCS6 levels were analyzed by SDS-

PAGE and immunoblotting with anti-FLAG antibody.

Figure 3. Cellular localization of FLAG-tagged wild-type or THOCG6 variant proteins in

HEK?293T cells.

HEK293T cells were transiently transfected with plasmids expressing FLAG-tagged wild-type
or variant THOC6 proteins. Red fluorescence (Alexa-594) (left panels) indicates the
localization of the FLAG-tagged THOCG6 proteins. Middle panels, Hoescht indicates the
position of the nuclei. Right panels, merged Hoescht and FLAG-THOC6 showing nuclear
(wild-type, Val234Leu and Gly275Asp) and cytoplasmic (triple variant, Trpl00Arg,

Gly190Glu and Arg87*) THOCG6 localization.

Figure 4. Interactions between wild-type or THOCG6 variant proteins with the other

known THO complex subunits.
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HEK293T cells were transiently transfected with plasmids expressing FLAG-tagged wild-type
or THOCG6 variant proteins. FLAG-THOC6 was immunoprecipitated from the cell lysates with
anti-FLAG antibody and analysed by Western blot analysis using anti-FLAG, anti-THOC1 and
anti-THOCS antibodies . THOC1 and THOCS proteins are present in immunoprecipitates of
the wild-type, Trpl00Arg and Val234Leu THOCS6 proteins but at low level or absent for the

triple haplotype, Gly190Glu and Arg87%*.

Table 1. Clinical manifestations observed in patients carrying the p.(Trp100Arg,

Val234Leu, Gly275Asp) haplotype compared to the other BBIS patients.

Mutations are indicated according to NM 024339.3. # 3 var: ¢.[298T>A, 700G>C, 824G>A];

®3 vear : p.[(Trpl00Arg,p.Val234Leu,p.Gly275Asp)]

Table 2. In silico predictions and functional consequences of the different THOC6

mutations

Variants are indicated according to NM_024339.3. HumVar prediction scores are indicated
for Polyphen2 ? truncated protein; °: results described in Beaulieu et al., 2013; n.a.: not

applicable; n.t.: not tested
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Table 1

References this report this report

Casey et al. 2016

Other BBIS patients

Individual Patient 1 Patient 2
Sex M F
Ethinicity North European
Mutation (NM_024339.3) c.[3 var?];[3 var?] c.[3var®];[596G>A]
Consequences p.[3 var®];[3 var®] p.[3 var’];[Gly190GIu]
Age 3.5years 5.3 years
Height (centile) 95.5cm (10th) 96.5cm (<2nd)
Weight 13kg (10th) 15.4kg (7th)
OFC (centile) 47.5cm (<3rd) 42cm (<2nd)
mild to moderate microcephaly + +
facial dysmorphy + +
Tall forehead + +
Deep set eyes + +
Long nose + +
Epicanthus +
Low hanging columnella +
Flat philtrum + -
Retrognathia + +
Dental problems (malocclusion/caries) +
ID severe severe
Speech delay + +
Brain anomalies +
ventricular dilatation - + (hydrocephalus)
corpus callosum dysgenesis + +
Cardiacanomalies - +
Renal anomalies - -
Genitourinary problems micropenis, hypospadias -

F
Irish Traveller
c.[3 var?];[3 var?]

p.[3 var®];[3 var®]

0,4th
na

2nd

+ o+ o+ o+ + o+

RIS

+

RIS

severe

RIS

+

RIS

n.a.
n.a.

n.a.

n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
8/8
8/8

6/8

8/8 (severe 2/8)
7/8
2/4

4/8
2/8
5/8




Mutation triple mutant C.298 T>A, ¢.700 G>C, c.824 G>A, c.569G>A, c.259 C>T, c.136G>A,
p.Trp100Arg p.Val234Leu p.Gly275Asp p.Gly190Glu p.Arg87* p.Gly46Arg
References Casey et al., this report this report, Amos, Anazi Beaulieu
Amos
In silico SIFT n.a Deleterious Tolerated (0,79) Tolerated (0,09) | Deleterious (0) n.a Deleterious (0)
predictions (0,01)
Polyphen2 n.a Proba. Benign Benign Proba. n.a Proba.
damaging (0,029) (0,164) damaging (1) damaging
(0,990) (0,999)
Mutation T@ster n.a Disease causing Disease causing Disease causing Disease n.a Disease
(1) (0,995) (1) causing (1) causing (1)
Grantham Score n.a 101 32 94 98 n.a 125
Functional Protein expression Normal Normal Normal Decreased Normal Decreased? n.t.
studies Nuclear localization Abnormal Abnormal Normal Normal Abnormal Abnormal Abnormal®
THOC1/5 protein Decreased Yes Yes Decreased Decreased Decreased n.t.
interaction

Table 2
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c.135C>A, c.136G>A, c.259 C>T, c.298 T>A, ¢.700 G>C, c.824 G>A, ¢c.569G>A, c.611 A>C, c.784 A>C,
p.(Tyrd5*) p.Gly46Arg p.Arg87* p.Trpl00Arg | p.Val234Leu | p.Gly275Asp p.Gly190Glu p.(GIn204Pro) | p.(Thr250Pro)
Reported Amos et Beaulieu et al., | Amosetal. 2017 this report, Casey et al., 2016 this report, Amos et Amos et al., Amos et al.,
al., 2017 2013 Anazietal., 2016 ! ! al., 2017 2017 2017
Number of patients 1 4% 2 3 2 1 1
Patients P9 P4, P5, P6, P7 P8, P10 P1,P2,P3 P2,P9 P11 P10
Allelic frequency in BBIS patients
European/European
pAme/rican P 1 1 > 2 1
Middle East 2 2
Hutterite 8
Frequency in the general population
(ch::-r:')if\i?\?sh) 1(8.95¢-6) | 1(8.95¢-6) 1(3,29¢-5) 36(2.87e-4) 29 (2.30e-4) 0 0
African 0 0 0 2 (8.33e-5) 1(4.18e-5) 0 0
AshkenaziJewish 0 0 0 0 0 0 0
East Asian 0 0 0 0 0 0 0
GnomAD European (Finnish) 0 0 0 3(1.17e-4) 0 0 0
Latino 0 0 0 4(1.17e-4) 1(2.91e-5) 0 0
South Asian 0 0 0 1(3.30e-5) 0 0 0
Other 0 0 0 1(1.56e-4) 0 0 0
Total count (MAF) | 1(4,06e-6) | 1(4,06e-6) 1(4,1e-6) 47 (1.71e-4) 31(1.12e-4) 0 0
1000Genomes All (British) 0 0 0 1 (2.00e-4) 0,00E+00 0 0
ALSPAC (Count) 2 1
ALSPAC (Freq) 1,00E-03 2.59e-4
UK10K TWINSUK (Count) 2 1
TWINSUK (Freq) 1,00E-03 2.80e-4

Supplementary Table 1: Allelic frequencies reported for each variant in BBIS patients and in the general population

P1, P2 (This report) ; P3 (Casey et al. 2016); P4, P5, P6, P7 (Beaulieu et al. 2013) ; P8 (Anazi et al. 2016); P9, P10, P11 (Amos et al. 2017)




4. CHARACTERIZATION OF FUNCTIONAL CONSEQUENCES OF
TRUNCATING MUTATIONS AFFECTING LONG AND SHORT AUTSZ2
ISOFORMS

AUTS2 is one of the largest genes in mammals and contains 19 exons, among which the first six are
separated by large introns whereas the remaining ones have clustered introns at the 3’end. AUTS2 has
been shown to have an important role in human-specific evolution as its first half region displays the
strongest statistical signal in a genomic screen differentiating modern humans from Neanderthals.
Other regions found to be statistically different included genes involved in cognitive and social
interactions such as DYRK1A and NRG3, suggesting that specific changes of AUTS2 occurred in modern
humans probably led to cognitive traits specific to human (Green et al., 2010). On the other hand, the
3’ end region is well conserved.

AUTS2 was described for the first time in a pair of twins affected by ASD and growth retardation who
had an identical balanced translocation interrupting AUTS2 (Sultana et al., 2002). Since then, many
inter- and intra-genic deletion have been identified in patients with a variable phenotype, ranging from
neurodevelopmental disorders to other neurological phenotypes (Amarillo et al., 2014; Liu et al., 2015;
Nagamani et al., 2013). Nevertheless, some clinical features are more recurrent than others, such as
developmental delay, ASD, growth retardation with or without microcephaly and facial dysmorphisms,
helping in the delineation of the phenotype caused by this gene. The study of a relative large cohort of
patients with a CNV disrupting at least one exon of AUTS2, led to the observation that individuals with
a deletion encompassing the 3’ UTR region have a more severe phenotype compared to the others
(Beunders et al., 2013); a rapid amplification of the 5" cDNA ends (5’-RACE) showed that this part of
the gene encodes a short C-terminal isoform, possibly explaining the difference in the severity of the
phenotype (Beunders et al., 2013). The inactivation of auts2 in zebrafish leads to microcephaly that
could be rescued either by injection of the full-length transcript or by just the C-terminal isoform,
suggesting that the severity of the phenotype could be related to the position of the deletion thus if it
affects or not the short isoforms located at the 3’UTR region (Beunders et al., 2013). The authors
showed that this short-transcript is well expressed in brain and has a transcription start site (TSS)
located in exon 9 of the long isoform NM_015570 (starting from Met555, Figure 38). However, in the
last genome annotation (Hg38/GRC38), the short isoform is reported to start from exon 6 and has as
initiation codon a proline (Pro249, Figure 38). The short isoforms has been also characterized in mouse
but two transcripts were identified: one starting from exon 7 (with an initiation codon in exon 8) and
the second one starting from exon 9 (Hori et al., 2014). A recent study showed the high transcriptional
complexity of auts2 in zebrafish, reporting numerous different isoforms mediated by alternative

splicing as well as alternative promoter usage. Moreover, the expression of the different transcripts is
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spatially and temporally regulated (Kondrychyn et al., 2017). Therefore, the characterization of this
short isoform is not yet clear.

Several mouse models have been generated to understand the role of Auts2: a constitutive knockout
affecting the long and short isoforms and one in which only exon 8 is removed, and a conditional
knockout with a nestin promoter-driven disrupting exon 7. For the latter, the full homozygous and the
heterozygous Auts2 knockout were characterized and in both models a growth retardation was
observed, with heterozygotes showing an intermediate phenotype between wild-type and
homozygotes, indicating a gene-dosage dependent effect. Defects in righting reflex and in emitted
ultrasonic vocalizations were noticed (Gao et al., 2014). On the other hand, both the constitutive
homozygotes were neonatally lethal. Examinations of embryonic brains did not point out any
morphological or histological differences between wild-type and mutant mice but defects in cortical
neuronal migration were observed. In the knockout mouse lacking the exon 8 the full-length isoform
was eliminated while the expression of a short isoform starting at exon 9 was alternatively increased,
suggesting a compensatory mechanism. Further analysis in Auts29¢/* and Auts2%/%¥ mice showed
defects in neuronal cortical migration and axonal elongation in a gene dosage-dependent way,
indicating that the long isoform is majorly involved in these processes, since the short isoform was still
expressed in these knockout models. As a matter of fact, these phenotypes were rescued by co-
electroporation of the full-length AUTS2 isoform (Hori et al.,, 2014). Behavioural analyses on the
constitutive heterozygous knockout mice for both isoforms showed neurocognitive, recognition and
associative memory defects, suggesting that AUTS2 is implicated in emotional control as well as in
learning and memory formation (Hori et al., 2015).

4.1 ROLE OF AUTS2

In mouse, Auts2 is well expressed in several brain regions, among which cortex, hippocampus and
cerebellum, from early neurodevelopmental stages at the embryonic day 12 and being continuously
present postnatally, even if the expression level is lower after birth (Bedogni et al., 2010a). Auts2 is
well expressed in the developing cerebral cortex where is majorly expressed in the prefrontal region.
Auts2 has been reported to be exclusively present in nuclei during development and, as the
neurodevelopment advances, it emerges also in the cytoplasm and dendrites and axons of the
differentiated neurons (Hori et al., 2014).

It has been shown that the two AUTS2 isoforms are differentially expressed: the long transcript is
present both in the cell nuclei and cytoplasm and it is expressed during development and after birth;
conversely, the short one is nuclear and it disappears shortly after birth (Hori et al., 2014). These
differential expressions could be explained by a distinctive role of AUTS2. For instance, it has been
demonstrated that the nuclear AUTS2 acts as a transcriptional regulator for neuronal development. A

combined ChIP analysis and RNA-sequencing on mouse embryonic forebrain showed that AUTS2 binds
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to promoters of genes highly expressed in the developing forebrain (Oksenberg et al.,, 2014).
Furthermore, AUTS2 interacts with the polycomb repressive complex 1 (PRC1) known to repress
transcription. When AUTS2 binds to the PRC1, it inhibits its repressive activity by recruiting the caseine
kinase 2 (CK2) and activating gene transcription (Gao et al., 2014). On the other hand, AUTS2 in the
cytoplasm is involved in cytoskeletal regulation from one side by activating via the proline-rich domain
1 (PR1) Racl, which is a Rho family small GTPase that regulates polymerization and microtubule
dynamics and promoting lamellipodia formation and neurite extension and, on the other side by
inhibiting Cdc42, another Rho family GTPase, leading to repression of filopodia formation in neurites
and cell bodies of neurons. Knockdown of Auts2 in neurons of embryonic mouse brains resulted in
neuronal migration defects that were rescued only by the introduction of the full-length AUTS2,
indicating that the long isoform is involved in neuronal migration (Hori et al., 2014).

4.2 IDENTIFICATION OF PATIENTS WITH POINT MUTATION IN AUTSZ2

Despite the large number of reported patients with a deletion encompassing AUTS2, only two point
mutations were reported in literature in individuals affected by moderate ID, microcephaly and ASD,
but none of them was located in this short isoform (Beunders et al., 2015, 2016). Later on, SNVs have
been reported in the Decipher database and still the majority of them affects both isoforms
(Deciphering Developmental Disorders Study, 2017). By targeted-sequencing and WES, we identified

four truncating mutations: two of them are de novo, one in a boy mainly affected by growth retardation

and moderate ID and another one in a girl with mild ID and ASD (Figure 37). The other two SNVs were
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Figure 37: Pedigree of the identified four families with a point mutation in AUTS2
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identified in two unrelated families with a variable degree of ID evocating an autosomal dominant
inheritance: in one family the variant is transmitted by the mildly affected mother to the two more
severely affected child, while the second one includes at least three generations affected by a variable
syndromic form of ID and ASD (Figure 37).

Moreover, we have been in contact with other research teams that detected inter- and intra-genic
deletions of AUTS2 and 2 additional patients with a truncating SNV in this gene, located upstream of

the putative short transcript identified by Beunders et al. (2013) (Figure 38).
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Figure 38: AUTS2 protein and the relative position of the identified SNVs

In red are shown the variants of patients whose fibroblast were available; in orange are reported the additional variants
identified; in black the mutations reported either in literature or in the Decipher database. PR stands for proline-rich and
His stands for histinde-rich domain.

Overall, several studies revealed the complexity of AUTS2, having different roles as a transcriptional
activator as well as cytoskeletal regulator. However, it is still not clear how human mutations —and in
particular SNVs — lead to such variable neurodevelopmental disorder, comprising ID and ASD, thus the
affected molecular pathways are still not identified. It has been demonstrated that deletions of this
gene encompassing the 3’ region lead to a more severe phenotype, implicating the contribution of the
short isoform majorly in giving rise to the phenotype. Nevertheless, different short transcripts have
been described in animal models.
Therefore, the objectives of this project are to:

- characterize the AUTS2 isoforms in different tissues;

- analyse the functional consequences of AUTS2 mutations and investigate their effect in gene

expression regulation;

- Delineate the clinical phenotype of AUTS2 patients

4.3 CHARACTERIZATION OF AUTSZ2 ISOFORMS

In a RNA-sequencing previously performed on human neuronal stem cells (hNSCs) (Quartier et al.,

2018), we observed that the short transcript is majorly present (~90%) in this type of cells. In the RNA-
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sequencing of human fibroblasts we still noticed the presence of the short isoform, but the ratio is
more balanced (~60% short: 40% long). Furthermore, we identified reads in the RNA-sequencing that
led us to suspect the existence of two supplementary exons in the short transcript upstream of exon
6, which have named 5b and 5c, where 5c is closer to exon 6 than 5b (Figure 39). These two exons are
present in an exclusive manner, i.e. either only one exon is included so they are not both present in

the same transcript.
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Figure 39: Scheme of the AUTS2 long and short isoform in the last genome version (hg38) and additional identified exon

In the upper part, a schematic representation of the long and short isoform in the last genome version. In the bottom
part, a scheme of the identified supplementary exon and their relative ratio in hNSCs and human fibroblasts.

Exon 5c is annotated in Ensembl (ENST00000489774.1) but in an isoform with only 2 exons. Our RNA-
sequencing data and RT-PCR confirms that 5c is included in the short transcript both in human
fibroblasts and in the 85% of the short isoform of the hNSCs, while the remaining 15% contains exon
5b. On the other hand, 5b is not present in human fibroblasts and the exon 5c is included in the 65%
of the short transcript (Figure 39). The exon 5c is also found in mouse (ENSMUST00000161374.7) and
its presence is confirmed by RNA-sequencing on brain mouse available online

(https://web.stanford.edu/group/barres lab/brain rnaseg.html) (Zhang et al.,, 2014). On the other

hand, neither in human nor in mouse there is an in-phase methionine before the exon 8 (Met459),
hence it is not possible to exclude the presence of another initiation codon, such as the Pro249.

4.4 FUNCTIONAL CONSEQUENCES OF AUTS2 MUTATIONS

To investigate the functional consequences of the identified SNVs and to prove their pathogenicity, we
analysed the RNA from available patients’ fibroblast.

First, we performed a gPCR analysis to check if mutations may undergo a NMD mechanism, using two
different couple of primers, one encompassing the long and the short isoform, while the second one

amplifies from exon 5c to exon 7. Overall, we did not observe a significant decrease of AUTS2 mRNA
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level in patients’” RNA compared to RNA from 4 matched controls, except from the patient with a
splicing mutation.

To analyse if there is a mutation effect on the gene expression regulation, we performed a
transcriptomic analysis on the available patients’ fibroblast. A total of 4 patients (of which 2 females
and 2 males) from family 1, 2 and 3 were RNA-sequenced in parallel with 4 controls that were sex- and
age-matched. Bioinformatic and statistical analysis was then performed as described in Differential
Expression (pg. 83).

By RNA-sequencing we have been able to validate the spliced mutation identified in family 3, as the

MRNA sequence showed a retained intron (Figure 40), validating the in silico predictions.
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Figure 40: Retained AUTSZ2 intron in patient from family 3

Overall, about 500 genes were differentially expressed in patients. Two lists of genes were obtained
after the filtering-step: the up- and the down-regulated genes. Among the up-regulated genes, we
noticed in AUTS2 patients a significant increase of RELN expression at different levels among boys and
girls; RELN is known to be differentially expressed in males and females (Lintas and Persico, 2010) and
it is involved in cerebrocortical development. RELN encodes a glycoprotein produced by specific cell
types within the developing brain and it activates a signalling pathway that regulates different
molecular mechanisms (e.g. actin dynamics) that are required for proper neuronal migration and
lamination, dendrite and spine development and synaptic function. For instance, homozygous
mutations in this gene have been reported in patients affected by lissencephaly, a cortical
development malformation. Curiously, RELN and AUTS2 are activated by the same transcription factor
TBR1, which is a brain-specific T-box transcription factor that regulates laminar identity of postmitotic
cortical neurons, axonal pathfinding and neuronal migration (Bedogni et al., 2010b). RELN increase in
AUTS2 patients was further validated by gPCR in three different RNA extractions.

The up- and down-regulated gene lists were then analysed on the functional annotation tool of the
Database for Annotation, Visualization and Integrated Discovery v6.8 (DAVID) and on the Ingenuity
Pathways Analysis (IPA®, Qiagen®). Only modules with a Bonferroni corrected p-value below 0.01 were

considered. While we did not observe the presence of any significant annotation cluster in the
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upregulated genes, we identified a significant enrichment of clusters that included terms such as cell
cycle, mitosis, cell division; centromere, kinetochore, chromosome; kinesin, microtubule (Figure 41).
Particularly, we noticed a reduction in genes coding for kinesins (e.g. KIF2C, KIF4A), centrosomal
proteins (e.g. CENPE, CENPJ) and for all the subunits of the Ndc80 complex (NDC80, NUF2, SPC24 and
SPC25), which is involved in microtubule-kinetochore attachment.

Cytoskeletal organization is crucial during neurodevelopment, as it is implicated in a large variety of
molecular mechanisms, ranging from the regulation of cell division and migration, to the growth of
extensive dendritic arbores and axonal branches, to the transport of cargos along those fibres. The
cytoskeletal components microtubules and microtubule-associated proteins are known to play an
essential role in the different phases of brain development, such as neurogenesis, neuronal migration,
axon growth and synapse formation. Indeed, mutations in human genes coding for several tubulin
isoforms (e.g. TUBG1, TUBB) or microtubule motor proteins (e.g. KIF2A, KIF4A) have been associated
to various neurodevelopmental disorders with or without cortical developmental malformations,

which are usually caused by defects in neuronal migration or proliferation.
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Figure 41: Enrichments scores of the significant enriched functional annotation clusters in DAVID

Centrosome is the major microtubule-organizing centre that controls several cellular processes, among
which cell cycle progression, DNA damage response, mitotic spindle formation and genome stability
(Barbelanne and Tsang, 2014). The identification of mutations in genes encoding for centrosomal
protein in patients affected by primary microcephaly or cortical malformations further places the
centrosome as a key regulator in cortical development, especially in neuronal division, migration and
proliferation.

The RNA-sequencing in AUTS2 patients showed a decrease in the expression level of different
microtubule-associated proteins, among which centrosomal proteins that have been implicated in
primary microcephaly, in detail: STIL, WDR62, ASPM, CENPE, CENPJ and KNL1. These genes are known
to encode for proteins which are involved in mitotic spindle assembly and cell division. Furthermore,

expressions of different genes encoding for kinesin proteins, which are molecular motors that uses
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microtubules to actively transport cargos along, were reduced in AUTS2 patients, specifically, 10
kinesin out of the 45 total mammalian kinesin (~22%) (Hirokawa et al., 2009). Other genes implicated
in microtubule processes have a decreased expression in AUTS2 patients, such as all the genes
encoding for the subunit for the Ndc80 complex. This complex has a role in assembling the kinetochore
itself and its ability to bind and link spindle microtubules to mitotic chromosomes, hence it is an
important component for chromosome segregation.

As the RNA-sequencing data pointed to an alteration of genes encoding for proteins involved in the
spindle apparatus, we tested if patients’ fibroblasts have any defects in the mitotic spindle orientation,
by checking the mitotic spindle angle. Control and patients’ fibroblast were treated with R03306
(Roche) — an inhibitor of CDK1 - at a final concentration of 10uM for 19 hours to synchronize cells in
the G2 phase in order to release them into the mitotic phase. Fibroblasts were then fixed with 4%
paraformaldehyde, blocked in 10% foetal calf serum in 0.2% triton, 0.1% bovine serum albumin-TBS
1X and immunostained for tubulin (Abcam, AB6160, 1:1000) and pericentrine (Millipore, AB859, 1:500)
overnight at 4°C. Alexa-coupled secondary antibody were used at 1:1000, followed by Hoescht
staining. Images were then acquired using a confocal microscope (Leica). At first, we also checked for
chromosome lagging in patients’ fibroblast but we did not observe it. Spindle angle measurements
were then made using the Macro spindle orientation cells plugins of Imagel. As schematically
represented in Figure 42, spindle angles measurement derived from the measures of spindle pole

positions that were taken from fixed and immunostained adherent cells (Mannen et al., 2016).

Parallel . Angled R

Figure 42: Schematic representation of the mitotic spindle angles measurements (Adapted from (Decarreau et al., 2017))

4 patient cell’s lines, including 3 individuals whose RNA was sequenced plus an additional patient with
a deletion encompassing AUTS2, were compared to 4 different control’s fibroblasts. Overall, we
observed higher mitotic spindle angles in patients than in controls (Figure 43), indicating that

mutations in AUTS2 lead to defects in the spindle apparatus.
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The RNA-sequencing data points to a role of AUTS2 in microtubule regulation, with a special focus on
microtubule-associated proteins involved in cell division and chromosome segregation, as showed also
by the mitotic spindle angle measurements, as well as in cargo transport of the protein kinesin family.
The full-length isoform and cytosolic AUTS2 was already described to regulate actin dynamics via the
regulation of two Rho family GTPases, thus it is involved in neurite outgrowth and branch formation
as well as neuronal migration via Racl signalling pathway (Hori et al., 2014). Our data showed that
truncating mutations leads to a decrease in expression levels of genes involved in microtubule
regulation, particularly during cell division. We observed a significant difference in the mitotic spindle
angles between controls’ and patients’ fibroblasts, suggesting a defect in the spindle apparatus

probably due to a dysregulation in microtubules and microtubules-associated proteins.

4.5 CONCLUSIONS AND PERSPECTIVES

Overall, we identified four rare point mutations in four unrelated families: two of these mutations are
de novo, while the other two are present transmitted in an autosomal dominant manner and they give
rise to a variable phenotype, even among relatives. The identification of either a deletion or a SNVs
are found in a relative high percentage of patients affected by ID/ASD (0.3-0.4%), revealing AUTS2 as
one of the most mutated gene implicated in these neurodevelopmental disorders.

Moreover, we characterized two novel exons of the short isoforms of AUTS2 in hNSCs and fibroblasts.
However, it is difficult to understand if exon 5c, 6 and 7 are coding in the short isoform, hence to
understand if mutations located in those sites are affecting this short transcript.

We investigated on the functional consequences of these SNVs in four available patients’ fibroblasts

from family 1, 2, and 3. We observed a NMD decay for only one patient (family 3), while we did not
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see it in the other individuals. A RNA-sequencing analysis pointed out a decrease in the expression
levels of genes involved in cell cycle, mitosis, cell division; centromere, kinetochore, chromosome;
kinesin, microtubule. Analyses on the spindle angles from AUTS2 patients further confirmed a
dysregulation in the mitotic apparatus spindle, probably due to transcriptional regulation alteration of
genes coding for proteins related to microtubules.

To further confirm that AUTS2 mutations alters the transcriptional regulation of genes coding for
microtubule-related proteins (especially centrosome and kinesin) additional studies should be carried
out, especially in different cell type. For instance, it would be interesting to inactivate AUTS2 in hNSCs
by using siRNA to verify if the expression of the identified downregulated genes is directly affected by
a decreased level of AUTS2 or it is rather a long-term effect. Furthermore, it would be interesting to
separately inactivate the short and the long transcripts to better understand the contribution of each
isoforms: this would be possible thanks to the identification of additional exons specific of the short
isoforms. Moreover, it would be useful for the identification of the translational initiation codon, so to
check if the identified SNVs affect the coding sequence of the short isoform. The better
characterization of alterations of the centrosome (i.e. structure and protein localization) and of the
microtubular cellular transport could help in the better characterization and understanding of the SNVs
effect.

Another goal of this project is to better delineate the AUTS2 syndrome. Indeed, individuals with a
mutation in this gene have a variable phenotype, which may include ID with or without ASD as well as
other clinical features. This variability could be explained by the localization of the mutation, as
previously showed by the comparison of a severity score between patients with a disruption affecting
the N and the C terminus of AUTS2 (Beunders et al., 2013). On the other hand, even individuals with
the same mutation have a variable phenotype (see family 2 and 4), suggesting the presence of other
factors involved (e.g. mutations in other gene(s)). Therefore, it is extremely difficult to predict a
correlation between the genotype and the phenotype; it is hence essential to collect as much clinical
information as possible to calculate a comparable clinical severity score. This will also help to test if
effectively males are more severely affected than females, as we observed in our cohort of patients.
For instance, we observed in AUTS2 patients a significant increase of RELN expression, a gene known
to be differentially expressed in males and females. Interestingly, AUTS2 and RELN are activated by the
same transcription factor TBR1, a brain-specific T-box transcription factor that has been showed to
regulate several other transcription factors involved in ASD, implicating it in the activation of a
transcriptional cascade probably implicated in the autism pathogenesis (Chuang et al., 2015).
Interestingly, in Tbr1” mice the expression level of both RELN and AUTS2 were reduced. Additional
studies showed that TBR1 directly binds to the promoter region of both genes and regulates their

transcription (Bedogni et al., 2010b; Chuang et al., 2015). Furthermore, it has been shown that many
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genes associated with Tbr1 in mouse are also shared by Ar coding for the androgen receptor (i.e. Ovos2,
Cldn3, Nrgn and Cd44) (Chuang et al., 2015). Therefore, mutations in AUTS2 might lead to a
dysregulation of this pathway, leading to alteration in RELN expression. However, the molecular
mechanism is not clear (does AUTS2 directly regulates RELN or it does so indirectly, for example, by

altering PRC1 regulation?), hence further investigations are required (i.e. ChlIP, protein analysis).
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GENERAL DISCUSSION
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Before the introduction of NGS technologies, genetic testing in ID patients was previously limited to
fragile-X testing, array-CGH and direct sequencing of genes associated to specific syndromes evoked
by the patient’s phenotype, limiting the diagnostic yield, especially if we consider that more than 700
genes are implicated in ID. This high genetic heterogeneity hinders patients’ diagnosis that is necessary
for genetic counselling and to give parents an explanation, and may be useful for medical prognosis of
the patient as well as his management and healthcare. NGS technologies greatly improved the
diagnostic yield and they are now routinely used in clinical laboratories. For instance, when | arrived in
the lab, a TS on an initial cohort comprising more than 200 patients gave a molecular yield of about
25% (Redin et al., 2014). Despite the TS gave a relatively high diagnostic yield, most of the patients
remained without a molecular diagnosis. This could be explained by limitations of the TS approach
itself that could be overcome by the WES. To increase this diagnosis yield, we sequenced mainly by
trio-WES a small cohort of patients that did not receive a molecular diagnosis via TS as well as
individuals from multiplex families and with a highly evocative syndromic ID. This strategy increased
the general diagnostic yield: overall, WES gave a diagnostic yield of about 30% in the cohort, and more
than 40% as a cumulative estimate of our combined NGS strategy (TS + WES).

Conversely to our approach, WES is frequently used in clinical laboratory as a first-intention genetic
testing. It has been argued that early testing by WES could save money and time, especially for children
with a severe phenotype (Soden et al., 2014). It has been estimated that the cost of prior negative test
is 19 100 $ per family, while an exome sequencing is no more than 7640 $ per family (and 2996 $ per
individual). Beside the economic factor, the diagnosis could have been made years in advance, ending
the diagnostic odyssey that many families are experiencing. A comparison study was also performed
between a panel with 500 genes, WES and WGS and concluded that the most optimal approach for
diagnosis of ID is the WES, since it well covers the genes present in the panel but it is not as expensive
and labour as the WGS (Sun et al., 2015). However, the WES has to reach an adequate coverage in
order to limit false positive and negative results. Furthermore, WES data analysis is fast and exhaustive
if patients are sequenced in parallel with their parents, significantly increasing the cost, otherwise - in
my limited experience - the number of variants is too high to be carefully analysed. One solution could
be to focus only on the known ID-genes but this limits the power of the WES approach, which is the
detection also of unknown ID genes. The augmented use of WES has raised some ethical issues
concerning the delivery of the results of the so-called incidental or secondary findings that, up to now,
is still a matter of debate that is eventually becoming addressed by the scientific community. According
to the American College of Medical Genetic and Genomic (ACMG), it is better to refer to them as
secondary findings, since they also need to be analysed to conclude on their pathogenicity. Another
issue is whether to return all of these detected variants or just the ones in genes for which is possible

to prevent and manage a disease, referred to as actionable genes (e.g. BRCA1, TP53). In the recent
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guidelines provided by the ACMG, 59 medically actionable genes were recommended for return in
clinical genomic sequences (Kalia et al., 2017). However, there are still ethical concerns on whether to
report a known pathogenic variant in a gene with incomplete penetrance, so with an uncertain

outcome, or in a gene causing a disease for which actions cannot be taken.

The routinely use of NGS technologies has led to a significant increase in novel mutation and genes
implicated in ID but, in parallel, there is also a growing number of variants whose significance is
ambiguous (VUS). With the expanding use in recent years of WES in clinical laboratories, a related term
to VUS came out indicating genes whose implication in ID is not proven or not clear (GUS). The
validation of these VUS and GUS is partially facilitated by the increasing number of patients sequenced,
as the chances to identify several or clustered mutations in the same gene are higher. The development
of tools promoting such data exchange (i.e. MatchMaker) is indeed facilitating variant interpretation,
as demonstrated by their important contribution in the identification of a large number of novel ID
genes. These tools are an effective method for validating VUS and GUS pathogenicity, especially in
clinical laboratories, where the advent of routine WES led not only to variant interpretation but also
to novel ID gene identification. For instance, thanks to data exchanging, we have been able to re-
evaluate several VUS and GUS (i.e. NARS, CNOT3) in a relative short time. However, the comparison of
the phenotype can be problematic if the clinical manifestation is variable or not specific. Therefore, it
is not always easy to conclude on the pathogenicity of the variant and functional analysis are still
required but, at present, the number of VUS or GUS generated by NGS technologies are more that can
be validated by just one clinical laboratory. One solution is the collaboration between clinical and
research laboratories, but research studies take a long time that is not compatible with the need of a
fast diagnosis in hospital. Another possibility is to refer to a laboratory that already published on this
gene, so that has an already established protocol and analysis, as we did for the identified variants in
UNCI13A. However, it is difficult to obtain the lab to test for variants after the initial publication or
without the inclusion of the patient in a paper.

As the molecular characterization of novel and recurrent ID-genes is progressing, molecular signatures
are identified, such as for example the genome-wide methylation signature identified in patient with
a mutation in NSD1, a gene coding for a methyltransferase and implicated in a syndromic ID (Choufani
et al., 2015). Our investigations on deciphering the molecular mechanisms involved in monogenic
forms of ID in BRPF1, NOVA2, THOC6 and AUTS2 helped in the identification of potential molecular
signatures but future works have still to be addressed in this direction. The characterized molecular
signatures could then be used for a rapid screening to test the pathogenicity of a VUS, even in a clinical

laboratory.
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The identification of genes implicated in ID is extremely important for dissecting ID, delineating the
involved molecular pathway and for understanding human brain development. By using a combined
NGS strategies (TS+WES), we have been able to identify a novel genetic cause of ID in 13% of individuals
in our small cohort of patients.

Interestingly, most of the identified mutations were in genes involved in regulation of gene expression,
highlighting the importance of the fine-tuning gene expression during neurodevelopment. This
molecular pathway is becoming more and more investigated, rising several questions. For example,
many chromatin-related genes identified in ID with a germline mutation have been reported in cancer
when mutated at the somatic level (e.g. KMT2A, SETBP1, BRPF1) but in most of cases germline
mutations in these genes do not (or only slightly) increase the risk of tumour formation (e.g. EP300).
Another issue is to understand how a change in this global regulation could cause such a specific
phenotype. This raises the current question of how germline mutations in such ubiquitous proteins
could lead to specific defects in brain development and synaptic functions. An explanation might be
that neural cells are more sensitive than other cell types, in particular during their differentiation into
neurons. Interestingly, most of the mutations in chromatin-related genes associated to
neurodevelopmental disorders seem to be gene-dosage sensitive (Berdasco and Esteller, 2013) and
the majority of them give rise to a phenotype with a haploinsufficiency mechanism, as we also
observed in BRPF1. A well-known example of the importance of gene dosage is showed by the X-linked
MECP2 gene. Mutations in this gene are implicated in the Rett-syndrome (RTT) (OMIM: 312750) in
females, while a lethal encephalopathy was observed in males whom mother was either an
asymptomatic or mildly affected carrier (Zeev et al., 2002), but mutations leading to a truncated
protein with partial function result in a syndromic ID (Couvert et al., 2001; Meloni et al., 2000). On the
other hand, duplication of this gene have been reported to cause a syndromic ID with high penetrance
in males but not in females, who are usually asymptomatic (Van Esch et al., 2005). Studies on the
olfactory receptor neurons of RTT patients (Matarazzo et al., 2004) and also in the mouse model (Kishi
and Macklis, 2004; Palmer et al., 2008) showed defects in neuronal maturation. Similarly, analyses on
induced pluripotent stem cells (iPSCs) showed a reduced number of dendritic spines and synapses
(Landucci et al., 2018; Marchetto et al., 2010). Studies on human embryonic stem cells (hESCs),
developing to neuronal precursor cells and then to neurons, reported that MECP2 acts as a
transcriptional activator in neurons but not in neuronal precursors (Li et al., 2013). Overall, these
studies indicate a major role of MECP2 in neuronal maturation, functioning and maintenance, rather
than neurogenesis that could explain why the RTT phenotype is observed starting from 6-18 months
of age, which is indeed a timing not related to neurogenesis. As a matter of fact, also the temporal
regulation could lead to the rising of specific defects in brain. Among the various regulatory

mechanisms, there is the alternative splicing, which regulates the presence of isoforms specifically
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expressed in brain at particular time point, a mechanism mainly orchestrated by RBPs. NOVA2 is a RBP
regulating such alternative splicing events and the identification of mutations in patients affected by a
syndromic ID leading to alterations in splicing events, further support the important role of RBPs in
brain development regulation. Interestingly, NOVA2 and its paralogous NOVA1 have been implicated
in the paraneoplastic neurologic syndrome (POMA), a neurological disorder characterized by ataxia
with or without opsoclonus-myoclonus. POMA is caused by the production of antibodies directed
toward a malignant tumor that damage another normal tissue. NOVA2 was first identified as an
autoantigen in a subset of POMA patients that developed also cognitive impairment and in some cases
encephalopathy (Yang et al., 1998): this neurological disorder is thus caused by the absence of NOVA2,
as itis sequestered by the antibody. Defects in RBP have been implicated in a broad spectrum of human
diseases, including neurological disorders, encompassing neurodevelopmental and neurodegenerative
ones. The difference in the phenotype could be explained by a different type of mutations leading to
a different molecular mechanisms. For instance, deletions and severe missenses in PUM1 have been
identified in patients affected by a global developmental delay syndrome, including speech delay and
ID as well as ataxia and seizure, while a rare missense variant was identified in a family with several
members affected by an adult-onset ataxia with incomplete penetrance (Gennarino et al., 2018).
Functional investigations on these variants revealed that the degree of severity of these two disorders
is linked to the amount of PUM1 protein, which is a RBP involved in the translation repression. Among
its targets, it has been described ATXN1, for which mutations have been implicated in spinocerebellar
ataxia-1 (Gennarino et al., 2015). The fragile-X syndrome protein FMRP has been also implicated in a
late onset adult-onset neurodegenerative disease: when CGG expansion in the 5’"UTR of FMR1 has an
intermediate number of repeats, it is not sufficient to cause Fragile-X but it causes the Fragile-X Tremor
Ataxia Syndrome (FXTAS). Two main molecular mechanisms have been proposed for this disorder: one
in which the produced expanded CGG-repeats in the 5’UTR of FMRI mRNA sequester several proteins
resulting in neuronal dysfunction (Iwahashi et al., 2006), and a second one in which FXTAS is caused
by repeat-associated non-AUG (RAN) translation of the expanded repeats (Sellier et al., 2017),
producing small toxic peptides. Overall, defects in RBPs causing both neurodevelopment and
neurodegenerative disorders highlight the importance of gene expression regulation in neuron survival

and function and provide a link between these two categories of brain disorders.

Even if more patients than before received a molecular diagnosis, analysis of coding sequences of the
genome cannot explain all the genetic cases of ID. The role of non-coding regions - corresponding to
98% of the genome - is now emerging as more and more important. Indeed, non-coding regions are
particularly important in gene regulation, as they contain many regulatory elements (i.e. promoter,

alternative splicing and enhancer), and they are also crucial for proper chromatin and epigenetic
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organization. It has been shown that regulatory regions are among the most constrained regions of
the human genome (lulio et al., 2018), in line also with the described contribution of de novo mutations
in regulatory elements to severe neurodevelopmental disorders (Short et al., 2018). As its cost is
constantly decreasing, WGS approach is becoming more frequently used, as it is the most
comprehensive tool, since it enables the detection of all SNVs; moreover, due to its uniform coverage,
it allows the identification of balanced and unbalanced structural variants, which is not possible with
the WES. Therefore, as it has been estimated that a high percentage of genetic anomalies in a coding
region is a cause of ID (Gilissen et al., 2014), we can reason that WGS is going to solve a large portion
of patients, not only those with variants in non-coding regions.

Despite the technical inconvenient of the WGS (e.g. data elaboration and storage), the big limitation
of WGS is that we still do not have a complete and full understanding of non-coding regions, thus
resulting in poor variant annotation and consequently in poor variant prioritization. As in an individual
there are millions of variants and many of them are unique, we are thus back to the classical “needle
in the stack”. Even if tools for understanding variants in non-coding regions are emerging, most of
them are restricted to specific functional categories and we are still missing pieces of information. For
example, the interpretation of a rare de novo variant in the 5’"UTR of MEF2C was hindered by the lack
of integrated interpretation tools. Nonetheless, specific international consortia (e.g. ENCODE,
Roadmap Epigenomics) are progressing our understanding as well as the development of integrated
map with all the regulatory elements of the human genome. Furthermore, it is also emerging the
importance of the 3D genome: for instance, topologically associated domains (TADs) are extremely
important for bringing together the proper regulatory elements and their disruption has been shown
to cause gene expression dysregulation leading to disease, even by disruption of distal elements
(Lupiaiiez et al., 2015; Redin et al., 2017). It is thus important to consider the 3D genomic architecture
and tools for the predictions of regulatory perturbations and interactions within the genome are
currently emerging (Bianco et al.,, 2018; Stadhouders, 2018). The ultimate goal would be a
comprehensive database including gene annotations of non-coding regions, functional and constraint
data as well as allelic topological conformations in different cell-types at different times, in order to
predict the effects of variants in non-coding regions integrating all our knowledge on regulatory
elements, gene expression, chromatin folding and modifications.

Many mutations in non-coding regions might affect the mRNA level; to this end, RNA-sequencing can
be a useful tool for directly visualizing the mutation effect, as recently demonstrated (Cummings et al.,
2017; Kremer et al., 2017). Even if our preliminary results on a small cohort of ID patients are not so
encouraging and much work has to be done to implement this analysis, RNA-sequencing could be a
good complementary tool to WES and WGS to identify variants in non-coding region and understand

their consequences at the same time, obviating the need of prediction tools for variant interpretation.
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Indeed, its big and obvious limitation in neurodevelopmental disorders like ID is the inaccessibility of
the relevant tissue, so relevant genes that are tissue-specifically expressed are missed; a solution to
overcome this issue could be the RNA-sequencing on iPSCs derived from patients’ cells. The Genotype-
Tissue Expression (GTEx) project proved the efficiency of the RNA-sequencing to identify the
association between genetic variation and gene expression levels, by characterizing eQTL (both local
and distal) across multiple tissues (GTEx Consortium et al., 2017). Overall, these information are
important for assessing the functional properties and consequences of genetic variants and to verify
their effect in a specific tissue of interests and could thus explain the many genetic variants previously
identified by GWAS that have been associated with human complex disorders. For instance, this could
also help in the better understanding of ASD for which - even in our small cohort - its genetic seems to
be more complex. This could open the way to the identification of several risk factors with a moderate
or variable risk rather than the full penetrance of a single genetic cause, which identification is limited

by our current approaches.

Nevertheless, even with the future advent of WGS, we can predict that we will not identify a single
pathogenic mutation in all ID-patients. There might exist some more complex genetic forms of
neurodevelopmental disorders for which our current methods of analyses are still limited. For
instance, while prioritizing the variants, we filter out alleles that are present in the unaffected parents.
Therefore, the identification of ADID with incomplete penetrance is still limited, even if the clinical
relevance for inherited or common variants was previously shown, for example, in different CNVs, such
as in the 15g13.3 and 16p11.2 regions (van Bon et al., 2009; Zufferey et al., 2012). In some cases, the
re-evaluation of the parents may reveal a milder phenotype that was previously not noticed (as we
observed in two AUTS2 families), underscoring the importance of clinical evaluations.

Moreover, polymorphisms and variants with an allelic frequency too high in the general population
are usually filtered out; however, some of these may be pathogenic in combination with rare variants.
For example, the thrombocytopenia—absent radius (TAR) syndrome (characterized by
hypomegakaryocytic thrombocytopenia and bilateral radial aplasia) has been associated with a
microdeletion on chromosome 1g21.1 but - as an AR inheritance was evocated - other additional
modifiers were suspected to contribute to the disorder (Klopocki et al., 2007). It has been only years
later that two low-frequent SNPs in two non-coding regions were identified as causative implicated
alleles (Albers et al., 2012), postulating a hypomorphic mechanism in which one allele is null and the
expression of the second one is reduced, due to the SNP. Due to their relatively high MAF, these SNPs

would have probably been filtered out in a WGS.
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A variable phenotype could also be explained by a more complex inheritance pattern, such as the
combination of multiple genetic variants; however, these studies are limited by the need of a large
number of individuals to prove the effect at the cohort level, even for a digenic event. For instance, it
has been showed that patients with 16p12.1 microdeletions have significantly more often a second
large CNV compared to controls and some of them have a more severe phenotype, whereas carrier
parents present more neurological or neuropsychiatry anomalies more often than the non-carrier
parents (Girirajan et al., 2010). Another study reported a significant enrichment of variants in SHANK2
affecting conserved amino acids in ASD patients compared to controls (Leblond et al., 2012), which
were also associated to alterations in the synapse density in neuronal cell cultures. Moreover, the
authors also reported that ASD probands carry intragenic de novo deletions in SHANK2 along with
inherited CNVs at the 15q11-q13 locus affecting either CHRNA7Z or CYFPIP1 (Leblond et al., 2012). These
results supported the presence of putative modifiers genes (that could be either protective or risk
genetic factors), in line with a multiple hit hypothesis. Indeed, a multifactorial model has been
proposed in neurodevelopmental disorders, particularly in ASD, as several studies demonstrated that
de novo CNVs and LoF SNVs are more present in children with ASD than in controls (lossifov et al.,
2014; Sanders et al., 2012; Schaaf et al., 2011) and recent studies reported that common variants are
largely implicated in the risk of autism (Gaugler et al., 2014; Klei et al., 2012). Nevertheless,
multifactorial models with an interplay between genetic and environmental factors have been also
proposed, as also environmental factors could play a role (i.e. the prenatal exposure to androgens

(Quartier et al., 2018)).

In conclusions, in recent years there has been a great improvement in NGS technologies that allowed
us to identify and to better understand novel genetic causes of ID, paving the way toward personalized
medicine and potential therapeutic targets. In the next-future, one can imagine there is going to be a
similar increasing in the understanding of variants in non-coding regions, providing a molecular
diagnosis for some of the current unexplained cases of ID. Nevertheless, not all of them can be
explained by a monogenic and highly penetrant model and new methodologies of analysis have to be

developed to disentangle more complex inheritance patterns.
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APPENDIX 1:
Novel de novo mutations in ZBTB20 in Primrose syndrome with
congenital hypothyroidism

We identified 2 de novo missense mutations that have never been reported in ZBTB20 — a gene recently
implicated in Primrose syndrome (Cordeddu et al. 2014) —in a patient whose phenotype well resembles
to the one described. These two variants are close to the previously identified mutations — which are
located in the zinc-finger and linker region —, confirming the implication of the gene in this syndromic
form of ID and the important role of this region of the protein in the syndrome etiology. Reverse
phenotyping showed that this patient presents with classic features of Primrose syndrome
(dysmorphic facies, macrocephaly, hearing loss, hypotonia, hypoplasia of the corpus callosum) and, in
addition, congenital hypothyroidism. Review of the literature reveals another Primrose syndrome
patient with hypothyroidism and thus this may represent an under recognized component that should

be investigated in other patients.
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The cardinal features of Primrose syndrome (MIM 259050) are
dysmorphic facial features, macrocephaly, and intellectual dis-
ability,as well as large body size, height and weight, and calcified
pinnae. A variety of neurological signs and symptoms have been
reported including hearing loss, autism, behavioral abormal-
ities, hypotonia, cerebral calcifications, and hypoplasia of the
corpus callosum. Recently, heterozygous de novo missense
mutations in ZBTB20, coding for a zing finger protein, have
been identified in Primrose syndrome patients. We report a boy
with intellectual disability carrying two de novo missense muta-
tions in the last exon of ZBTB20 (Ser616Phe and Gly741Arg;
both previously unreported). One of them, Ser616Phe, affects an
amino acid located in one of the C2H2 zing-fingers involved in
DNA-binding and close to other missense mutations already
described. Reverse phenotyping showed that this patient
presents with classic features of Primrose syndrome (dysmor-
phic facies, macrocephaly, hearing loss, hypotonia, hypoplasia of
the corpus callosum) and, in addition, congenital hypothyroid-
ism. Review of the literature reveals another Primrose syndrome
patient with hypothyroidism and thus, this may represent an
under recognized component that should be investigated in
other patients. © 2016 Wiley Periodicals, Inc.

Key words: Primrose syndrome; congenital hypothyroidism;
ZBTB20; macrocephaly

INTRODUCTION

In 1982, Dr. D.A. Primrose reported a man with severe intellectual
disabilities, calcified pinnae, and muscle wasting. The patient also
had cataracts and probably torus palatinus (« a hard mass filling in
the cavity of the hard palate ») [Primrose, 1982]. The second report
also described an adult male with intellectual disabilites, calcified
pinnae, cataracts, and palatal mass [Collacott et al., 1986]. This
second patient is noted as having a head circumference on the 98th

© 2016 Wiley Periodicals, Inc.
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percentile and thus relative macrocephaly [Collacott et al., 1986].
Primrose syndrome has subsequently been reported in a handful of
individuals, mostly diagnosed in adulthood [Lindor et al., 1996;
Battistietal.,2002; Mathijssen etal.,2006; Dalal etal.,2010; Posmyk
et al., 2011]. The large calcified external ears have been labelled a

« telltale sign » but it is possible that they calcify only in adulthood
and thus may not be a reliable pediatric indicator and their absence
should not preclude the diagnosis [Dalal et al., 2010]. Later case
reports have stressed the differential diagnosis with overgrowth
syndromes [Cordeddu et al., 2014]. Whole exome sequencing
and candidate gene sequencing, performed on patients with Prim-
rose syndrome, identified eight heterozygote de novo missense
mutations in the gene encoding the transcription factor ZBTB20.
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ZBTB20 is one of the genes implicated in the 3q13.31 microdeletion
syndrome that has important phenotypic overlap with Primrose
syndrome (developmental delay, muscular hypotonia, postnatal
overgrowth, and other features). All of the missense mutations
reported in Primrose syndrome are located in the first two C2H2
zing fingers domains at the C-terminal part of the protein, region
involved in DNA-binding. We report here a new ZBTB20 mutation,
identified during a targeted sequencing approach of candidate genes
ina cohortofindividuals with mild to severe intellectual disability, in
a patient with features of Primrose syndrome.

CLINICAL REPORT

The proband is the second child of a healthy non-consanguineous
couple. His older brother is healthy, developing normally, and has a
normal body size. The proband was born following an uneventful
pregnancy with a birthweight of 4.3 kg (95th centile), birth length
of 54 cm (75th centile), and head circumference of 34 cm (10th
centile). The perinatal period was remarkable for the discovery of
congenital hypothyroidism after a newborn screening test revealed
a TSH of 32 mU/L (normal range: 0.2-3.5 mU/L). Follow-up
testing revealed a TSH of 162mU/L, and a free T4 <5 pmol/L
(normal range: 9-19 pmol/L). A Tc-99m (pertechnetate) thyroid
scan showed a large volume thyroid gland with homogeneous
uptake suggesting a problem in thyroid hormone synthesis. Hor-
mone replacement was initiated and values normalized. He was
also found to have bilateral cryptorchidism that was surgically
repaired at age 2 years.

Newborn screening tests for audition were also abnormal.
Formal testing detected a 70 dB loss on the right and a 50-60 dB
loss on the left for middle and high frequencies. He was treated with
hearing aids. A cranial MRI was performed at 1 year of age and
showed partial agenesis of the corpus callosum and wide pericere-
bral spaces but normal cochlea and no anatomical explanation for
the neurosensory hearing loss. An EEG showed non-specific
slowing.

He was first seen in genetics at 14 months of age for overgrowth
and hypotonia. His growth parameters at that age were: weight

13.5kg (97th centile), length 85cm (>97th centile), and head

circumference 53.5 cm (>97th centile). He had a prominent
forehead, right sided convergent strabismus, ptosis, broad face,

large ears, and a depressed nasal bridge (Fig. 1). The pinnae were
supple to palpation with no evidence of calcification. He had axial
and peripheral hypotonia. The proband was also followed in
neurodevelopmental clinic for significant global developmental
delay and behavioral problems. Despite intensive physiotherapy,
he was unable to stand unaided at age 4 years and was unstable in
sitting position. He did not speak. He had low tolerance for
frustration and exhibited recurrent temper tantrums in which
he would cry and throw himself backwards. These symptoms
improved partially with treatment by risperidone (selective mono-
aminergic antagonist). He also presented self-injuries (biting).

MOLECULAR INVESTIGATIONS

An array-CGH (Agilent oligoNT 180 K) was performed and did not
reveal any pathogenic CNV. A targeted exome sequencing was then

FIG. 1. Clinical photo of the proband. He has a broad prominent
forehead, small deep seteyes with ptosis (more marked onthe
left), and epicanthal folds. The mouthis small with downturned
cornersbutthejawislarge. Theearsarealsolarge.

considered. A sequencing library was prepared from the patient’s
DNA aspreviously described [Redinetal.,2014], including a capture
enrichment reaction with specific baits corresponding to the coding
regions of 275 genes certainly or potentially involved in intellectual
disability (SureSelect, Agilent, Santa Clara, CA). Pair-end sequenc-
ing (2 X 101-bp on Illumina HiSeq2500 sequencer), read mapping,
variant calling, annotation, filtration, and ranking were performed
as previously described [Redin et al., 2014; Geoffroy et al., 2015].
Targeted sequencing led to the identification of two new non-
synonymous substitutions in the coding sequence of ZBTB20
(NM_001164342.1). Both variants, c.1847 C>T and ¢.2221 G>A,
lead to missense changes (p.Ser616Phe and p.Gly741Arg) affecting

two amino-acids located in the last coding-exon of ZBTB20. PCR
amplification and Sanger sequencing of this exon in parental DNA
samples surprisingly revealed that these variations, separated by
more than 400 bp, both arose de novo (Fig. 2A). Trio
compatibility was checked by using polymorphic microsatellite
markers (PowerPlex 16HS system, Promega, France). Allele-specific
amplification with the following primers (5%-CAAGCCTCCGG
AAATGTAAT-3% with 5-ATCTGTTGGCGCTCCTTCTT-3% for

the specific amplification of «¢.1847 C>T followed by
Sanger sequencing demonstrated that these two events occurred

on the same chromosome, with no obvious molecular
explanation as there is no homolog sequence for this exon in the
human genome.
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FIG. 2. Mutations in ZBTB20. A: Two de novo missense variants are identified in the proband. B: Predicted pathogenicity of the two de novo
missense changes and nucleotide conservation scores for the two positions of the single nucleotide substitutions and alignment of the
ZBTB20 protein orthologs using ClustalX. C: ZBTB20 protein structure (yellow box- BTB domain; green boxes-zinc-finger domains) with
localization of previously reported mutations (dark blue) [Cordeddu et al., 2014], the mutations described here (red) and variants of unknown
significance reported in the Deciphering Developmental Disorders Study (light blue). [Color figure can be seen in the online version of this

article, available at http://wileyonlinelibrary.com/journal/ajmgal].

DISCUSSION

In the original report, Primrose described an adult male with severe
developmental delay, muscle wasting, cataracts, and calcified pin-
nae [Primrose, 1982]. The patient had unremarkable height and
weight (177 cm and 53 kg, respectively), but head circumference
was not recorded. The case report mentions “moderate hydro-
cephaly” but the photos do not show clear macrocephaly. A second
patient was reported 4 years later [Collacott et al., 1986]. This case
report also concerned an adult male with severe developmental
delay and calcified pinnae. Subsequently, Primrose syndrome has
been described in a series of case reports [Lindor etal., 1996; Battisti
etal., 2002; Mathijssen et al., 2006; Dalal et al., 2010; Carvalho and
Speck-Martins, 2011; Posmyk et al., 2011]. The gene discovery
paper included an additional 3 previously unreported patients
thus, bringing the total to 11 known patients (8 mutations proven)
prior to our case report [Cordeddu et al., 2014]. The general
phenotype is that of an overgrowth syndrome with macrocephaly

and severe developmental delay/behavioral disturbances. Some
features are variably present such as hearing loss, hypoplasia of
the corpus callosum, cataracts, cryptorchidism, and torus palati-
nus. Several other features of the disorder become apparent only in
adulthood: diabetes, calcified pinnae, sparse body hair, and distal
muscle wasting [Cordeddu et al., 2014].

We present a 4-year-old boy carrying two missense mutations in
the same exon of ZBTB20: Ser616Phe and Gly741 Arg. Investigation
of parental DNA showed that both mutations arose de novo. We
also confirmed that they were in cis by using allele specific
amplification. These substitutions affect two well-conserved nu-
cleotide positions (phyloP: 6.42 and 5.86; PhastCons: 1 and 1). The
corresponding amino acid changes are important (Grantham
score: 155 and 125) and affect highly conserved residues in the
C2H2 zinc-finger domain, which is important for DNA-binding
(Fig. 2B). The p.Ser616Phe is predicted to be damaging for the
protein function according to the different prediction programs
(SIFT, Polyphen, Mutation T@ster) (Fig. 2B), and it is located in
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the same region (AA 590-621) where the other missense mutations
involved in Primrose syndrome were recently identified [Cordeddu
et al., 2014] (Fig. 2C).

Cordeddu et al. [2014] reported that all the mutated proteins
showed a strong reduction in ZBTB20 DNA binding and in its
ability to repress transcription, indicating an important role for the
zinc-finger, and the linker region. The p.Ser616Phe missense
change might therefore be solely responsible for the patient’s
phenotype, which is consistent with Primrose syndrome. However,
it is not possible to conclude if the second missense change, p.
Gly741Arg, predicted slightly less damaging (Fig. 2B), and previ-
ously reported at the heterozygous state in one African individual
from the EXAC database, does not also participate to some extent
in the clinical features presented by the patient.

Our patient has many features of Primrose syndrome including
overgrowth, macrocephaly, hypotonia, hypoplasia of the corpus
callosum, hearing loss, behavioral abnormalities (self-injurious
behaviors), and cryptorchidism. However, he did not have torus
palatinus, calcified pinnae, or cataracts (slit lamp examination was
not performed). It is possible that these features and the distal
muscle wasting may appear later in life. The calcified pinnae in
particular have only been observed in adults. While all adults with
Primrose have had calcified pinnae, the two cases reported in
childhood (4 and 8 years of age) did not [Primrose, 1982; Collacott
et al., 1986; Lindor et al., 1996; Cordeddu et al., 2014].

The lone atypical feature in our patient was the congenital
hypothyroidism that led us to consider a differential diagnosis
of Pendred syndrome (MIM 274600) and the congenital disorders
of glycosylation. On review of the case reports, at least one other
Primrose patient had hypothyroidism [Dalal et al., 2010]. The
number of cases with proven mutations is too small (2/9) to
determine if the hypothyroidism is associated with ZBTB20 muta-
tions or if this is a coincidence. However, it would seem reasonable
to propose thyroid hormone evaluations in children with the
diagnosis of Primrose syndrome. Intriguingly, ZBTB20 expression
was shown to be regulated by thyroid hormone (T3) treatment in
murine neural progenitor cell lines [Chatonnet et al., 2013].

In retrospect, our patient has findings typical of Primrose
syndrome and the molecular diagnosis should have come as no
surprise. However, the inclusion of congenital hypothyroidism as a
sign oriented our differential diagnosis towards other conditions.
The use of a multi-gene panel for patients with developmental delay
enabled the diagnosis of Primrose syndrome and only through
diagnosis of further patients can we clarify if there is an increased
risk of hypothyroidism in this syndrome.
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APPENDIX 2:

Disease-causing variants in TCF4 are a frequent cause of intellectual
disability: lessons from large-scale sequencing approaches in diagnosis

We present here the clinical reevaluation of ten patients, identified by high throughput sequencing
(HTS) of several hundred of genes as carrying a pathogenic mutation in the TCF4 gene, among a cohort
of 1,000 patients with intellectual disability (ID) for which no Pitt Hopkins syndrome (PTHS) was
suspected. We showed that if three of them present clinical features a posteriori consistent with a
PTHS, three were only moderately evocative and two others not evocative of this syndrome. In parallel,
we summarized all the mutations identified during HTS studies previously published by other teams
(exome sequencing or targeted sequencing of large panels). With this study we demonstrate that
mutations in TCF4 can cause a broad spectrum of ID forms, from PTHS to nonsyndromic ID, without
any correlation between the nature or the location of the mutation. We also show that TCF4 mutations
represent a frequent cause of ID (16/2,230 = 0.7%), and should be considered for routine genetic
screening in case of ID (meaning that it should be included in all HTS panels used for the genetic

diagnosis of nonsyndromic ID).
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Abstract

High-throughput sequencing (HTS) of human genome coding regions allows the simultaneous screen of a large number of genes,
significantly improving the diagnosis of non-syndromic intellectual disabilities (ID). HTS studies permit the redefinition of the
phenotypical spectrum of known disease-causing genes, escaping the clinical inclusion bias of gene-by-gene Sanger sequencing. We
studied a cohort of 903 patients with ID not reminiscent of a well-known syndrome, using an ID-targeted HTS of several hundred genes
and found de novo heterozygous variants in TCF4 (transcription factor 4) in eight novel patients. Piecing together the patients from this
study and those from previous large-scale unbiased HTS studies, we estimated the rate of individuals with ID carrying a disease-causing
TCF4 mutation to 0.7%. So far, TCF4 molecular abnormalities were known to cause a syndromic form of ID, Pitt—Hopkins syndrome
(PTHS), which combines severe ID, developmental delay, absence of speech, behavioral and ventilation disorders, and a distinctive facial
gestalt. Therefore, we reevaluated ten patients carrying a pathogenic or likely pathogenic variant in TCF4 (eight patients included in this
study and two from our previous ID-HTS study) for PTHS criteria defined by Whalen and Marangi. A posteriori, five patients had a score
highly evocative of PTHS, three were possibly consistent with this diagnosis, and two had a score below the defined PTHS threshold. In
conclusion, these results highlight TCF4 as a frequent cause of moderate to profound ID and broaden the clinical spectrum associated to
TCF4 mutations to nonspecific ID.

Introduction
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patients with non-syndromic ID. These allowed the identi-
fication of disease-causing variants in genes involved in
syndromic forms of intellectual disability (ID) in patients
whom clinical manifestations were not typical of the cor-
responding disorders. In our previous targeted sequencing
(TES) study performed in 106 individuals with unexplained
ID using a panel of 217-ID genes, only four genes were found
to be mutated in more than one family. Three mutations were
identified in MECP2 (MIM *300005, involved in Rett syn-
drome #312750), two de novo point mutations in two girls
and one maternally inherited complex rearrangement in exon
4 of the gene in one boy removing 60 amino acids inherited
from his mother (speech delay) [1]. Two disease-causing
variants were identified in another X-linked gene, KDM5C
(MIM *314690), and in two autosomal genes DYRK/A (MIM
*600855) and TCF4 (MIM *602272). TCF4 (transcription
factor 4) is located in 18q21, and encodes a class I basic helix-
loop-helix transcription factor binding to E-boxes on DNA
after dimerization, which is involved in cell signaling, cell
survival and neurodevelopment [5]. So far, TCF4 is the single
gene involved in Pitt-Hopkins Syndrome (PTHS, MIM
#610954) [2—4], a rare, well-characterized, neurodevelop-
mental disorder usually presenting with severe intellectual
disability associated with distinctive facial features, various
neurological and behavioral impairment and gastro-intestinal
dysfunction, hypotonia, ataxia, breathing abnormalities, and
seizures [6]. This provided a rationale for T7CF4 Sanger-
sequencing in patients with syndromic ID after ruling out
differential diagnoses by PTHS clinical scores [6, 7]. Since
implementation of HTS in ID screening, we and others have
suggested TCF4 implication in isolated ID [1, 8—10].

To assess the frequency of TCF4 molecular abnormal-
ities in non-syndromic ID patients, we studied 903 novel
patients with mild to severe ID and reviewed the previous
published targeted, exome or genome sequencing studies [ 1,
11-15]. To better delineate the phenotype related to TCF4
mutations we re-analyzed a posteriori the phenotype of all
the patients carrying a pathogenic or likely pathogenic
variant in this gene (as defined by the American College of
Medical Genetics and Genomics), but for whom PTHS
diagnostic was not clinically suspected.

Materials and methods
Patients

DNA samples (from peripheral blood or saliva) of the 903
patients were referred to the laboratory of genetic diagnosis.
Patients presented with non-specific intellectual disability
and no major congenital anomalies. The cohort includes
patients with mild ID or ID of unknown severity (around
25%), moderate (around 40%), or severe to profound

SPRINGER NATURE

(around 35%) ID, based on clinician’s appreciations. The
most current causes of cognitive impairment were dismissed
by fragile-X test, array-CGH, and metabolic explorations
(in 90% of patients or more). Among the more recurrent
tests, UBE3A (MIM *601623) sequencing or methylation
analysis were performed in <20% of the patients, and
MECP2, ARX (MIM *300382) or DMPK (MIM *605377)
in around 12%. Clinical data were recorded before inclusion
following a standardized clinical questionnaire highlighting
prenatal history, developmental milestones, neurological,
and behavioral disorders. ID severity was assessed by
medical geneticists upon clinical evaluation and was not a
discriminating inclusion criterion. However, the cohort was
enriched in severe and moderate forms of ID compared to
the distribution in ID population. After obtaining the
molecular diagnosis, the patient was reevaluated by the
clinical geneticist. All the clinical data were re-collected,
with a specific attention to PTHS clinical signs. This study
was approved by the local Ethics Committee of the Stras-
bourg 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

DNA samples were extracted from peripheral blood or
saliva. HTS targeted libraries were prepared, as previously
described [ 1] with individual in-solution SureSelect capture
reaction for each DNA sample (custom design for genes
known to be involved in ID, Agilent, Santa Clara, Cali-
fornia, USA). Capture experiments were performed using
probes corresponding to a panel of 275 (in 207 patients),
451 (in 66 patients) or 456 (in 630 patients) ID genes.
Paired-end sequencing (2 x 101-bp) was performed on an
[llumina HiSeq 2500, multiplexing in average 32 samples
per sequencing lane. Read mapping, variant calling and
annotation were performed, as previously described [1].
Detected variants, short indels and single nucleotide var-
iants (SNVs), were annotated and ranked by VaRank soft-
ware [16].

Sanger sequencing confirmation

TCF4 pathogenic or likely pathogenic variants identified by
HTS were confirmed in patients and the de novo status was
checked in their parents by Sanger sequencing. Pedigree
(parents-child) concordance was confirmed by checking the
segregation of several highly polymorphic microsatellite
markers (PowerPlex 16 HS System, Promega, Madison,
WI, USA) or frequent variants (when TES was also per-
formed for parental DNA). We reported the variants
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identified in TCF4 in a specific database (https://databases.
lovd.nl/shared/genes/TCF4).

PTHS clinical scoring

To facilitate the clinical diagnosis of PTHS two scoring
tests have been developed in 2012. The first one, estab-
lished by Whalen et al., was based on the scoring of the
following criteria: facial gestalt (8 points), severe motor
delay (2 points), absent language (2 points), stereotypic
movements (2 points), hyperventilation (1 point), anxiety (1
point), hypotonia (1 point), smiling appearance (1 point),
ataxic gait (1 point), and strabismus (1 point). This score
was validated in patients evocative of PTHS with (n = 33)
or without (n= 100) pathogenic variant identified in TCF4.
A threshold of 15/20 was considered as a good indicator of
TCF4. A score between 10 and 15 could also be suggestive
of this diagnosis, especially for young patients [6]. The
second scoring, established by Marangi et al. scored the
following symptoms: typical/partial facial features (4
points/2 points), moderate/severe intellectual disability (2
points), poor/absent language (1 point/2 point), normal
growth parameters at birth (1 point), microcephaly (1 point),
epilepsy/EEG abnormalities (1 point), ataxic gait (1 point),
hyperventilation (1 point), constipation (1 point), brain MRI
abnormalities (1 point) and strabismus or ophthalmologic
abnormalities (1 point) [7]. These criteria were evaluated in
patients evocative of PTHS with (n = 18) or without (n=
60) pathogenic variants in TCF4 and a score above 10/16
was recommended for a molecular study of TCF4. Whalen
and Marangi’s scores were calculated after a clinical reex-
amination (a posteriori after obtaining the molecular diag-
nosis) for the patients described in this paper plus the two
we previously described [1].

Results

Pathogenic or likely pathogenic TCF4 variants in
undiagnosed ID patients

Through HTS targeted sequencing of several hundred of ID
genes in 903 patients with undiagnosed ID, we identified
eight pathogenic or likely pathogenic T7CF4 variants among
which four were novel (Table 1, Fig. 1). All these variants
occurred de novo, were not reported in EXAC general
population database and affected amino acids included
in all the isoforms of the gene. Named here according to the
NM 001083962.1, we identified four nonsense or
frameshift variants ¢.873C>A  p.(Tyr291%), c.1662del
p-(Asp554Glufs*4),  c.1726C>T  p.(Arg576*)  and
c.1927G>T p.(Glu643*), three missense variants affecting
conserved amino acid located in the bHLH domain of the

protein and predicted to be damaging by in silico
tools (SIFT, Polyphen2): ¢.1705C>T p.(Arg569Trp),
¢.1733G>A p.(Arg578His) and ¢.1841C>T p.(Ala614Val),
and one silent variant altering the last nucleotide of
exon 12 (according to NG_011716) and predicted to modify
the donor splice site (c.990G>A, p.?). In addition,
two variants affecting only one alternative isoform
(NM_001243231.1: ¢.7G>T p.(Glu3*) and c.2T>C, p.
(Metl?)) have been identified, both inherited from an
unaffected parent and were therefore classified as likely
benign.

TCF4 mutation rate is of 0.7% (16/2239) in
individuals with undiagnosed ID

Piecing together the 8 patients out of the 903 of this study
with the two out of 106 patients that we have previously
reported [1], the frequency of TCF4 disease-causing var-
iants is of 1% (10/1009) in our cohort of individuals with ID
undiagnosed by a geneticist. Furthermore, we reviewed data
from other large scale studies, including TES of ID genes
[12, 15], and WES performed in patients with non-specific
ID [11, 13, 14] and calculate the TCF4 mutation rate in
patients with non-syndromic ID (Tables 1 and 2). Alto-
gether with our results, 16 individuals with pathogenic or
likely pathogenic TCF4 variants were identified during the
large-scale sequencing studies performed in 2230 patients
with nonspecific ID, providing a TCF4 mutation rate of
0.7% (Table 2, Fig. 1).

TCF4 mutations can cause ID poorly suggestive of
PTHS

A posteriori clinical reevaluation was performed for the 10
patients (eight novel patients included in this study and two
from our previous ID-HTS study) carrying a TCF4 disease-
causing variant (Table 3, Fig. 2). All probands, except
MMPN166, were born from unrelated healthy parents, with
irrelevant family history. According to Whalen and Marangi
scores, five patients (MMPN166, MMPN68, APN-214,
BOOH4MR, and BOOH4U1) had features reminiscent of
PTHS (>12/20 Whalen’s and 10/16 Marangi’s score), three
individuals (BOOH4R8, APN-210, and APN-41) were
slightly evocative of PTHS (only one of the scores was
upper to the threshold) and two patients (APN-149 and
APN-117) were not consistent with PTHS (both scoring
were below the threshold). To widely asses the phenotype
of patients with a TCF4 pathogenic variant identified
through TES or WES, we further evaluate the phenotype of
the patients reported by other groups [11—-13, 15] (Table 4).
Clinical data were available for four out of the six reported
patients. The phenotype could be evocative of a PTHS for
three of the patients, but not in the last one who had only
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Table 1 Pathogenic or likely pathogenic variants

in TCF4 identified in patients with intellectual disability (ID) by large-scale sequencing approaches

Reference Variant Inheritance dbSNP Previously reported Previously described TCF4- SIFT PP2 Individual Gender

nomenclature in Clinvar in PTHS screening  LOVD

Individual
ID
This report c.873C>A p-(Tyr291%) de novo NA NA no 000100 NA NA MMPN166 F
This report ¢.990G>A p.? de novo, de novo rs587784469 RCV000147730.1 no 000098 NA NA - APN149 M
Tan et al. [15] (Likely. pathogenic) -Patient 6 F
This report c.1662del p-(Asp554Glufs*4)  de novo NA NA no 000101 NA NA BOOH4MR F
This report ¢.1705C>T p-(Arg569Trp) de novo NA NA yes [6] 000026 Deleterious Prob. Damaging MMPN68 M
This report c.1726C>T p-(Arg576%) de novo NA NA no 000102 NA NA APN214 M
This report c.1733G>A p.(Arg578His) de novo rs121909123 RCV000079458.4|[RCV000189738.1 yes [22] 000029 Deleterious Poss. Damaging APN210 F
(Pathogenic)

This report c.1841C>T p-(Ala614Val) de novo NA NA yes [32] 000021 Deleterious Prob. Damaging BOOH4R8 F
This report c.1927G>T p.(Glu643*) de novo NA NA no 000103 NA NA BOOH4U1 F
Redin et al. [1] c.514_517del p.(Lys172Phefs*61) de novo 1398123561 RCV000079461.4 (Pathogenic) yes [6] 000047 NA NA APN41 M
Redin et al. [1] ¢.520C>T p.(Argl74*) de novo NA RCV000224478.1 (Pathogenic) yes [6] 000023 NA NA APN117 F
Grozeva et al. [12] ¢.505C>T p.(GIn169%) NA NA NA no 000104 NA NA 5410771 M
Grozeva et al. [12] ¢.550-1G>A p.? NA NA NA no 000105 NA NA 5411380 M

2.52946888 C>T
Tan et al. [15] c.9912A>G p.? NA rs587784470 RCV000147731.1 (Pathogenic) no 000106 NA NA Patient 5 F

2.52927260 T>C
Hamdan et al. [13] ¢.1153C>T p-(Arg385*) de novo rs121909122 RCV000007797.4 (Pathogenic) yes [4, 33] 000003 NA NA Case 045.400 M
De Ligt et al. [11] ¢.1727G>A p-(Arg576GIn) de novo NA RCV000431775.1 (Pathogenic) yes [33] 000027 Deleterious Poss. Damaging Trio 15 F

All the c. positions were given according to NM _001083962.1 isoform (and NG _011716.2 isoform for intronic variants). PP2 Polyphen2 SIFT scores. Variants are classified following
recommendations from the American College of Medical Genetics and Genomics
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Table 2 Pathogenic or likely pathogenic variants identified in 7CF4 during targeted sequencing (TES), whole exome sequencing (WES) or whole

genome sequencing (WGS) in patients with intellectual disability (ID)

Cohort Reference Approach Number of patients TCF4 mutations
ID (mild to severe) this study TES (275456 genes) 903 8

ID (mild to severe) Redin et al. [1] TES (217 genes) 106 2

ID (moderate to severe) Grozeva et al. [12] TES (575 genes) 986 2

ID Tan et al. [15] TES (90 genes) 52 2

ID (severe) Rauch et al. [14] WES 51 (1%)

ID (moderate to severe) de Ligt et al. [11] WES 100 1

ID (moderate to severe) Hamdan et al. [13] WES 41 1

Total 2239 16(0.7%)

* de novo missense variant predicted to be benign, not included in the statistics

p.(Argl74%*)P
APN-117, no PTHS
(Redin, 2014)

Truncating p.(Lys172Phe*61)°

APN-41, poss PTHS
(Redin, 2014)

p.(GIn169%)
(Grozeva, 2015)

(2 s el ls el {7 1]

AD1

p{(Tyr291*)
MMPN2166, high. PTHS

Splice €.550-1G>A

(Grozeva, 2015)

€.990G>A
- APN-149, no PTHS
- (Tan, 2015)

Missense

Fig. 1 Schematic representation of disease-causing variants identified
in TCF4. AD1, AD?2 transactivation domains; RD repressor domain;
bHLH DNA-binding domain. In bold: variants identified by TES in
our cohort. Patient number is indicated as well as the severity of his

a mild ID. Taken together, in nearly half of the patients (6/
13) studied by HTS and carrying a disease-causing
TCF4 variant, clinical features were poorly or not evoca-
tive of PTHS.

Discussion

Targeted or whole exome HTS used in routine diagnosis
have demonstrated their efficiency in the diagnosis of iso-
lated ID [1, 11, 14]. Unexpected rates of pathogenic var-
iants in genes implicated in syndromic cognitive
impairment were found with these clinically unbiased
approaches. We studied 903 patients with undiagnosed 1D
by targeted HTS of ID known genes, and identified eight
novel patients carrying a pathogenic or likely pathogenic
variant in 7CF4. We also analyzed data from previous HTS
studies, and found eight additional patients carrying a
disease-causing variant in 7CF4, including two patients

p.(Arg576*)
APN-214, high. PTHS

p.(Arg385*)®
(Hamdan, 2014)

p.(Asp554Glufs*4)
BOOH4MR, high. PTHS

16 |4 17 Y

RD

p.(Glu643*)
BOOH4U1, high.PTHS

18

ERSE

bHLH

¢.991-2A>G P

(Tan et al., 2015) p.(Ala614Val)?

BOOH4R8 poss. PTHS
p.(Arg569Trp)P p.(Arg578His)®
MMPNG68, high. PTHS APN-210, poss. PTHS

p.Arg576Gin
(De Ligt, 2012)

~

PTHS phenotype: no not evocative of PTHS, poss. possibly
evocative of PTHS, high. highly evocative of PTHS), in italic: variants
identified in other HTS studies *: variants previously described in
PTHS patients

reported by our group [1]. Taken together, we count 16
patients carrying a TCF4 disase-causing variant (of which
15 distinct variants) among
2239 ID patients and we obtained a TCF4 mutation rate of
0.7% in non-specific ID (Table 2). This mutation rate is
close to those of the most frequent causes of ID such as
FMRI expansions [17, 18] or ARIDIB mutations [19] in
Fragile-X and Coffin-Siris syndromes. Otherwise, TCF4
mutation rate gets down to 0.3% (13/4293) in studies
including patients with developmental disorders in which
ID is not a mandatory sign, such as the Deciphering
Developmental Disorder (DDD) project [20]. Indeed, a very
recent study reported ID in 100% (47/47) of patients car-
rying a disease-causing variant in 7CF4, collected though a
web-based database [21]. However, in the DDD data, TCF4
still appears in the top-twenty of the most frequently
mutated genes in with developmental disorders.

The patients included in our TES study were referred by
a geneticist after several biological, radiological and
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Table 3 A posteriori reevaluation of PTHS clinical signs in seven patients carrying a pathogenic mutation in TCF4

Patient Patient Patient BOOH4MR  Patient Patient APN214  Patient Patient Patient BOOH4U1 Patient Patient
MMPN166  APN149 MMPN68 APN210 BOOH4RS (Redin et al., (Redin et al.,
2014) APN41 2014)
APN117
TCF4 variant c873 C>A, 3%990G  c.1662del, p. %.1705C>T,  ¢.1726C>T, p.  “.1733G>A, *.1841C>T p. ¢.1927G>T p.  “.514 517del %.520 C>T,
p.(Tyr291%)  >A,p.?  (Asp554Glufsd*)  p.(Arg569Trp) (Arg576) p.(Arg578His) (Ala614Val)  (Glu643*) p.(Lys172Phefs*61) p.(Argl74%)
Other variants/CNV  dup 22q11 no no no no no no no no no
Patient Female Male Female Male Male Female Female Female Male Female
Age of inclusion 4 y-0 5 y-0 4 y-0 5 y-0 18 y-o 6 y-0 7 y-0 2 y-0 3 y-0 10 y-o
Age of 6 y-0 9y-o Sy 8§ m-o 8 y-o 20 y-o 9 y-0 7 y-o 4 y-0 6 y-o 13 y-o
reexamination
Classical PTHS symptoms
Facial gestalt typical mild typical mild typical mild not typical® typical mild mild
Growth (statural/ M/M M/M -1/-2 M/+ 5SD -3.5SD/M M/+ 3SD -3SD/M M/M -2SD/-2SD M/M
ponderal)
Head circumference —1DS M -2.5 M M +0,5SD +1.5 SD M M -1.8SD
Cognitive profound moderate  severe profound profound moderate severe severe severe moderate
impairment
Walking absent 16 mo NA Sy 3y 25mo Sy absent 3y 28 mo
Absent speech yes yes no (few words) yes yes yes yes yes yes no
Hyperventilation/  no no no no yes yes no yes no no
apneas
Happy appearance  yes yes no no yes yes NA no yes yes
Sleep disturbance ~ no no yes no yes yes no no no yes
Behavior problems no yes(Self- no no yes (Self- no yes, severe no? yes (poor no
aggress.) aggress.) interactions)
Stereotypic yes no yes yes yes no yes yes yes no
behavior
Seizures yes (3—6 mo) no no yes yes no no no yes no
Hypotonia yes no yes yes yes no no yes yes yes
Ataxic gait no no yes yes (mild) yes no instable no yes yes
Ophthalmologic yes no yes strabismus yes yesstrabismus, yes Duane No (ptosis) yesstrabismus  no no
anomalies strabismus astigmatism anomaly hyperopia
Constipation no yes yes yes yes yes no no yes yes
Gastro-esophageal  no yes no no yes no NA yes (infancy) yes no
reflux
Fetal pads no no yes yes no no no no yes yes
Cerebral MRI normal - abormal (1) abnormal abnormal normal abnormal (2)  normal normal normal
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§ o molecular tests which did not allow a diagnosis. The a
= § _ = 2 posteriori analysis of the clinical features of the ten patients
g S § £ ° ° g carrying a TCF4 disease-causing variant showed that PTHS
i > = g could have been suspected in five patients. However, even if
: the diagnosis would have been possible in three additional
= . E cases, by using Whalen and Marangi clinical scores, facial
§ % 3% é gestalt of those patients was not typical of PTHS. Further-
= § < 2 = : more, for two patients, Whalen and Marangi clinical scores
233 | £ o o B 2 were low and PTHS could not have been suspected clini-
R ° - "= 3 cally. Indeed, in absence of distinctive signs of PTHS, such
é g é as a typical facial gestalt (4/10) (Fig. 2) or hyperventilation
= S Wi & (3/10) which can appear later in childhood [21, 22], the
2 g 8 f % -8 clinical diagnosis remains challenging, especially for the
§ 2 L; e g § = % patients with moderate ID. In contrast, absence of speech (8/
£ EEEEEY o 2 2 S 10), noticeable delay in walking (after 3 years of age, if
éﬁ § acquired) (8/10), seizures (4/10), behavior problems (self-
2 é E aggressiveness, poor social interactions) (4/10), smiling
23 TE’ § % appearance (6/10), strabismus (4/10) and constipation (7/
E % ° o o é % e 10) were observed in our patients, but were not sufficiently
2 ) discriminatory signs of PTHS, as they can be also found in
g D non-specific ID. This study suggests that even if some were
= 8 s E] a posteriori evocative of PTHS, other ones presenting
g9 £ 2|z s nonspecific ID and only few PTHS features could not be
g2 8 © = g f & diagnosed clinically showing that phenotypic spectrum
<« o %D i associated to a TCF4 disease-causing variant is wider than
é % - é 7: g we used to think.
= % o3 g z The main differential diagnoses described for PTHS are
g g :% ‘; g = ; § Angelman and Rett syndromes [23]. Consistent with that,
g 223z T 5 o & 2 é previous genetic tests performed in the patients, before
g S identification of a disease-causing variant in TCF4, were
" % E UBE3A methylation testing or point mutation screening
o2 § <, (64% of the patients), and MECP2 sequencing (36%). A
§ § %; % % third known differential diagnosis, the Mowat—Wilson
£ = g 2% = = 8 syndrome, was suspected in one patient. This later syn-
%ﬁ -‘é‘ &Z B drome is associated with cardiac and urogenital malforma-
S s g f‘g tions and Hirschsprung disease, which are features more
§ % 2 8 S discriminative for clinical diagnosis. Surprisingly, a Steinert
= ER:) £ 8 Tg £ syndrome was suspected in four patients, maybe due to
2 2 E w = B|5E 23 hypotonia observed in those patients. Analysis of the
= 2 - = i =25 17p11.2 deletion (Smith—Magenis syndrome) and of ARX
. 2 i 2 E % coding sequences were also performed in two patients.
8z S 8 2% Taken together, these explorations assess the difficulty to
g2 2 ~ =~ 2|3 § N Z evoke clinically PTHS when the patient only presents with
- Z‘ ; f g severe delay of psychomotor acquisitions with mild dys-
~ ; R 0; 3 é 2 morphic features.
BE =|5§ 5 &3 Most of the disease-causing TCF4 variants previously
b5 % g g o 2 g £ § ;' associated to PTHS are truncating mutations localized
= . ; ? ﬁ % between the exons 7 and 18 and are probably responsible of
E oo 2 EZ 2 % E” haploinsufficiency. Missense variants mainly concern the
g 2 S % S = g, ; -g bHLH domain of the protein including the arginine residues
‘:j 2 2% 5 % E § % 3 578 and 580, spots of recurrent mutations [6]. In in vitro
2 8 j:; o~ § S e 2 £ 8¢ functional studies, Sepp et al. highlighted the variation in
P 3 ZASAS|IE f‘ ~z expression, patterning, dimerization and DNA binding of
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Fig. 2 Pictures of Patients
carrying de novo heterozygous
disease-causing variants in
TCF4. a Patient MMPN166, b
Patient MMPNG68, c Patient
APN214, d Patient APN210, e
Patient BOOH4RS, and f Patient
APNI117

APN2T0O

different TCF4 mutants comparing to WT proteins, sug-
gesting that disease-causing variants can have various
functional effects ranging from selective heterodimeriza-
tion defects to complete lack of DNA binding or possible
dominant-negative effects [24]. These authors suggested
that the variety of variations could explain the phenotypic
variability. Other authors suggested that seizures are more
often associated to missense than truncating variants [25]
but this was not confirmed afterwards [6]. It is tempting to
speculate that some milder phenotype might be explained
by variants having a less severe effect, but no clear cor-
relation between the type of variation (missense, trun-
cating) or its location and the phenotype was reported so
far [6]. Actually, in the patients reported here, no corre-
lation between the PTHS score and the type or the loca-
tion of the variant was found. Some of the patients, as for
instance patient APN117, had a milder PTHS score while
carrying disease-causing variants previously described in
classical PTHS cases (Fig. 2). Finally, the ¢.990 G> A
variant, predicted to affect the exon 12 splice donor site,
was identified in two patients poorly evocative of PTHS
(patient APN149 and Patient 6 reported by Tan et al.,
2014). In this specific case, the presence of normal spli-
cing in a part of transcripts might explain the milder
phenotype of these patients. Due to the large number of
TCF4 transcripts and to the tissue-variability, splicing
effects are difficult to assess. Furthermore, the threshold
of TCF4 normal transcript level sufficient to avoid a
pathogenic effect is not known since several cases of
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MMPN68

APN214

typical PTHS with varying levels of mosaicism have been
reported [26—29]. Interruptions of the TCF4 gene can also
result in a broader phenotype than usually described, as
suggested by Kalscheuer et al. in 2008 after reporting the
case of a girl with mild ID, minor facial gestalt and a
balanced 18;20 translocation disrupting 7CF4 in exon 4
[9]. More recently, Schluth-Bolard et al. reported a case of
a girl with severe developmental delay and microcephaly
who was carrier of an apparently balanced translocation
between chromosomes 1 and 18, which was disrupting
TCF4 in intron 6 [30]. Similar complex chromosomal
translocations have been reported in familial cases of mild
ID with an autosomal dominant transmission pattern,
without any feature of PTHS [10, 31]. Both breakpoints
were located before exon 8. More than a dozen of tran-
scripts isoforms are described for TCF4. Functional RNA
studies carried on fibroblasts showed, as expected, a
decrease of the long isoforms of TCF4 (affected by the
breakpoint) in the patients while the short isoforms
encoding nuclear TCF4 were upregulated [31]. The
authors suggested that the persistence of the expression of
TCF4 short isoforms may rescue part of PTHS phenotype.
In our study, there is no correlation between the number
of isoforms affected by the different disease-causing
variations and the severity of the phenotype, suggesting
that additional mechanisms than a rescue with short iso-
forms are responsible for the clinical variability. Finally,
genetic background may also play a role and influence the
severity of clinical manifestations caused by a disease-
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Table 4 Summary of clinical information available for patients with TCF4 mutations identified by other large-scale sequencing studies (form supplementary information of De ligt et al. [11];
Hamdan et al. [13], Tan et al. [15], Grozeva et al. [12])

Reference Patient TCF4 pathogenic variant  Clinical description Previous genetic investigations
identification
De Ligt et al. Trio 15 de novo ¢.1727G>A, Female, 4 y-o: Moderate ID, feeding problems, recurrent otitis. CGH-array, 15q methylation, MECP2, EHMT1,
[11] p.(Arg576Gln) Sitting: 22 months, walking 3,5 y-o; no speech. Mild dysmorphic UBE3A sequencing
features (epicanthic folds, a broad nasal tip and prominent ears).
Hypotonia. Ataxic walking pattern. MRI: mildly enlarged
ventricles without structural anomalies
Hamdan et al. Case de novo ¢.1153 C>T, Male, 6 y-o: Severe ID. no stand nor walk without support, no CGH-array, FMRI CGG expansion testing, MECP2
[13] 1045.400 p-(Arg385%) speech. Hypotonia. Hypersalivation. No breathing problem. Had sequencing, 15q methylation
seizure once. Minor dysmorphy (wide mouth, bilateral single
palmar creases, bilateral clinodactyly and overlapping 2nd toes).
MRI: increased T2 and FLAIR signal in the periventricular
regions, thin corpus callosum, myelination delay.
Tan et al. [15] Patient 5 c.991-2 A>G, Female, 5 y-o: Global developmental delay, height and size: 10th  Karyotype, CGH-array, ZEB2 sequencing
2.52927260 T>C percentile, minor facial dysmorphy. Myopia. MRI: tiny pineal cyst
and peritrigonal white matter intensity
Tan et al. [15] Patient 6 de novo ¢.990 G>A Female, 7 y-o: Global developmental delay, facial dysmorphy CGH-array, FMRI CGG expansion testing, SNRPN
(thick overfolded helix of the ear, wide mouth, coarse facial methylation, 17q deletion, MECP2 sequencing
features, flat philtrum, bulbous nose). Ataxia. Strabismus. MRI:
normal
Grozeva et al. UKI10K_FINDWGAS5411380 c.550-1 G>A, 2.52946888 C>T
[12]
Male: NA NA
Grozeva et al. UK10K _FINDWGAS5410771 ¢.505 C>T, p.(GIn169%)
[12]
Male: NA NA

MRI: Magnetic resonance imaging; y-o: year-old; NA: non available. The variations are given according to hgl9/GRC37 for the genomic nomenclature and the RefSeq transcript
NM _001083962.1 for the cDNA nomenclature
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causing variant in 7CF4. It is interesting to note that
Patient MMPN166, one the most severely affected patient,
also carries an inherited 22ql1.21 duplication which
segregates with various neurological signs in her family.
The hypothesis of a second genetic hit should be con-
sidered to account for the phenotypic difference of
patients carrying a disease-causing variant in TCF4.

The growing number of HTS realized in routine in
patients with ID may allow to provide more data about the
prevalence of disease-causing variants in T7CF4 in patients
with cognitive impairment and to assess its related pheno-
type in an unbiased manner. Our study extended the clinical
spectrum associated to TCF4 mutation from PTHS to
nonspecific intellectual disability. The high prevalence
(0.7%) of disease-causing variants in 7CF4 found in large
cohorts of patients suffering from intellectual disability
proves that the borders of PTHS are less stringent than we
used to consider. This gene should therefore be included in
all HTS panels used for diagnosis of unspecific ID. The use
of “Pitt-Hopkins syndrome” when reporting a disease-
causing variant in TCF4 in a patient with a low PTHS
clinical score should also be discussed.

Web resources

The URLSs for online tools and data presented herein are:

OMIM: http://www.omim/org/

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

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/

ExAC Browser (Beta) | Exome Aggregation Consortium:
http://exac.broadinstitute.org/

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

These variants were submitted to Clinvar: http://www.
ncbi.nlm.nih.gov/clinvar/
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Résumeé

La déficience intellectuelle (DI) est une trouble du neurodéveloppement caractérisée par une
extréme hétérogénéité génétique, avec plus de 700 génes impliqués dans des formes
monogéniques de DI. Cependant un nombre important de génes restent encore a identifier et les
mécanismes physiopathologiques de ces maladies neurodéveloppementales restent encore a
comprendre. Mon travail de doctorat a consisté a identifier de nouvelles causes génétiques
impliquées dans la DI. En utilisant différentes techniques de séquencage de nouvelle génération,
j'ai pu augmenter le taux de diagnostic chez les patients avec DI et identifié plusieurs nouvelles
mutations (dans AUTS2, THOCS, etc) et nouveaux génes (BRPF1, NOVA2, etc) impliqués dans la
DI. Pour les moins caractérisés, j'ai effectué des investigations fonctionnelles pour valider leur
pathogénicité, caractériser les mécanismes moléculaires qu'ils affectent et identifier leur réle dans
cette maladie.

Mes travaux de doctorat permettront d’améliorer et d'accélérer la possibilité d’obtenir un diagnostic
moléculaire qui donnera accés a un meilleur suivi et a une meilleure prise en charge pour les
patients. Cela permettra également de mieux comprendre les mécanismes physiopathologiques
impligués dans ces troubles neurodéveloppementaux. Ces connaissances aideront
éventuellement a identifier de nouvelles cibles thérapeutiques.

Mot clés : Déficience Intellectuelle, NGS, AUTS2, THOC6, BRPF1, NOVA2

Résumé en anglais

Intellectual disability (ID) is a group of neurodevelopmental disorders characterized by an extreme
genetic heterogeneity, with more than 700 genes currently implicated in Mendelian forms of ID but
still some are not yet identified. My PhD project investigates the genetic causes of these monogenic
ID by using and combining different NGS techniques. By using this strategy, | reached a relative
high diagnostic yield and identified several novel mutations (in AUTS2, THOCSG, etc) and genes
(BRPF1, NOVA2, etc) involved in ID. For the less characterized ones, | performed functional
investigations to prove their pathogenicity, delineate the molecular mechanisms altered and identify
their role in this disease.

Overall, this work improved and provided new strategies to increase the molecular diagnosis in
patients with ID, which is important for their healthcare and better management. Furthermore, the
identification and the characterization of novel mutations and genes implicated in ID better
delineate the implicated pathophysiological mechanisms, opening the way to potential therapeutic
targets.
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