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!

Résumé!:!
!
Les! troubles! du! spectre! autistique! (TSA)! touchent! approximativement! 1%! de! la!
population! général.!Ces! troubles! se! caractérisent! par! un! déficit! de! la! communication!
sociale!et!des!comportements!stéréotypés!et!restreints.!Plusieurs!gènes!impliqués!dans!
le! déterminisme! des! TSA! ont! été! identifiés! comme! par! exemple! les! gènes!NLGN3%4X,)
NRXN1%3)et)SHANK1%3.! Au! cours! des! années! précédentes,! les! TSA! ont! été! considérées!
comme! un! ensemble! complexe! de! troubles! monogéniques.! Cependant,! les! études!
récentes!du!génome!complet!suggère!la!présence!de!gènes!modificateurs!(«!multiple!hits!
model!»).!!

La!dyslexie!est! caractérisée!par!un! trouble!dans! l’apprentissage!de! la! lecture!et!
l’écriture!qui!touche!5I15%!de!la!population!général.!Les!facteurs!génétiques!impliqués!
restent! pour! l’instant! inconnu! car! seulement! des! gènes! ou! loci! candidats! ont! été!
identifié.!

Mon$projet$de$thèse$avait!pour%objectif%de%poursuivre%l’identification!des"facteurs"
génétiques*impliqués*dans*les*TSA!et!de#découvrir#un#premier#facteur#génétique#pour#la#
dyslexie.!Pour%cela,!deux$types$de#populations*ont*été*étudiés!:"d’une"part"des"patients(
atteints'de'TSA$ (N>600)!provenant)de)France,) de) Suède)et)des) Iles)Faroe,$d’autre$part$
des$patients$atteints$de$dyslexie$(N>200)'provenant)de)France!en#particulier#un#famille#
de#11!personnes'atteintes'sur'3'générations.'J’ai%utilisé%à%la%fois%la%technologie%des%puces%
à" ADN" Illumina" (600" K" et" 5M)" et" le" séquençage" complet" du" génome& humain! pour%
effectuer'des'analyses'de'liaison'et'd’association.'!

Pour% les% TSA," grâce& aux& analyses& de& CNVs,& j’ai& pu& identifié& des& gènes& candidats&
pour% l’autisme%et%confirmé% l’association%de%plusieurs%gènes%synaptiques%avec% l’autisme.%
En# particulier,# l’étude' d’une' population' de' 30' patients' des' îles' Faroe' a' pu' confirmé'
l’implication+ des+ gènes+NLGN1! et#NRXN1!dans% l’autisme% et% identifié% un% nouveau% gène%
candidat'IQSEC3."En#parallèle,# j’ai#exploré#PRRT2! localisé(en(16p11.2.(PRRT2!code%pour%
un# membre# du# complexe# SNARE# synaptique# qui# permet# la# libération# des# vésicules#
synaptiques., Je, n’ai, pas, pu, mettre, en, évidence, d’association, avec, les, TSA,, mais, j’ai,
montré' que' ce' gène' important' pour' certaines' maladies' neurologiques' était' sous'
pression(de(sélection(différente(selon&les&populations.&! !

Pour%la%dyslexie,!j’ai%effectué%une%analyse%de%liaison%(méthode%des%lodIscores)#pour#
une$grande$ famille$de$11! individus'atteints'sur' trois'générations.'Cette'étude'a'permis'
d’identifier)CNTNAP2!comme%un%gène%de%vulnérabilité%à%la%dyslexie.(Cette(découverte(est(
importante* car* ce* même* gène* est* aussi* associé* aux$ TSA.$ Par$ contre$ aucune$ des$ 20"
variations)rares%découvertes+par+le+séquençage+complet+du+génome+n’est+localisée+dans+
les$ parties$ codantes$ du$ gène.$ Plusieurs$ variations$ localisées" dans" des" régions"
régulatrices,sont,candidates.,!

En# conclusion,# les# résultats# de# ma# thèse# ont# permis# d’identifier# des# gènes#
candidats(pour(les(TSA,(de(confirmer(le(rôle(des(gènes(synaptiques(dans(ce(trouble,(de(
montrer'pour'la'première'fois'grâce'à'une'analyse&de&liaison&le&rôle&de&CNTNAP2!dans%la%
dyslexie.)!
!
! !
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!

1.!Hétérogénéité!clinique!et!biologique!des!troubles!du!

spectre!autistique!

Les!Troubles!du!Spectre!Autistique!(TSA)!sont!très!hétérogènes!tant!sur!le!plan!clinique!

qu’étiologique.!Les!premières!descriptions!clinques!de!ces!troubles!remontent!au!début!

des! années! 40! où! ces! troubles! ont! été! décrits! de! façon! indépendente! par! le!

pédopsychiatre! américain! d’origine! austroIhongroise,! Leo!Kanner! et! par! le! psychiatre!

autrichien!Hans!Asperger.!De!nos!jours,!la!description!des!TSA!est!toujours!en!évolution,!

liée! à! de! nouveaux! instruments! d’évaluation! clinique! mais! aussi! à! l'évolution! de! la!

recherche! qui! permettent! ainsi! d’explorer! de! nouveaux! aspects! encore! inconnus! de!

l’autisme.!

!

1.1!Autisme!et!TSA!
!

La!triade!autistique!

Les!travaux!effectués!dans!les!années!40!par!Leo!Kanner!(en!1943)!aux!EtatsIUnis,!puis!

par!Hans!Asperger!(en!1944)!en!Autriche,!ont!permis!pour!la!première!fois!de!décrire!la!

clinique!des!TSA.!Leo!Kanner,!sur!la!base!de!11!cas!(8!garçons!et!3!filles,!âgés!de!2!à!11!

ans),!décrit!des!incapacités!innées!à!créer!des!contacts!affectifs!avec!autrui!ainsi!qu’un!

"désir! obsessionnel! d’immuabilité"! Kanner! (1943).! Kanner! indique! entre! autre! que! le!

développement!de!ces!enfants!est!différent!des!patients!schizophrènes,!car! l'isolement!

est! présent! très! précocement,! ce! qui! n’est! pas! le! cas! dans! la! schizophrénie.!

Indépendemment,!Hans!Asperger!décrit,!chez!4!garçons!(âgés!de!6!à!11!ans)!(Asperger!

1944)!présentant!des!capacités!intellectuelles!normales!(voire!des!talents!particuliers),!
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une! «psychopathie! autistique»! caractérisée! par! «un! manque! d'empathie,! une! faible!

capacité!à!se!faire!des!amis,!une!conversation!unidirectionnelle,!une!forte!préoccupation!

vers! des! intérêts! spéciaux,! et! des! mouvements! maladroits».! Il! les! définit! par! un!

«dérèglement! fondamental! […]! entraînant! des! difficultés! d’intégration! sociale!

considérables! et! très! typiques»,! pouvant! être! compensées! avec! «une! originalité! de! la!

pensée!et!du!vécu!qui!peut!mener,!par!la!suite,!à!des!accomplissements!exceptionnels»!

(Asperger! 1944).! Les! travaux! d’Asperger,! écrits! en! allemand,! sont! restés! méconnus!

jusqu’en!1981,!date!à!laquelle!la!psychiatre!britannique!Lorna!Wing,!les!remit!au!goût!du!

jour.!Dès!lors,!sur!la!base!des!4!cas!présentés!par!Asperger!et!de!trenteIquatre!autres!cas!

issus! de! sa! propre! clinique,! elle! propose! une! nouvelle! définition! du! syndrome!

d’Asperger,!adaptée!aux!patients!présentant!cette!clinique!particulière(Wing!1981).!

!

Ainsi! en! 1981,! Lorna!Wing! caractérise! la! clinique! des! TSA! et! définit! le! concept! de! «!

triade! autistique»,! qui! s'observe! dans! la! petite! enfance,! parfois! après! une! phase! de!

développement!normal!(notion!de!régression)!et!regroupant!les!symptomes!suivants:!

!

− troubles!des!interactions!sociales,!

− troubles!de!la!communication,!

− comportements!stéréotypés!et!intérêts!restreints.!

!

Cette! triade! induit! un! handicap! fonctionnel! de! l’individu.! Même! si! le! syndrome!

d’Asperger! ne! comprend! pas! de! troubles! des! capacités! intellectuelles,! l’autisme! est!

souvent!associé!à!une!déficience!intellectuelle!mais!aussi!à!d'autres!comorbidités.!Cette!

hétérogénéité!clinique!définie!la!notion!de!spectre!autistique.!

!
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Le!spectre!autistique!

Actuellement! les! TSA! s’inscrivent! dans! les! troubles! neuroIdéveloppementaux,! qui!

incluent!notamment!les!troubles!du!développement!intellectuel,!le!trouble!de!déficit!de!

l’attention/hyperactivité! (TDAH),! ou! encore! certains! troubles! moteurs! comme! les!

maladies!de!tics!chroniques.!

Néanmoins! il! existe! différentes!manières! pour! catégoriser! les! patients! atteints!

d'un! TSA.! L'un! d'eux! est! le! DSMIIV! (The! Diagnostic! and! Statistical! Manual! of! Mental!

Disorders! (DSM)).! publié! par! l'American! Psychiatric! Association,! il! fournit! un! langage!

commun!et!des!critères!normalisés!pour!la!classification!des!troubles!mentaux.!Créé!en!

1952,! le! DSM! est! régulièrement! mis! à! jour! par! «! The! International! Statistical!

Classification! of! Diseases! and! Related! Health! Problems! »! (ICD)! et! largement! utilisé! à!

travers!le!Monde,!pour!la!clinique!et!la!recherche.!

Le! DSMIIV! (1994)! catégorisait! l’autisme! dans! les! troubles! envahissants! du!

développement!(TED),!et!les!répartit!en!cinq!catégories!:!

!

− Le!trouble!autistique,!regroupant! les!troubles!des! interactions!sociales,!de! la!

communication,!les!comportements!stéréotypés!et!les!intérêts!restreints.!

!

− Le!syndrome!d’Asperger,!qui!se!distingue!de!l’autisme!par!l’absence!de!retard!

de!langage!et!de!déficit!cognitif.!

!

− Le! trouble!désintégratif!de! l’enfance,! caractérisé!par! les!mêmes!critères!que!

l'autisme!mais!ne!fait!son!apparition!qu’après!l’âge!de!2!ans!(développement!

normal! jusque! l’âge!de!2! ans,! suivi! d’une!perte! progressive!des! acquisitions!

fonctionnelles!cognitives!et!psychomotrices).!
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!

− Le! trouble! envahissant! du! développement! non! spécifié! (TEDINOS),! qui!

regroupe! les! autistes! atypiques! (défini! par! la! symptomatologie! et/ou! l’âge!

d'apparition).!

!

− Le! syndrome! de! Rett,! présent! uniquement! chez! les! filles! et! dont! la! cause!

génétique! est! connue.! Ce! syndrome! rare! a! des! similitudes! avec! le! trouble!

désintégratif!de!l’enfance,!puisque!celuiIci!aussi!survient!après!une!phase!de!

développement! normal! mais! est! caractérisé! par! des! déficiences! sévères!

multiples,!motrices!et!cognitives.!

!

Une! nouvelle! version! de! cette! catégorisation,! le! DSMI5.0,! isole! le! syndrome! de!

Rett! du! reste! des! 4! autres! catégories,! qu’il! regroupe! dans! une! catégorie! unique,! le! «!

trouble!du!spectre!autistique!».!Au!niveau!de!la!triade!cellesIci!se!voient!réduites!à!deux!:!

déficits!de!la!communication!sociale!d’une!part,!et!comportements!répétitifs!et!intérêts!

restreints! d’autre! part,! en! spécifiant! une! gamme! de! sévérité! par! critères! (American!

Psychiatric!Association,!2012).!

!

D’autres! nomenclatures! existent,! comme! le! concept! d’ESSENCE! de! Christopher!

Gillberg!(ESSENCE!pour!«!Early!Symptomatic!Syndromes!Eliciting!Neurodevelopmental!

Clinical!Examinations!»!)(Gillberg!2010).!Ce!concept!permet!d'avoir!une!définition!plus!

complète! et! moins! catégorielle! de! l'hétérogénéité! clinique! observée! chez! les! enfants!

avant!l’âge!de!5!ans.!Ainsi!il!définit!les!symptômes!observés!dans!le!trouble!du!spectre!

autistique!avec!une!combinaison!d’autres!signes!cliniques!(comorbidités).!

!
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Les!principaux!symptômes!évalués!par!ESSENCE!dans!le!développement!général!sont!les!

suivants!(figure!1)!:!

!

−! Troubles!de!la!communication!sociale!

−! Troubles!du!langage!

−! Troubles!de!la!coordination!motrice!

−! Troubles!de!l'attention!

−! Hyperactivité!motrice!

−! Troubles!du!comportement!restreint!et!stéréotypé!

−! Troubles!du!sommeil!

!

Il!est!vrai!que!l'on!observe!rarement!les!symptômes!de!la!TSA!de!manière!isolée!;!

ces!derniers!coexistent!souvent!avec!d'autres!troubles!psychiatriques!et!médicaux!(tels!

que!la!déficience!intellectuelle,!l'épilepsie,!les!problèmes!de!coordination,!les!troubles!de!

l'attention,! les! tics,! l'anxiété,! les! troubles! du! sommeil! et! les! problèmes! gastroI

intestinaux).! De! plus,! la! variabilité! phénoménologique! est! considérable! au! sein! de!

chaque! symptôme! clinique! en! termes! d’intensité.! Par! exemple,! au! niveau! social,! cela!

peut!aller!de!la!simple!maladresse!à!un!retrait!social!majeur.!De!même,!les!troubles!du!

langage!peuvent! aller!d'une!absence! totale!de! communication!à!un! langage!développé!

mais!marqué!par!un!déficit!de!la!pragmatisme.!

!
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1.2!Diagnostic!et!instruments!d’évaluation!

Epidémiologie!

La! prévalence! actuelle! est! estimée! à! 1%! (Fombonne,! 2009)! pour! les! TSA.! Cependant!

cette!prévalence!a! très! fortement!augmenté! lors!de!ces!30dernières!années.! (voir!plus!

bas).! Les! résultats! des! études! épidémiologiques! avant! les! années! 2000!montrent! que!

~1/3!des!personnes!avec!TSA!n’avaient!pas!de!déficience! intellectuelle!alors!que!pour!

les!études!après!les!années!2000!,rapportent!que!~2/3!des!patients!ayant!un!TSA!n’ont!

pas!de!déficience!intellectuelle!(Elsabbagh,!Divan!et!al.!2012).!

!! Les!TSA!présentent! un! déséquilibre! de! répartition! de! la! fréquence! des! garçons!

atteints! par! rapport! aux! filles,! avec! un! sexIratio! moyen! de! 4:1,! et! cette! différence!

augmente!d’autant!plus!que!les!TSA!n’est!pas!associé!à!une!déficience!intellectuelle.!Par!

exemple!chez!les!patients!ayant!un!syndrome!d’Asperger,!le!ratio!est!de!6:1,!à!l’oppposé!

des!patients!ayant!un!TSA!associés!à!une!déficience!intellectuelle,!où!le!ratio!est!de!2:1!

(Fombonne! 2003).! Plusieurs! hypothèses! tentent! d’expliquer! ce! déséquilibre! du! sexI

ratio!;! par! exemple! l'implication! de! facteurs! hormonaux! et/ou! de! facteurs! génétiques!

liés!aux!chromosomes!sexuels.!

De! nombreux! constats! font! état! d’une! augmentation! dans! le! temps! de! la!

prévalence! de! ces! troubles.! Cela! pourrait! s’expliquer! par! l'amélioration! de! la!

méthodologie!des!études!épidémiologiques!mais!aussi!par! l’élargissement!des! critères!

diagnostiques!du!spectre!autistique.!D’un!point!de!vue!biologique,!l’âge!des!parents!à!la!

naissance! des! enfants! (en! augmentation! progressive),! facteur! de! risque! avéré! de! TSA!

(Kolevzon,! Gross! et! al.! 2007),! pourrait! expliquer! l’augmentation! du! nombre! de! cas!

diagnostiqués.! Toutefois,! l’impact! des! facteurs! environnementaux! reste! à! mieux!

caractériser.!
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Diagnostic!

Le!diagnostic!clinique!des!TSA!est!basé!à!la!fois!sur!un!entretien!avec!les!parents!et!sur!

une!observation!clinique!de!l’enfant!selon!des!instruments!de!diagnostic!standardisés!

comme!l’ADI!et!l’ADOS,!qui!permettent!de!diagnostiquer!la!présence!ou!non!d’un!TSA.!

!

− L’ADIIR!(Autism!Diagnostic!InterviewIRevised)!(Lord,!Rutter!et!al.!1994),!est!

un!entretien!composé!d’une!centaine!de!questions!à!poser!aux!parents.!

!

− L’ADOS!(Autism!Diagnostic!Observation!Schedule)!(Lord,!Risi!et!al.!2000),!

regroupe!différents!séquences!de!jeux!adaptés!au!niveau!de!langage!et!de!

développement!de!l’enfant,!permettant!de!juger!de!l’interaction!!

!

Malgré! les! qualités! métrologiques! de! l’ADI! et! l’ADOS,! ! persite! un! manque! de!

résolution! quantitative! et! qualitative! des! symptômes! autistiques! et! de! fiabilité! interI

cotateurs.!Une!récente!étude!montre!que!les!critères!de!classification!des!sousItypes!de!

TSA,!avec!ADI!et!ADOS,!varient!significativement!d’un!centre!à!un!autre!(Lord,!Petkova!

et! al.! 2012).! D'autres! outils! de! screeening! sont! parfois! utilisés! permettant! une!

évaluation!quantitative!des!traits!autistiques,!comme!Autism!Spectrum!Quotient(AQ)!ou!

la! Social! Responsivnes! Scale! (BaronICohen,!Wheelwright! et! al.! 2001).! Par! exemple,! la!

distribution! du! score! de! l’AQ! est! représentée! par! une! gaussienne! dans! la! population!

générale! qui,! quand! il! est! faible,! définit! une! personne! avec! peu! ou! pas! de! traits!

autistiques,! et,! lorsqu'il! augmente,!montre! une! sévérité! croissante.! La!moyenne! de! ce!

score!dans! la! population! générale! est! de! 16,4,! et! chez! les! patients! ayant! un!TSA,! d’au!

moins!32.!Il!est!aussi!observé!que!ce!score!est!en!moyenne!plus!faible!chez!les!femmes!

(Berkel,!Tang!et!al.!2011)!que!les!hommes!(Bittel,!Kibiryeva!et!al.!2006).!Néanmoins!2%!
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de!la!population!générale!atteint!des!scores!supérieurs!ou!égaux!à!celui!observé!chez!les!

autistes,!sans!pour!autant!présenter!de!diagnostic!de!TSA.!Par!ailleurs,!lorsque!l'on!fait!

passer!l’AQ!chez!les!apparentés!de!patients!ayant!un!TSA!(Wheelwright,!Auyeung!et!al.!

2010),!des!scores!plus!élevés!en!moyenne!chez!eux!que!dans!la!population!générale!sont!

relevés.! Cela! a! abouti! au! concept! de! «! phénotype! autistique! élargi! »! (broader! autism!

phenotype)!(Bailey,!Palferman!et!al.!1998).!

Les! autres! outils! nécessaires! à! l’investigation! clinique! de! ces! patients! sont! les!

examens! neuropédiatrique,! associés! à! ! des! examens! visuels,! auditifs,! métaboliques! et!

génétiques! (en!particulier,! X!Fragile,! caryotype! en! l’absence!de!puce! (CGH!ou!SNPs)! à!

haut!débit,)!(Haute!Autorité!de!Santé,!2010).!

!

Comorbidités!et!signes!associés!

Les! TSA! sont! rarement! isolés,! d'autres! troubles! alors! appelés! comorbidités! sont!

fréquemment! associés! (cf.! Tableau!page! suivante).!Même! si! ces! comorbidités! ! ne! font!

pas!partie!de!la!définition!de!la!triade!autistique!au!sens!du!DSMIIV,!elles!jouent!un!rôle!

majeur!dans!le!handicap,!parfois!même!plus!que!les!symptômes!autistiques,!eux!même.!

Par!exemple,!la!déficience!intellectuelle,!qui!selon!le!DSMIIV!se!répartie!en!4!catégories!

selon! son! degré! de! sévérité! (déficience! intellectuelle! léger! (50<QI<70),! modéré!

(35<QI<50),! sévère! (20<QI<35),! profond! (QI<20))! entraine! un! handicap! fonctionnel!

sévère!et!supplémentaire.!Cependant,!cette!classification!du!déficit!intellectuel!n’est!pas!

toujours! ! applicable! dans! les! TSA,! car! les! capacités! cognitives! des! patients! sont!

hétérogènes.! Souvent! les! capacités! verbales! sont! plus! atteintes,! que! les! capacités! de!

performances,!mais!cela!peut!être!parfois!l’inverse.!!
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Trouble(
Com

m
entaire(

(O
bservation(et(prévalence(

Déficience!
intellectuelle!

Prévalence!varie!de!m
anière!im

portante!selon!les!
études!

70%
!dans!l'autism

e!sans!le!syndrom
e!Asperger!(Chakrabarti!and!Fom

bonne!
2005),!(Fom

bonne!2003)!(note!1)!

Dysm
orphies!

Oriente!souvent!le!diagnostic!vers!un!syndrom
e!

génétique!
16%

!des!patients!présentent!des!dysm
orphies!;!cellesMci!sont!associées!à!un!QI!

plus!faible!et!à!de!l’épilepsie.!(M
iles,!Takahashi!et!al.!2005)!(N=260!cas)!!

Anom
alies!du!

périm
ètre!crânien!

Une!augm
entation!du!périm

ètre!crânien!associée!
à!une!augm

entation!du!volum
e!cérébral!chez!les!

cas,!(La!m
étaManalyse!de!Redcay!et!al.!

(2005)(Redcay!and!Courchesne!2005))!(N=531!
cas)!(note!2)!

Volum
e!cérébral!supérieur!à!la!m

oyenne!dans!90%
!des!cas,!avec!une!

m
acrocéphalie!(>+2DS!dans!37%

!des!cas)!ceci!est!associé!à!une!augm
entation!

de!la!m
atière!blanche!et!grise!corticale,!et,!au!niveau!du!cervelet,!à!une!

augm
entation!de!la!m

atière!blanche!m
ais!dim

inution!de!la!m
atière!grise!

(augm
entation!du!nom

bre!et/ou!de!la!taille!des!cellules!débat)!(Courchesne,!
Karns!et!al.!2001)!(N=30!cas!m

alesM!entre!2M4!ans)!La!m
icrocéphalie!est!

observée!chez!une!m
inorité!(5!à!15%

)!de!cas!et!est!corrélée!à!la!présence!d’une!
autre!pathologie.!

Épilepsie!
plus!fréquente!chez!les!filles!surtout!lorsqu'elles!
ont!

une!
déficience!

intellectuelle!
((Am

iet,!
GourfinkelMAn!et!al.!2008))!

20M25%
!(Canitano!2007)!

!Tableau(des(co6m
obidités(partie(1.(

Note!1M!Il!existe!de!nom
breux!outils!pour!évaluer!le!fonctionnem

ent!intellectuel!:!les!échelles!standardisées!de!m
esure!du!quotient!intellectuel!(QI)!qui!distinguent!

classiquem
ent!le!QI!Verbal!et!le!QI!Perform

ance,!les!m
atrices!progressives!de!Raven!(test!de!logique!perm

ettant!d’évaluer!l’intelligence!indépendam
m
ent!des!

capacités!verbales),!ou!encore!le!profil!psychoMéducatif!(psychoeducative!profile!PEPMR).!

Note!2M!Cette!augm
entation!du!périm

ètre!cranien!est!en!lien!avec!une!anom
alie!de!la!cinétique!de!croissance!au!début!de!la!petite!enfance!(<24!m

ois),!alors!que!le!

périm
ètre!cranien!des!enfants!ayant!un!TSA!est!norm

al!à!la!naissance.!!
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!

Trouble(
Com

m
entaire(

(O
bservation(et(prévalence(

Troubles!m
oteurs!!

La!fréquence!dim
inue!chez!les!cas!plus!âgés,!

ce!qui!suggère!que!la!m
otricité!tend!à!se!

norm
aliser!

51%
!hypotonie!(sur!N

=154!cas)!(M
ing,!Brim

acom
be!et!al.!2007)!!

Déficience!auditive!
!!

9,5%
!des!patients,!dont!3,5%

!de!surdité!(sur!N
=199!cas)!(Rosenhall,!N

ordin!et!
al.!1999)!(note!3)!

Anom
alies!sensorielles!

H
yposensibilité!ou!hypersensibilité!aux!

stim
uli!auditifs,!visuels,!tactiles,!olfactifs,!

gustatifs!
!(BaronMCohen,!Ashw

in!et!al.!2009)!

Les!troubles!
psychiatriques!

Prévalences!varient!selon!les!études,on!
observe!des!troubles!anxieux,!de!déficit!de!
l’attention/hyperactivité!(TDAH

),!de!
l’hum

eur,!la!phobie!sociale,!d’oppositionnel,!
de!type!agressivité!et!autoMagressivité!

M!TDAH
!55%

,!de!phobie!spécifique!44%
,!de!trouble!obsessionnel!com

pulsif!
(TOC)!43%

,!de!dépression!25%
!(sur!N

=109!cas)!(Leyfer,!Folstein!et!al.!2006)!!

M!la!phobie!sociale!29%
,!le!TDAH

!28%
!et!le!trouble!oppositionnel!28%

!(sur!
N
=112!cas)!(Sim

onoff,!Pickles!et!al.!2008)!
M!troubles!du!com

portem
ent!de!type!agressivité!et/ou!autoMagressivité!22%

!!
(H
artley,!Sikora!et!al.!2008)!

Les!troubles!du!som
m
eil!!

Insom
nie!chronique!

Insom
nie!chronique!est!10!fois!plus!élevée!et!les!troubles!du!som

m
eil!persistent!

avec!seulem
ent!8%

!de!rém
ission!(vs!52%

!chez!les!tém
oins).!

(N
=3700!dont!28!avec!TSA)!(Sivertsen,!Posserud!et!al.!2012)!

Les!troubles!alim
entaires!

Sélectivité!alim
entaire!

25%
!des!patients!avec!TSA!(note!4)!

Constipation!
!!

34%
!(sur!N

=121!cas)!(Ibrahim
,!Voigt!et!al.!2009)!

!
!

!
!Tableau(des(co6m

obidité(partie(2.(

N
ote!3M!En!revanche,!la!suspicion!d’une!association!entre!TSA!et!m

aladie!cœ
liaque,!à!l’origine!du!régim

e!sans!gluten!et!sans!caséine!parfois!proposé!aux!patients,!n’a!

pas!été!confirm
ée!(voir!la!synthèse!de!consensus!de!la!H

aute!Autorité!de!Santé,!2010).!

N
ote!4M!N

éanm
oins,!ce!chiffre!devrait!être!réexam

iné!avec!la!pratique!systém
atique!d’une!audiom

étrie!devant!un!retard!d’acquisitions.!
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1.3$Prise$en$charge$

Le!choix!de!la!prise!en!charge!est!comme!le!syndrome,!tout!aussi!diversifié.!Ce!choix!est!

tout!de!même!souvent!déterminé!par!le!niveau!intellectuel!du!patient.!Pour!les!individus!

avec!un!QI!normal!ou!supérieur!à!la!moyenne,!comme!les!patients!avec!autisme!de!haut!

niveau!ou!syndrome!d’Asperger,!une!scolarité!normale!est!possible.!

! Actuellement,! à! l'échelle! internationale,! de! nombreux! organismes! ont! pour!

volonté!de!mettre!en!place!une!prise!en!charge!pour!les!patients!avec!TSA.!Les!méthodes!

développées!se!basent! sur! la! stimulation!de! l'enfant! très!précocement!pour!permettre!

d’améliorer!les!performances!cognitives,!le!langage!et!les!capacités!d’interaction!sociale.!

Malgré! des! résultats! prometteurs,! ces! méthodes,! comme! la! méthode! ABA! (Applied!

Behaviour!Analysis)!ou! la!méthode!TEACCH!(Treatment!and!Education!of!Autistic!and!

related! Communication! handicaped! CHildren),! restent! malheureusement! peu!

développées! en! France.! Par! exemple,! basée! sur! l’approche! comportementale,! la!

Thérapie! d’Echange! et! de! Développement,! développée! à! Tours,! a! pour! but,! lors! de!

séances!de!jeu!ou!de!plaisir!partagé,!de!développer!au!cours!du!temps!les!fonctions!de!

base! du! développement! d’une! communication,! à! savoir! les! fonctions! d’imitation,!

d’attention! et! de! perception! chez! le! patient! (Barthélémy*C.,*Hameury,*L*et*Lelord*G.*La*

thérapie*d’échange*et*de*développement*dans*l’autisme*de*l’enfant.*Expansion*Scientifique*

Française*éd.*Paris*1998,*302*)!

! Les! traitements! médicamenteux! sont! actuellement! pas! ou! peu! efficaces! sur! le!

syndrome!autistique!(interaction!sociale)!mais!ciblent!plutôt! les!comorbidités.!Ce!sont!

souvent! des!médicaments! psychotropes! développés! dans! d'autres! pathologies! comme!

les!antipsychotiques!(risperidone,!aripiprazole)!pour! les! troubles!du!comportement,! le!

méthylphénidate! pour! l’hyperactivité,! et! les! inhibiteurs! sélectifs! de! la! recapture! de! la!
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sérotonine! (fluoxétine,! citalopram)! pour! les! stéréotypies! et! les! comportements!

obsessionnels!(McPheeters,!Warren!et!al.!2011)!et!la!mélatonine!pour!le!traitement!des!

troubles!du!sommeil.!

! De! nouvelles! perspectives! de! traitement! sont! développées,! comme! avec! le!

bumétanide! dans! une! étudeYpilote,! qui! permettrait! de! restaurer! l’homéostasie! des!

synapses!inhibitrices!du!système!GABAergique!chez!les!patients!où!celuiYci!est!altéré,!en!

diminuant! les! concentrations! intracellulaires! d’ions! chlorure! (Lemonnier! and! BenYAri!

2010).!D'autres!médicaments! sont! aussi! trés! prometteurs,! comme! le! fenobam!dans! le!

syndrome! de! l’X! fragile! (BerryYKravis,! Hessl! et! al.! 2009)! mais! aussi! l’ocytocine,! qui!

semble,! chez! des! patients! autistes! de! haut! niveau,! améliorer! le! comportement! social!

(Andari,!Duhamel!et!al.!2010).!

!

1.4$Facteurs$genetiques$impliqués$dans$l’autisme$

Il!y!existe!une!forte!composante!génétique!à!la!prédisposition!aux!TSA,!comme!l’indique!

le!risque!de!récurrence!dans!les!études!de!familles!et!de!jumeaux!(Bailey,!Le!Couteur!et!

al.!1995)!(Ronald,!Larsson!et!al.!2010)!(Hallmayer,!Cleveland!et!al.!2011)!(Lundstrom,!

Chang!et!al.!2012).!Le!taux!de!récurrence!dans!les!familles!ayant!un!enfant!autiste!a!été!

initialement! estimé! à! 5%,! contre! 1%! dans! la! population! générale,! mais! des! études!

récentes!observant!les!signes!précoces!de!TSA!au!sein!de!fratries!des!individus!atteints!

de!TSA!révèlent!un!taux!de!récurrence!plus!élevé!(jusqu'à!20!%)!(Ozonoff,!Young!et!al.!

2011).! Les! premières! études! de! jumeaux! décrivent! les! TSA! comme! les! troubles!

neuropsychiatriques! les! plus! fortement! influencés! par! la! génétique,! avec! des! taux! de!

concordance! atteignant! 82Y92%! chez! les! jumeaux!monozygotes! par! rapport! à! 1Y10%!

chez!les!jumeaux!dizygotes!(Bailey,!Le!Couteur!et!al.!1995),!(Folstein!and!Rutter!1977).!
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Cependant!des! études!plus! récentes!ont! indiqué!que! la! concordance! chez! les! jumeaux!

dizygotes! pourrait! être! plus! élevée! (>! 20%)! (Hallmayer,! Cleveland! et! al.! 2011).! Dans!

toutes!les!études,!la!concordance!chez!les!jumeaux!monozygotes!n'est!pas!complète,!ce!

qui! indique! que! des! facteurs! épigénétiques,! stochastiques! et! /! ou! environnementaux!

jouent! un! rôle! (Lichtenstein,! Carlstrom! et! al.! 2010),! (Lundstrom,! Chang! et! al.! 2012),!

(Ronald,!Larsson!et!al.!2010).!Comme! illustré!dans! le!paysage!épigénétique!de!Conrad!

Waddington! (Waddington! 1942),! le! phénotype! TSA! peut! résulter! d'un! réseau! de!

régulation! complexe! impliquant! des! facteurs! génétiques,! épigénétiques! et!

environnementaux!ainsi!que!des!fluctuations!stochastiques,!que!l’on!peut!représenté!par!

une!balle!qui!serait!guidée!du!point!le!élevé!au!point!le!plus!bas!(figure!1b).!Pour!chaque!

individu! avec! un! génotype! donné,! la! réponse! à! l'environnement! peut! être! différente.!

Woltereck! (Woltereck! 1909)! introduit! les! concepts! de! normes! de! réaction! et! de!

plasticité!phénotypique!au!début!du!XXe!siècle!permettant!de!tenir!compte!du!fait!que!

les! organismes! peuvent!modifier! leurs! caractéristiques! en! réponse! à! l'environnement!

(figure!1C).!En!accord!avec!cette!idée,!différents!génotypes!augmentant!le!risque!de!TSA,!

pourraient! avoir! une! «!norme! de! réaction!»! différente! à! travers! une! gamme!

d'environnements.! Ainsi,! nous! espérons! qu’une! meilleur! connaissance! des! causes!

génétiques!des!TSA!devrait!nous!aider!à! identifier! le!meilleur!environnement!pour!un!

individu!donné.!

Les! premières! causes! génétiques! des! TSA! ont! été! identifiées! pour! les! troubles!

monogéniques!tels!que!le!syndrome!de!l’X!fragile!et!le!syndrome!de!Rett!(Pieretti,!Zhang!

et! al.! 1991,! Amir,! Van! den! Veyver! et! al.! 1999)! ainsi! que! dans! les! familles! porteuses!

d’anomalies! chromosomiques! (Vorstman,! Staal! et! al.! 2006).! Plus! tard,! des! mutations!

délétères!ont!été!identifiées!au!sein!de!plusieurs!gènes!candidats,!tels!que!ceux!codant!

pour!les!neuroligines,!neurexines!et!SHANKS,!qui!ont!tous!une!fonction!à!la!synapse!et!
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qui! sont!des!acteurs! clés!dans! la! susceptibilité! aux!TSA,! y! compris! chez! les!personnes!

ayant! un! TSA! mais! pas! de! déficience! intellectuelle,! tel! que! le! syndrome! d'Asperger!

(Durand,! Betancur! et! al.! 2007),! (Jamain,!Quach! et! al.! 2003),! (Szatmari,! Paterson! et! al.!

2007).!Les!études!par!«!puces!à!ADN!»!ou!«!microYarray!»!ont!pu!révéler!des!délétions!et!

duplications,!appelées!variants!du!nombre!de!copies!(CNV),!touchant!de!nombreux!loci,!

dont!5Y15%!sont!des!événements!de*novo! chez! les!patients!atteints!de!TSA! (Christian,!

Brune! et! al.! 2008),! (Cooper,! Coe! et! al.! 2011),! (Gilman,! Iossifov! et! al.! 2011),! (Glessner,!

Wang! et! al.! 2009),! (Jacquemont,! Sanlaville! et! al.! 2006),! (Marshall,! Noor! et! al.! 2008),!

(Pinto,!Pagnamenta!et!al.!2010),!(Sanders,!ErcanYSencicek!et!al.!2011),!(Sebat,!Lakshmi!

et!al.!2007),!(Szatmari,!Paterson!et!al.!2007).!Plus!récemment,!les!séquençages!d’exomes!

ont! été! utilisés! pour! détecter! des! mutations! de* novo! délétères! chez! 3,6! à! 8,8%! des!

personnes!atteintes!de!TSA!(Kong,!Frigge!et!al.!2012),!(Neale,!Kou!et!al.!2012),!(O'Roak,!

Deriziotis!et!al.!2011),!(O'Roak,!Vives!et!al.!2012),!(Sanders,!Murtha!et!al.!2012).!

!

En! résumé,! auYdelà! de! la! définition! des! TSA! se! trouve! un! degré! extrême!

d'hétérogénéité! clinique,! allant! de! déficiences! légères! à! profondes.! Des! études!

génétiques!moléculaires!ont!révélé!le!paysage!génétique!très!hétérogène!des!TSA,!avec!

différents!types!d'anomalies!situées!sur!presque!tous! les!chromosomes!avec!différents!

niveaux! de! pénétrance! (Abrahams! and! Geschwind! 2008),! (Devlin! and! Scherer! 2012),!

(Freitag!2007)!(Huguet,!Ey!et!al.!2013).!

! !
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Figure$1$:!Diversité!clinique!et!génétique!des!TSA.!(a)!Les!symptômes!et!les!comorbidités!observés!chez!

les!individus!atteints!de!TSA.!Les!flèches!définissent!les!caractéristiques!cliniques!des!individus!,!et!la!ligne!

rouge!définit!le!niveau!de!gravité!(faible!au!centre!et!à!la!périphérie!de!élevé).!Les!couleurs!représentent!

la!combinaison!des!caractéristiques!cliniques.!(!b!)!Un!paysage!épigénétique.!Comme!la!bille!est!guidé!vers!

le! point! le! plus! bas,! la! trajectoire! clinique! d'un! individu! atteint! de! TSA! est! influencée! par! des! facteurs!

génétiques! (G)! ,! des! facteurs!environnementaux! (E)! ,! et!des! interactions!gènesYenvironnement! (G!×!E)!;!

Adapté!de!Waddington!(Waddington!1942).!(c)!Normes!de!réaction!décrivant!la!façon!dont!les!individus!

avec! différents! génotypes! répondent! à! différents! environnements.! L'individu! avec! le! génotype! G1! ne!

change! pas! indépendamment! de! l'environnement! .! L'individu! avec! le! génotype! G2! s'aggrave! dans!

l'environnement! E2! par! rapport! à! l'environnement! E1.! Les! personnes! ayant! un! génotype! G3YG5!

s'améliorent! dans! l'environnement! E2! par! rapport! à! l'environnement! E1! ,! mais! avec! des! normes! de!

réaction!différentes!;!Adapté!de!Woltereck!(Woltereck!1909).!

!

! $
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Des$variations$de$nombre$de$copies$(CNV)$de#novo#dans$les$TSA$

Des! altérations! chromosomiques! de! grande! taille! (visibles! au! microscope)! ont! été!

rapportées!chez!moins!de!5%!des!personnes!atteintes!de!TSA.!Les!plus!fréquentes!sont!

situées! dans! les! régions! chromosomiques! 2q37,! 7q11,! 15q11Y13,! 16p11,! 22q11.2! et!

22q13.3! (Vorstman,! Staal! et! al.! 2006).!Au! cours!de! la!dernière!décennie,! d'importants!

progrès!dans!la!génétique!des!TSA!ont!émergé!à!partir!d'études!de!CNV!à!l'aide!de!puces!

à!ADN!(Alkan,!Coe!et!al.!2011).!!

La!première!analyse,!qui!a!utilisé!l'hybridation!génomique!comparative!(CGH)!sur!

un! petit! échantillon! de! 29! personnes! atteintes! de! TSA,! a! constaté! que! 8! d'entre! eux!

(28%)! avaient! des! CNV! cliniquement! pertinentes! (six! délétions! et! deux! duplications)!

(Jacquemont,! Sanlaville! et! al.! 2006).! Le! taux! élevé!d'altérations! génétiques! rapportées!

dans! cette! étude! était! très! probablement! du! à! l'inclusion! d’individus! présentant! des!

comorbidités! souvent! associées! à! des! anomalies! génétiques,! telles! que! la! dysmorphie!

faciale.!!

La!deuxième!étude!principale!a!utilisé!une!puce!(array)!de!CGH!plus!dense!et!n'a!

pas!été!biaisée!en!faveur!des!personnes!présentant!des!comorbidités;!ici,!les!auteurs!ont!

constaté! des! CNVs! de* novo! chez! 12! des! 118! individus! atteints! de! TSA! sporadiques!

(10%),! chez! 2! des! 77! individus! atteints! de! TSA! qui! ayant! également! un! parent! au!

premier!degré!atteint!(3%),!et!chez!2!sur!196!témoins!(1%)!(Sebat,!Lakshmi!et!al.!2007).!

De!nombreuses!études!ont!depuis!utilisé!la!CGH!arrays!(puce)!ou!des!puces!à!ADN!pour!

étudier! le! fardeau! des! CNVs! sur! de! larges! cohortes! d'individus! atteints! de! TSA!

(Christian,!Brune!et!al.!2008),! (Cooper,!Coe!et!al.!2011),! (Gilman,! Iossifov!et!al.!2011),!

(Glessner,! Wang! et! al.! 2009),! (Itsara,! Wu! et! al.! 2010),! (Jacquemont,! Sanlaville! et! al.!

2006),! (Marshall,! Noor! et! al.! 2008),! (Pinto,! Pagnamenta! et! al.! 2010),! (Sanders,! ErcanY

Sencicek!et!al.!2011),!(Sebat,!Lakshmi!et!al.!2007,!Szatmari,!Paterson!et!al.!2007).!À!ce!
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jour,!les!génotypes!de!plus!de!3800!personnes!atteintes!de!TSA,!de!1200!frères!et!sœurs,!

de!600!contrôles,!ainsi!les!parents!ont!été!analysés.!Dans!toutes!les!études,!des!CNVs!de*

novo!semblent!être!enrichis!chez!les!individus!atteints!de!TSA!par!rapport!à!leurs!frères!

et! sœurs! non! atteints! et! à! la! population! de! contrôle.! Dans! l'ensemble,! 6,6%! des!

personnes! atteintes! de! TSA! sporadiques! avaient! au! moins! un! CNV! de* novo! rare,!

comparativement!à!4,1%!chez! les! individus!atteints!de!TSA!ayant!un!parent!affecté!au!

premier!degré,!1,4%!chez!les!frères!et! les!sœurs!non!atteints!et!1,9%!chez!les!témoins!

(Figure!2a).!Notamment,!CNVs!de*novo!sont!plus!larges!et!touchent!davantage!de!gènes!

chez! les! individus! atteints! de! TSA! par! rapport! à! leurs! frères! et! sœurs! sains! et! des!

contrôles.!Cet!enrichissement!ne!reflète!pas!un!risque!plus!élevé!de!parents!à!produire!

ces!CNVs!de*novo,!parce!que!les!frères!et!les!sœurs!auraient!la!même!fréquence!que!les!

personnes!atteintes!de!TSA,!ce!qui!n'est!pas!le!cas.!Comme!prévu,!les!CNVs!de*novo!sont!

plus!fréquents!chez!les!personnes!atteintes!de!TSA!dans!des!cas!sporadique!que!chez!les!

individus!atteints!de!TSA!qui!avaient!aussi!un!parent!au!premier!degré!touchée,!ce!qui!

indique!que!la!structure!de!la!famille!doit!être!considérée!pour!estimer!la!prévalence!des!

CNVs!de*novo!dans!les!TSA.!

Deux!études!de!grande!envergure!ont!déterminé!l'origine!parentale!des!CNVs!de*

novo! (Itsara,!Wu! et! al.! 2010),! (Sanders,! ErcanYSencicek! et! al.! 2011).! En! combinant! les!

résultats!des!deux!études!révèle!une!tendance!des!CNVs!de*novo!d’origine!maternelles!

(54,5%),!mais! le!modèle!n'a!pas! atteint!une! signification! statistique! (Figure!2b).! Il! est!

intéressant!de!noter!que,!par!rapport!aux!hommes,!les!femmes!atteints!de!TSA!ont!plus!

de!CNV!de*novo,! et! qu’ils! touchent! davantage!de! gènes! (figure!2c).! Enfin,! il! existe! une!

association!significative!entre!le!niveau!cognitif,!tel!que!mesuré!par!le!QI!et!le!nombre!de!

gènes! affectés! par! un!CNV!de*novo! (Girirajan,! Rosenfeld! et! al.! 2012),! (Sanders,! ErcanY

Sencicek!et!al.!2011).!Dans!une!étude!réalisée!par!Girirajan!et!al.!(Girirajan,!Rosenfeld!et!
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al.!2012),! le!QI!moyen!dépasse!le!seuil!d'une!déficience!intellectuelle!(QI!<70)!chez!les!

personnes!ayant!18!génes!ou!plus!présent!dans!le!CNV!de*novo!(figure!2d).!En!résumé,!la!

charge! des! CNVs! de* novo! et! rare! est! significativement! plus! élevée! chez! les! individus!

atteints! de! TSA! par! rapport! à! leurs! frères! et! les! sœurs! non! atteint! et! la! population!

générale.! Les! CNVs! sont! plus! nombreux,! plus! grands! et! contiennent! plus! de! gènes.! La!

présence! d'une! dysmorphie! faciale! et! /! ou! de! déficience! intellectuelle! augmente! les!

chances!de!détecter!un!CNV!de*novo.!Enfin,!les!femmes!semblent!avoir!une!plus!grande!

tolérance! que! les! hommes! d'accumulation! des! altérations! génétiques! sans! développer!

un! TSA.! Pourtant,! si! les! CNVs! sont! fortement! associées! aux! TSA,! surtout! dans! les! cas!

sporadiques,! alors! qu'ils! ne! comptent! que! pour! une! petite! fraction! de! personnes!

atteintes! de! TSA,! et! donc! d'autres! types! de! mutations! doivent! jouer! un! rôle! dans! la!

susceptibilité!à!l'autisme,!en!particulier!dans!les!cas!familiaux!.!

! !
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!

!

Figure$2$:!Le!fardeau!de!CNVs!de*novo!dans!les!TSA.!(a)!La!fréquence!et!la!taille!des!CNVs!de*novo!chez!

les!individus!atteints!de!TSA!issus!de!familles!simplex,!de!familles!multiplex,!et!aussi!chez!les!frères!et!les!

sœurs!non!atteints,! et! les! témoins.!Les!données!proviennent!des!études!suivantes! (Marshall,!Noor!et!al.!

2008,!Itsara,!Wu!et!al.!2010,!Pinto,!Pagnamenta!et!al.!2010,!Sanders,!ErcanYSencicek!et!al.!2011)!et!(Sebat,!

Lakshmi!et!al.!2007).! (b)!L'origine!parentale!des!CNVs!de*novo! identifiées! chez! les! individus!atteints!de!

TSA.!Les!données!proviennent!des!études!(Itsara,!Wu!et!al.!2010)!et!(Sanders,!ErcanYSencicek!et!al.!2011).!

(c)! Proportion! de! personnes! ayant! au!moins! un! CNV! de* novo,! de! même! que! le! nombre! de! gènes! (par!

RefSeq)!présent!dans!un!CNV.!Les!données!sont! tirées!des!études!(Sanders,!ErcanYSencicek!et!al.!2011).!

(d)! Relation! entre! le! QI! et! le! nombre! de! gènes! qui! se! chevauchent! avec! le! CNVs!de*novo.! Les! données!

proviennent!des!études!(Girirajan,!Rosenfeld!et!al.!2012)!et!(Sanders,!ErcanYSencicek!et!al.!2011).!

ASD patients
from simplex

families
(n=1,932)

ASD patients
from multiplex

families
(n=1,884)

Siblings
(n=1,299)

Controls
(n=582)

<100 kb

>100 kb

>500 kb

>1 Mb

Pr
op

or
ti

on
 o

f i
nd

iv
id

ua
ls

 w
it

h 
de

 n
ov

o 
co

py
-n

um
be

r v
ar

ia
nt

s (
%

)

0

2

4

6

a

Pr
op

or
ti

on
 o

f d
e 

no
vo

co
py

-n
um

be
r v

ar
ia

nt
s (

%
)

0

20

40

60

80

100

Paternal

50%

Maternal
Parental origin

b

Fu
ll-

sc
al

e 
IQ

200

100

50

150

0
0 20 40 60 80 100

Number of genes

18 genes

d

Pr
op

or
ti

on
 o

f i
nd

iv
id

ua
ls

 w
it

h 
at

 le
as

t  
on

e 
de

 n
ov

o 
co

py
-n

um
be

r v
ar

ia
nt

 (%
)

0

2

4

6

8

10
c

Individuals with at least
one de novo copy-number
variant

Number of genes per sample

N
um

ber of genes overlapping 
w

ith de novo copy-num
ber variants

Male
(n=755)

Female
(n=117)

Male
(n= 403)

Female
(n= 479)

Deletion

Duplication

3

1

2

0

P r o b a n d s S i b l i n g s

4.1

6.6

1.4
1.9



 33 

Variations)de#novo)dans)les)séquences)codantes)chez)les)autistes)

Les$ études$ sur$ les$ variants$ de# novo$ dans$ les$ séquences$ codantes$ étaient$ auparavant$

limitées$ aux$ gènes$ candidats.$ Les$ technologies$ de$ séquençage$ de$ nouvelle$ génération,$

telles$ que$ le$ séquençage$ de$ l’ensemble$ de$ l’exome$ ou$ du$ génome,$ nous$ permettent$

maintenant$ d'estimer$ la$ contribution$ des$ mutations$ de# novo$ au$ sein$ des$ séquences$

codantes$dans$les$TSA.$Les$six$études$d’exome$publiées$à$ce$ jour$ont$séquencé$plus$de$

1000$personnes$atteintes$de$TSA$ainsi$que$790$frères$et$sœurs$(O'Roak,$Deriziotis$et$al.$

2011,$ Iossifov,$ Ronemus$ et$ al.$ 2012,$ Kong,$ Frigge$ et$ al.$ 2012,$ Neale,$ Kou$ et$ al.$ 2012,$

Sanders,$Murtha$et$al.$2012).$Dans$ces$études,$le$taux$moyen$de$variants$de#novo$au$sein$

de$séquences$codantes$par$personne$(y$compris$les$fauxWsens,$l'épissage,$les$frameshift$

et$variantes$stopWgain)$était$de$0,86%$chez$les$femmes$atteintes$de$TSA,$de$0,73%$chez$

les$hommes$atteints$de$TSA$et$de$0,60%$chez$les$germains$non$atteints$(Figure$3a).$Au$

niveau$ du$ groupe,$ il$ n'y$ avait$ pas$ de$ différence$ statistiquement$ significative$ entre$ les$

personnes$ atteintes$ de$TSA,$ leurs$ germains$ non$ atteints$ et$ les$ contrôles.$ Ce$ n'est$ que$

lorsque$l'analyse$se$limite$aux$gènes$exprimés$dans$le$cerveau$que$la$différence$devient$

statistiquement$ significative$ (p$ =$ 0,001),$ avec$ plus$ de$ mutations$ chez$ les$ individus$

atteints$de$TSA$par$rapport$aux$germains$non$atteints$(Sanders,$Murtha$et$al.$2012).$Au$

niveau$ individuel,$ plusieurs$ mutations$ causales$ ont$ été$ identifiées,$ ce$ qui$ représente$

3.6–8.8%$ des$ personnes$ avec$ TSA.$ Iossifov$ et$ al.$ (Iossifov,$ Ronemus$ et$ al.$ 2012)$ ont$

estimé$que$65$ gènes$ responsables$ ont$ été$ identifiés$ par$ quatre$ études$de$ séquençage$

d'exome$ à$ grande$ échelle.$ Ce$ calcul$ est$ basé$ sur$ le$ nombre$ de$ mutations$ de# novo$

délétères$ identifiées$ dans$ les$ différentes$ études$ de$ séquençage$ d'exome$ (59$ des$ 343$

proposants$dans$ la$ référence$ ((Iossifov,$Ronemus$et$ al.$ 2012),$90$des$175$proposants$

dans$ la$ référence$ (Neale,$ Kou$ et$ al.$ 2012),$ 33$ des$ 209$ proposants$ dans$ la$ référence$

(O'Roak,$Vives$et$al.$2012)$et$17$des$238$proposants$dans$la$référence$(Sanders,$ErcanW
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Sencicek$ et$ al.$ 2011))$ et$ d'un$ taux$ différentiel$ double$ estimée$ de$mutations$ délétères$

entre$les$individus$atteints$de$TSA$et$leur$fratrie.$Comme$pour$les$CNVs,$les$femmes$ont$

tendance$à$avoir$plus$de$variants$de#novo$dans$les$séquences$codantes$par$rapport$aux$

hommes.$ Lorsque$ l'origine$ parentale$ des$ mutations$ de# novo$ à$ pu$ être$ établie,$ les$

variants$ étaient$ trois$ fois$ plus$ susceptibles$ de$ provenir$ du$ génome$ paternel$ que$

maternel$(Kong,$Frigge$et$al.$2012,$O'Roak,$Vives$et$al.$2012)$(Figure$3b).$L'âge$du$père$à$

la$conception$de$l'enfant$est$un$facteur$qui$influence$grandement$ce$taux$(Kong,$Frigge$

et$ al.$ 2012),$ avec$ une$ augmentation$ de$ près$ de$ deux$ mutations$ par$ an.$ Un$ modèle$

exponentiel$ estime$ que$ le$ nombre$ de$mutations$ paternelles$ double$ tous$ les$ 16,5$ ans$

(figure$3C).$$

Les$résultat$provenant$de$ces$études$d’exome$n’expliquent$malheureusement$que$

peu$ de$ cas$ d’autisme,$ puisque$ il$ n'en$ sort$ qu'une$ poignée$ de$ gènes$mutés$ chez$ chez$

plusieurs$ d’individu$ (CHD8,# KATNAL2,# SCN1A,# SCN2A,# DYRK1A,$ et$ POGZ)$ (Iossifov,$

Ronemus$et$al.$2012,$Neale,$Kou$et$al.$2012,$O'Roak,$Vives$et$al.$2012,$Sanders,$Murtha$et$

al.$ 2012).$Néanmoins,$ il$ est$ important$ de$ garder$ à$ l'esprit$ que$ les$méthodes$ actuelles$

utilisées$pour$ les$ exomes$ne$ saisissent$pas$ tous$ les$ exons$du$génome$ (principalement$

lorsqu’ils$ sont$ dans$ des$ séquences$ riches$ en$ GC)$ et$ que$ de$ nouvelles$ technologies$ de$

séquençage$ pourraient$ être$ en$ mesure$ de$ détecter$ des$ mutations$ supplémentaires$

(O'Roak,$Vives$et$al.$2012).$La$stratification$d’individus$atteints$de$TSA$en$ fonction$de$

phénotypes$ intermédiaires$ ou$ de$ symptômes$ spécifique$ permettrait$ peut$ être$ de$

détecter$ des$ gènes$ avec$ une$ prévalence$ élevée,$ comme$ CHD8,$ qui$ est$ muté$ de$ façon$

récurrente$chez$ les$personnes$ayant$une$macrocéphalie$ (O'Roak,$Vives$et$al.$2012),$et$

SHANK3,$ qui$ est$ muté$ chez$ environ$ 2W3%$ des$ personnes$ présentant$ une$ déficience$

intellectuelle$ et$ un$ TSA$ (CS$ Leblond,$ C.$ Nava,$ A.$ Polge,$ J.$ Gauthier,$ G.$ Huguet,$ et$ al.,$

données$non$publiées).$
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En$résumé,$ le$ fardeau$de$mutations$de#novo$ affectant$ les$gènes$exprimés$dans$ le$

cerveau$est$plus$ fort$chez$ les$ individus$atteints$de$TSA$par$rapport$aux$témoins.$Deux$

tiers$ des$ mutations$ de# novo$ sont$ d'origine$ paternelle,$ et$ le$ taux$ de$ ces$ mutations$

augmente$avec$l'âge.$Actuellement$peu$de$gènes$mutés$fréquement$sont$identifiés$pour$

les$TSA$et$les$prévisions$actuelles$estiment$que$plus$de$500W1000$gènes$pourraient$être$

impliqués$dans$les$TSA$(Iossifov,$Ronemus$et$al.$2012),$(Sanders,$Murtha$et$al.$2012).$$

$

$

$

Figure) 3):$ Le$fardeau$des$variants$de#novo$dans$les$séquences$codantes.$(a)$Distribution$des$variantes$

codants$de#novo$chez$les$individus$atteints$de$TSA$et$les$témoins$après$stratification$par$sexe.$Les$données$

proviennent$de$références$(Iossifov,$Ronemus$et$al.$2012),$(Neale,$Kou$et$al.$2012),$(O'Roak,$Vives$et$al.$

2012)$et$(Sanders,$ErcanWSencicek$et$al.$2011).$(b)$L'origine$parentale$des$variants$de#novo$identifiée$chez$

les$individus$atteints$de$TSA.$Les$données$proviennent$de$références$(Kong,$Frigge$et$al.$2012)$et$(O'Roak,$

Vives$et$al.$2012).$(c)$Relation$entre$l'âge$des$parents$et$le$nombre$de$variants$de#novo$chez$l'enfant.$Les$

données$sont$tirées$de$la$référence$(Kong,$Frigge$et$al.$2012).$
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Figure) 4):$ Les$ CNVs$ récurrent$ qui$ sont$ hérité$ ou$ de# novo$ chez$ les$ TSA.$ (a).$ Dans$ la$ région$
chromosomique$ 7q11,$ les$ délétions$ (rouge)$ sont$ associées$ au$ syndrome$ de$ WilliamsWBeuren,$ et$ les$
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duplications$ (bleu)$ sont$ associées$ aux$ TSA,$ des$ convulsions,$ et$ les$ trouble$ de$ la$ parole$ et$ retard$ de$

langage.$(b)$Dans$la$région$chromosomique$15q11,$délétions$et$duplications$sont$situés$à$différents$points$

de$cassure$(BP1W5,$P$et$D)$constitués$de$séquences$répétées.$Les$délétions$maternels$sont$associés$avec$le$

syndrome$ d'Angelman,$ les$ délétions$ paternelles$ sont$ associées$ au$ syndrome$ de$ PraderWWilli.$ Les$

duplications$maternels$sont$associés$aux$TSA,$et$duplications$la$fois$maternelle$et$paternelle$sont$associés$

à$une$déficience$intellectuelle$et$des$convulsions.$(c)$sur$la$région$chromosomique$16p11.2,$les$délétions$

sont$ associés$ aux$ TSA,$ à$ une$ macrocéphalie$ et$ à$ l'obésité,$ et$ les$ duplications$ sont$ associés$ à$ la$

schizophrénie,$ à$ la$ microcéphalie,$ et$ à$ l'anorexie.$ Abréviations:$ BP1W5,$ les$ points$ de$ cassures$ $ P$ et$ D,$

répétitions$proximale$et$distale,$respectivement.$

$

Variants)fréquents)dans)les)TSA)

En$ raison$ de$ l'absence$ d'hérédité$ mendélienne$ classique,$ l'autisme$ a$ tout$ d’abord$

considéré$ comme$ un$ trait$ polygénique$ impliquant$ de$ nombreux$ variants$ communs,$

chacun$avec$un$petit$effet.$Des$études$de$liaisons$non$paramétrique$(sans$a$priori$sur$le$$

modèle$ génétique),$ comme$ les$ analyses$ des$ paires$ de$ germains$ atteints,$ ont$ donc$ été$

réalisées$et$suivies$par$des$études$d'association$pangénomique$(GWAS).$Cependant,$ces$

approches$ ont$ identifié$ un$ nombre$ limité$ de$ loci,$ et$ les$ résultats$ ont$ été$ rarement$

reproduits$(Anney,$Klei$et$al.$2012),$(Szatmari,$Paterson$et$al.$2007,$Wang,$Zhang$et$al.$

2009,$Weiss,$Arking$et$al.$2009).$Le$manque$de$résultats$significatifs$obtenus$par$GWAS$

a$donc$soulevé$la$question$du$rôle$de$ces$variants$communs$dans$la$vulnérabilité$au$TSA.$

Pour$ mieux$ comprendre$ l'héritabilité$ manquante$ de$ traits$ complexes$ chez$ l'homme$

(Manolio,$ Collins$ et$ al.$ 2009),$ le$ groupe$ de$ Visscher$ (Yang,$ Benyamin$ et$ al.$ 2010)$ a$

introduit$ une$ nouvelle$ méthode$ qui$ tient$ compte$ de$ tous$ les$ SNP$ génotypés$

simultanément$pour$estimer$la$proportion$de$la$variance$pour$un$caractère$expliqué$par$

ces$ variants$ communs.$ Pour$ des$ traits$ quantitatifs$ comme$ la$ taille$ ou$ le$ QI,$ cette$

méthode$a$révélé$qu'une$grande$partie$de$l'héritabilité$est$capturée$par$les$SNPs,$même$

si$ pour$ un$ SNP$pris$ individuellement$ seulement$ quelques$ signaux$ significatifs$ ont$ été$

obtenus$par$GWAS$(Yang,$Benyamin$et$al.$2010,$Davies,$Tenesa$et$al.$2011).$Klei$et$al.$
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(Klei,$ Sanders$ et$ al.$ 2012)$ a$ récemment$ utilisé$ cette$ approche$ quantitative$ de$ la$

génétique$ pour$ estimer$ l'héritabilité$ de$ la$ TSA$ dans$ un$ large$ échantillon$ de$ plus$ de$

2.000$ familles$ ayant$ un$ TSA$ et$ 3.600$ contrôles.$ Ils$ ont$ constaté$ des$ effets$ génétiques$

additifs$importants$expliquant$plus$de$60$%$de$la$variance$pour$les$personnes$atteintes$

de$ TSA$ provenant$ de$ familles$ multiplex$ et$ environ$ 40%$ pour$ ceux$ issus$ de$ familles$

simplex.$ Cependant,$ une$ étude$ plus$ récente$montre$ que$ la$ variance$ expliquée$ par$ les$

SNPs$pourrait$être$plus$faible$(15%)$(CrossWDisorder$Group$of$the$Psychiatric$Genomics,$

Lee$et$al.$2013)$.$

L'avantage$ de$ cette$ méthode$ est$ qu'elle$ montre$ que$ les$ SNP$ peuvent$

effectivement$ capturer$ une$ fraction$ relativement$ importante$ de$ l’héritabilité$ des$ TSA.$

L'inconvénient$ est$ qu'elle$ ne$ fournit$ pas$ d'informations$ sur$ les$ gènes$ impliqués.$

D’autres$méthodes$ont$ été$utilisées$pour$ agréger$ les$ variantes$d'intérêt$ (par$ exemple,$

les$ gènes$ d’une$ voie$ biologique$ donnée)$ et$ de$ générer$ un$ score$ prédictif$ pour$ le$

diagnostic$des$TSA$(Skafidas,$Testa$et$al.$2012),$(Yaspan,$Bush$et$al.$2011).$Les$premiers$

résultats$obtenus$par$ces$méthodes$sont$encourageants,$car$ils$ont$prédit$correctement$

diagnostic$de$TSA$dans$56W85$%$des$cas$(Skafidas,$Testa$et$al.$2012).$Cependant,$comme$

pour$toutes$études$d’association,$ces$premiers$résultats$positifs$doivent$être$confirmés$

dans$les$grandes$cohortes$d'individus$avant$que$ces$«$scores$prédictifs$»$soient$utilisés$

dans$les$tests$de$diagnostic.$$

En$ résumé,$ les$ variants$ communs$ tels$ que$ les$ SNPs$ jouent$ un$ rôle$ dans$ la$

vulnérabilité$ aux$ TSA,$ mais$ individuellement$ ils$ ont$ des$ effets$ très$ faibles$ et$ sont$

largement$distribués$à$ travers$ le$génome.$La$pertinence$des$«scores$prédictifs$ "$basés$

sur$ les$ SNP$ fréquents$ pour$ l’aide$ au$ diagnostic$ doit$ être$ confirmée$ sur$ des$ grands$

échantillons.$ À$ l'avenir,$ il$ est$ très$ probable$ qu’une$ meilleure$ connaissance$ du$ profil$

génétique$de$chaque$individu$permettra$une$meilleure$prise$en$charge$clinique.$
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$

Plusieurs)“hits”)dans)les)TSA)

Étant$ donné$ que$ les$mutations$ de#novo$ ne$ concernent$ qu'une$ fraction$ des$ personnes$

atteintes$de$TSA$(<15%),$il$est$attendu$que$les$variants$hérités$vont$jouer$un$rôle$majeur$

dans$la$vulnérabilité$génétique$aux$TSA.$En$outre,$des$variants$à$risque$ou$au$contraire$

protecteurs$pourraient$contribuer$à$ la$pénétrance$incomplète$et$ l’expressivité$variable$

que$l’on$observe$très$chez$les$individus$porteurs$de$mutations$de#novo.$Plusieurs$études$

ont$ démontré$ la$ présence$ de$ plus$ d'une$mutation$ délétère$ («$multiple$ hits$»)$ chez$ les$

personnes$atteintes$de$TSA$(Girirajan,$Rosenfeld$et$al.$2010,$Girirajan,$Rosenfeld$et$al.$

2012,$Leblond,$Heinrich$et$al.$2012).$Dans$une$étude$à$grande$échelle$de$2,312$enfants$

connus$ pour$ porter$ un$ CNV$ associé$ à$ un$ trouble$ neurodéveloppemental,$ 10%$ étaient$

aussi$porteurs$d’un$deuxième$CNV$de$grande$taille$(Girirajan,$Rosenfeld$et$al.$2012).$Les$

enfants$ qui$ avaient$ deux$ CNVs$ considérés$ comme$ délétères$ étaient$ huit$ fois$ plus$

susceptibles$que$les$témoins$d'avoir$un$retard$de$développement.$Aucun$biais$parental$

n’a$ été$ observé$ pour$ le$ premier$ CNV$ de#novo$ ou$ hérité,$mais$ 72$%$ des$ second$ CNVs$

étaient$hérités$de$la$mère$(Girirajan,$Rosenfeld$et$al.$2012).$D'autres$études$ont$soutenu$

un$modèle$«$multiples$hits$».$Chez$42$porteurs$d'une$microdélétion$16p11.2,$10$avaient$

un$CNV$supplémentaire,$une$proportion$significativement$plus$élevée$par$ rapport$aux$

témoins$conditionnés$pour$un$grand$premier$hit$(10$cas$sur$42$,$21$sur$471$contrôles$,$p$

=$0,000057$ ,$odds$ ratio$=$6,6$ )$ (Girirajan,$Rosenfeld$et$al.$2010)$ .$Les$ caractéristiques$

cliniques$des$personnes$atteintes$de$deux$CNVs$étaient$distincts$et$/$ou$plus$sévères$que$

celles$ des$ individus$ porteurs$ d’un$ seul$ CNV.$ Une$ autre$ étude$ a$ montré$ que$ trois$

individus$atteints$de$TSA$et$porteurs$d’une$délétion$SHANK2$de#novo$étaient$également$

porteurs$ d'un$ autre$ CNV$ au$ niveau$ du$ chromosome$ 15q11$ (Leblond,$ Heinrich$ et$ al.$

2012).$Deux$portaient$deux$CNVs$entre$BP4$et$BP5,$dont$l’un$duplique$le$gène$CHRNA7$
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et$l’autre$supprime$le$gène$ARHGAP11B.#Le$troisième$patient$portait$une$délétion$entre$

BP1$et$BP2$qui$supprime$les$gènes$CYFIP1,$NIPA1,$NIPA2$et$TUBGCP5.$Enfin,$Sato$et$al.$

(Sato,$ Lionel$ et$ al.$ 2012)$ ont$ identifié$ dans$ une$ famille$ une$ délétion$ SHANK1# sur$ le$

chromosome$19$chez$trois$hommes$autistes$sans$déficience$intellectuelle.$Par$contre,$la$

même$ délétion$ SHANK1$ ne$ déclenchait$ pas$ d’autisme$ chez$ les$ femmes.$ Une$mutation$

stop$du$gène$de$ la$gamma$protocadherin$du$gène$11W$(PCDHGA11)$a$été$ identifié$chez$

tous$les$patients,$ce$qui$suggère$que,$comme$pour$les$personnes$porteuses$de$mutations$

SHANK2,$ des$ mutations$ supplémentaires$ augmentent$ le$ risque$ de$ TSA.$ En$ raison$ du$

petit$ échantillon,$ il$ n'est$ pas$ possible$ de$ confirmer$ si$ l'interaction$ génétique$ entre$

SHANK1,#SHANK2$et$d'autres$gènes$synaptiques$est$nécessaire$pour$développer$un$TSA.$

Néanmoins,$ ces$ résultats$ devraient$ inciter$ les$ chercheurs$ à$ identifier$ des$ gènes$

modificateurs$putatifs$même$chez$les$individus$porteurs$de$mutations$de#novo.$D’ailleurs$

très$récemment$Chilian$et$al.$(2013)$ont$rapporté$un$nouveau$patient$avec$une$délétion$

SHANK2$qui$portait$aussi$une$duplication$CHRNA7$et$une$délétion$ARHGAP11B.$(Chilian,$

Abdollahpour$et$al.$2013)$

Comme$dans$d'autres$troubles$génétiques$complexes,$le$rôle$causal$des$variantes$

héritées$ est$ difficile$ de$ déterminer.$ Fait$ intéressant,$ les$ études$ qui$ combinent$ la$

génétique$ et$ les$ analyses$ fonctionnelles$ ont$ montré$ à$ plusieurs$ reprises$ un$

enrichissement$de$variantes$héritées$ayant$un$rôle$délétère$chez$ les$ individus$atteints$

de$ TSA.$ Par$ exemple,$ les$ variants$ non$ synonymes$ hérités$ NLGN3,# NLGN4X,# SHANK2,$

SHANK3$et$NRXN1$sont$associés$in#vitro$à$une$diminution$de$la$densité$synaptique$(Chih,$

Afridi$et$al.$2004,$Durand,$Betancur$et$al.$2007,$Berkel,$Tang$et$al.$2011,$Durand,$Perroy$

et$ al.$ 2011,$Arons,$Thynne$et$ al.$ 2012,$CamachoWGarcia,$Planelles$ et$ al.$ 2012,$Leblond,$

Heinrich$et$al.$2012).$Plusieurs$cas$récessifs$de$TSA$ont$été$rapportés$(Chahrour,$Yu$et$

al.$2012),$mais$surtout$chez$les$personnes$souffrant$de$troubles$métaboliques$(Coleman$
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and$Gillberg$ 2012)$ ou$ dans$ les$ familles$ consanguines$ (Morrow,$ Yoo$ et$ al.$ 2008),$ (Yu,$

Chahrour$et$al.$2013).$Dans$une$cohorte$de$933$cas$et$869$témoins,$Lim$et$al.$(2013)$a$

récemment$ identifié$une$augmentation$du$double$de$mutations$délétères$ affectant$ les$

deux$copies$de$gènes$autosomiques$qui$affichent$normalement$un$ faible$ taux$de$perte$

de$fonction$de$la$variation$(≤$fréquence$de$5%)$$(Lim,$Raychaudhuri$et$al.$2013).$Sur$le$

chromosome$X,$soit$une$augmentation$de$1,5$fois$semblable$dans$KO$hémizygotes$rares$

a$été$observée$chez$les$hommes$atteints$de$TSA.$Pris$dans$leur$ensemble,$les$mutations$

autosomiques$ récessives$ pourraient$ contribuer$ à$ 3%$ des$ TSA.$ Chez$ les$ hommes,$ les$

mutations$ liées$ à$ l'X$ pourraient$ rendre$ compte$ de$ 2%$ des$ TSA.$ Pour$ identifier$ les$

régions$génomiques$candidats$contenant$des$variations$récessives,$Casey$et$al.$ (Casey,$

Magalhaes$et$al.$2011)$ont$utilisé$la$cartographie$des$haplotypes$homozygote$chez$1,402$

trios$génotypés$pour$1$million$de$SNPs.$Ils$ont$déterminé$que$les$régions$du$haplotypes$

homozygotes$sont$enrichies$dans$les$régions$précédemment$rapportées$pour$les$TSA,$ce$

qui$ suggère$ la$ présence$ de$ mutations$ récessives$ non$ identifiés.$ Une$ autre$ étude$ a$

identifié$ à$ la$ fois$ une$ délétion$ et$ sur$ l’autre$ allèle$ mutation$ non$ synonyme$ DIAPH3$

chacun$ hérité$ d’un$ parent$ différent.$ La$ mutation$ paternelle$ P614T$ du$ gène$ DIAPH3$

affecte$le$nombre$de$filopodia$cellulaire$in#vitro$(Vorstman,$Staal$et$al.$2006).$Des$études$

sont$ actuellement$ en$ cours$ pour$ déterminer$ si$ délétions$ pourraient$ démasquer$ des$

mutations$ sur$ l'autre$ allèle$ chez$ des$ individus$ atteints$ de$ TSA.$ L’ensemble$ de$ ces$

résultats$ indiquent$ qu'il$ existe$ des$ cas$ récessifs$ des$ TSA$ et$ que$ d'autres$ vont$

certainement$ être$ signalés$ à$ l'avenir.$ Cependant,$ il$ reste$ frappant$ de$ constater$ que$

l'analyse$des$CNVs$n'a$pas$pu$détecter$un$plus$ grand$nombre$d'individus$porteurs$de$

mutations$récessives$(par$exemple,$deux$CNV$hérités$de$chacun$des$parents),$suggérant$

que$ ce$ mode$ de$ transmission$ n'est$ pas$ prépondérant$ dans$ les$ TSA.$ Des$ mutations$

affectant$ les$ gènes$ neuronaux$ sur$ les$ deux$ allèles$ pourraient$ être$ associées$ à$ des$
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syndromes$plus$graves$que$TSA,$comme$on$ l'observe$dans$ les$mutations$homozygotes$

de$CNTNAP2$ou$NRXN1$qui$causent$un$syndrome$de$PittW$HopkinsW$comme$autosomique$

récessive$ caractérisée$ par$ un$ déficit$ intellectuel$ sévère,$ l'épilepsie$ et$ des$ anomalies$

respiratoires$(Zweier,$de$Jong$et$al.$2009).$$

En$résumé,$ la$présence$de$plusieurs$mutations$pourrait$être$ la$règle$plutôt$que$

l'exception$ dans$ les$ TSA.$ Le$ défi$ consiste$ maintenant$ à$ identifier$ la$ combinaison$ des$

gènes$ de$ vulnérabilité$ (que$ ce$ soit$ en$ addition$ ou$ en$ épistasie)$ qui$ provoquent$ la$

maladie.$L'identification$des$allèles$de$protection$pourrait$également$faire$la$lumière$sur$

de$cibles$pertinentes$pour$de$nouveaux$traitements.$

$

Les)CNVs)récurrents)de#novo)ou)hérités)dans)les)TSA.)

Parmi$les$CNVs$récurrents,$ identifiés$chez$les$individus$atteints$de$TSA,$beaucoup$sont$

associés$ à$ des$ syndromes$ génétiques,$ telles$ que$ le$ syndrome$ de$ SmithWMagenis,$

syndrome$ Williams$ Beuren,$ le$ syndrome$ de$ Sotos,$ les$ syndromes$ de$ PraderWWilli$ et$

d'Angelman,$ le$ syndrome$ 15q13.3$ microdélétion/duplication$ et$ le$ syndrome$ de$ la$

délétion$17q21.31$(Vorstman,$Staal$et$al.$2006).$La$majorité$de$ces$loci$sont$encadré$de$

séquences$ dupliquées$ du$ génome,$ qui$ augmente$ considérablement$ le$ risque$ de$

remaniement$de$type$CNVs.$Ces$CNVs$peuvent$être$soit$de#novo$ou$hérité$de$parents$non$

atteints.$Trois$loci$dans$les$régions$chromosomiques$du$7q11,$15q11.2W13.3$et$16p11.2$

sont$fortement$associé$aux$TSA$(Ballif,$Hornor$et$al.$2007,$Kumar,$KaraMohamed$et$al.$

2008,$Weiss,$Shen$et$al.$2008,$Szafranski,$Schaaf$et$al.$2010,$Sanders,$ErcanWSencicek$et$

al.$ 2011).$ Pour$ tous$ ces$ moci,$ des$ CNVs$ hérités$ on$ été$ observés$ au$ moins$ une$ fois$

(Girirajan,$ Rosenfeld$ et$ al.$ 2012).$ Une$ des$ particularités$ de$ ces$ locus$ est$ qu'ils$ sont$

associés$à$des$symptômes$cliniques$très$contrastés$selon$que$la$région$est$supprimée$ou$

dupliqué.$
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Dans$la$région$chromosomique$7q11.23$(figure$4a),$les$délétion$sont$associées$au$

syndrome$ de$WilliamsWBeuren,$ un$ trouble$ neurologique$ rare$ qui$ touche$ 1$ sur$ 10.000$

nouveauWnés,$ caractérisé$ par$ une$ dysmorphie$ faciale,$ une$ petite$ taille,$ une$ déficience$

intellectuelle,$ et$ un$ profil$ cognitif$ spécifique$ avec$ des$ aptitudes$ développées$ dans$ la$

mémoire$verbale$à$ court$ terme$et$ le$ langage,$mais$avec$des$difficultés$dans$ les$ tâches$

visuoWspatiales.$La$même$région$chromosomique,$ lorsqu’elle$est$dupliqué,$est$associée$

aux$TSA$et$au$TDAH$,$à$la$déficience$intellectuelle,$au$trouble$du$langage,$et$à$l'épilepsie$

(Somerville,$Mervis$et$al.$2005,$Depienne,$Heron$et$al.$2007,$Sanders,$ErcanWSencicek$et$

al.$ 2011).$ Les$délétions$ sont$pour$ la$plupart$de#novo,$mais$deux$ tiers$des$duplications$

sont$ héritées$ (Van$ der$ Aa,$ Rooms$ et$ al.$ 2009).$ La$ région$ critique$ est$ de$ 1.5W1.8Mb$ et$

contient$ environ$ 30$ gènes.$ L'haploinsuffisance$ du$ gène$ «$elastinWencoding$»$ est$

responsable$des$problèmes$ cardioWvasculaires,$mais$ les$gènes$qui$ causent$ les$ troubles$

cognitifs$ reste$ à$ identifier.$ Néanmoins$ plusieurs$ gènes$ exprimés$ dans$ le$ cerveau$ sont$

des$ candidats$ convaincants$ (par$ exemple$ ,$TRIM50# ,# FKBP6# ,# FZD9# ,# STX1A# ,# LIMK1$ et$

eIF4H$).$Parmi$ces$gènes,$trois$codent$pour$des$protéines$qui$participent$directement$à$

la$ fonction$ synaptique$ (Figure$ 5).$ STX1A$ forme$ un$ complexe$ avec$ SNAP25$ et$ VAMP2$

(également$ connu$ sous$ le$ nom$ «$synaptobrevin$»)$ et$ est$ impliqué$ dans$ l’exocytose.$

LIMK1$codes$une$protéine$sérine$kinase$présente$dans$des$vésicules$synaptiques$et$qui$

régule$la$morphologie$des$épines$dendritiques$par$le$remodelage$du$squelette$d'actine.$

Enfin,$au$niveau$des$synapses,$le$gène$eIF4H$est$un$facteur$d'initiation$de$la$traduction$

qui$ interagie$ avec$ FMRP$ (la$ protéine$ mutée$ dans$ le$ syndrome$ de$ l’X$ fragile)$ ainsi$

qu’avec$le$facteur$d'élongation$EIF4E$et$la$protéine$CYFIP1,$tous$les$deux$mutés$chez$des$

patients$atteints$de$TSA$(NevesWPereira,$Muller$et$al.$2009)$(figure$5).$

$
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Dans$ la$ région$chromosomique$15q11.1W13.3$ (figure$4b),$ il$y$a$plusieurs$région$

avec$ des$ séquences$ répété$ en$ faible$ nombres$ de$ copies,$ qui$ augmente$ les$ risque$ de$

réarrangements$génomiques$en$cinq$points$distinct$de$BP1$à$BP5$(Szafranski,$Schaaf$et$

al.$ 2010).$ Les$ délétions$ paternels$ entre$ BP1$ et$ BP3$ (type$ I),$ BP2$ et$ BP3$ (type$ II)$

provoquent$ le$ syndrome$ PraderWWilli$ avec$ une$ prévalence$ de$ 1$ sur$ 15,000W30,000$

naissances,$ tandis$ que$ les$ délétions$ maternelles$ des$ même$ région$ provoquent$ le$

syndrome$d'Angelman$chez$1$naissance$sur$12,000W20,000$(Mabb,$ Judson$et$al.$2011).$

Les$personnes$atteintes$de$ ces$ syndromes$peuvent$également$être$atteint$de$TSA.$ Sur$

150$ personnes$ atteintes$ du$ syndrome$ de$ PraderWWilli$ et$ 104$ personnes$ atteintes$ du$

syndrome$d'Angelman$,$le$taux$de$TSA$était$de$25,3%$dans$le$premier$groupe$et$de$1,9%$

dans$ le$ second$ (Veltman,$ Craig$ et$ al.$ 2005).$ Par$ la$ suite,$ il$ a$ été$ montré$ que$ les$

duplications$maternelles$de$la$région$15q11.1W13.3$étaient$l'une$des$principales$causes$

génétiques$ des$ TSA,$ avec$ environ$ 1%$ des$ personnes$ atteintes$ (Cook,$ Lindgren$ et$ al.$

1997,$Depienne,$MorenoWDeWLuca$et$al.$2009,$Cooper,$Coe$et$al.$2011).$Plusieurs$gènes$

de$ la$ région$ entre$ BP2$ W$ BP3$ sont$ soumis$ à$ empreinte$ parentale,$ ce$ qui$ explique$ la$

différence$des$syndrome$Prader$WWilli$et$Angelman$selon$la$transmission$paternelle$ou$

maternelle$ de$ la$ délétion.$ Le$ gène$ UBE3A$ est$ responsable$ du$ syndrome$ d'Angelman$

(Kishino,$Lalande$et$al.$1997,$Matsuura,$Sutcliffe$et$al.$1997,$Sutcliffe,$Jiang$et$al.$1997)$et$

code$pour$une$ubiquitine$ligase$qui$est$exprimé$exclusivement$par$les$allèles$maternels$

dans$ les$ neurones$ (Yamasaki,$ Joh$ et$ al.$ 2003)$ (Figure$ 5).$ Les$ individus$ porteurs$ de$

délétions$ entre$ BP1$ et$ BP3$ ont$ généralement$ un$ phénotype$ plus$ sévère$ que$ les$

personnes$ présentant$ des$ délétions$ entre$ BP2$ et$ BP3$ (Hartley,$ Maclean$ et$ al.$ 2005,$

Butler,$Fischer$et$al.$2008).$Si$on$s’intéressent$à$la$région$BP1W$BP2$(500$kb),$il$a$quatre$

gènes$impliqués$dans$le$fonctionnement$du$cerveau$:$CYFIP1,#NIPA1,#NIPA2$et$TUBGCP5.$

CYFIP1$code$pour$une$protéine$qui$interagit$avec$la$protéine$FMRP,$inhibe$la$traduction$
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synaptique$ (Napoli,$ Mercaldo$ et$ al.$ 2008),$ (Schenck,$ Bardoni$ et$ al.$ 2003).$ NIPA2$ a$

récemment$ été$ identifié$ comme$ codant$ pour$ un$ transporteur$ de$ magnésium,$ et$

TUBGCP5$code$pour$un$membre$dans$de$complexe$ tubuline$dans$ le$cytosquelette.$Les$

délétions/duplications$qui$ sont$ limités$à$BP1W$BP2$sont$associés$à$des$ retards$dans$ le$

développement$cognitif$et$du$langage,$TSA,$le$TDAH,$la$schizophrénie$(Bittel,$Kibiryeva$

et$ al.$ 2006,$ van$ der$ Zwaag,$ Staal$ et$ al.$ 2010).$ Toutefois,$ les$ variantes$ du$ nombre$ de$

copies$ BP1WBP2$ ne$ sont$ pas$ entièrement$ pénétrante,$ ils$ sont$ observés$ chez$ 0,8%$des$

personnes$atteintes$de$TSA$(0,4%$délétions$et$des$duplications$0,4%$)$et$à$0,38%$de$la$

population$générale$(0,25%$des$délétions$et$des$duplications$0,13$%$)$(Burnside,$Pasion$

et$al.$2011).$

Enfin,$la$région$BP4$W$BP5$contient$six$gènes$(MTMR15#,#MTMR10#,#TRPM1#,#KLF13#

,#OTUD7A$ et$CHRNA7$ )$ et$ un$microARN$ (hsamir211).$Dans$ cet$ intervalle,$ il$ y$ a$ d’autre$

séquences$ répétées$ proximales$ et$ distales$ (P$ et$ D,$ respectivement).$ Les$ délétions$ de$

CHRNA7$W$qui$code$pour$un$récepteur$nicotiniques$α7$W$sont$associés$à$un$large$éventail$

de$ retards$ de$ développement,$ déficience$ intellectuelle,$ dépression,$ trouble$ bipolaire,$

TSA,$TDAH$et$l'épilepsie$(International$Schizophrenia$Consortium$2008,$Sharp,$Mefford$

et$al.$2008,$Stefansson,$Rujescu$et$al.$2008,$BenWShachar,$Lanpher$et$al.$2009,$Dibbens,$

Mullen$ et$ al.$ 2009,$ Helbig,$ Mefford$ et$ al.$ 2009,$ Miller,$ Shen$ et$ al.$ 2009,$ Pagnamenta,$

Wing$et$ al.$ 2009,$ Shinawi,$ Schaaf$ et$ al.$ 2009,$ van$Bon,$Mefford$et$ al.$ 2009,$Guilmatre,$

Huguet$ et$ al.$ 2013).$ Les$ duplications$ sont$ également$ associés$ à$ un$ risque$ de$ déficits$

cognitifs,$ mais$ avec$ une$ pénétrance$ apparemment$ inférieur$ par$ rapport$ aux$ délétion$

(Dibbens,$Mullen$et$al.$2009,$Helbig,$Mefford$et$al.$2009,$Shinawi,$Schaaf$et$al.$2009).$

Dans$la$région$chromosomique$16p11.2$(figure$4C),$plusieurs$séquences$répétées$

augmentent$ le$ risque$ de$ réarrangements$ génomiques.$ Une$ délétion$ récurrente$

(BP4WBP5)$de$600kb$contenant$~$29$gènes$est$observée$chez$0,5%$de$personnes$atteint$
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de$TSA$et$dans$1$cas$ sur$2000$dans$ la$population$générale$ (Ballif,$Hornor$et$al.$2007,$

Battaglia,$Novelli$et$al.$2009,$Bijlsma,$Gijsbers$et$al.$2009,$Fernandez,$Roberts$et$al.$2009,$

Girirajan,$Rosenfeld$et$al.$2010),$ (Kumar,$KaraMohamed$et$al.$2008,$Weiss,$Shen$et$al.$

2008).$Il$y$a$un$changement$dans$la$distribution$du$QI$pour$les$porteur$de$la$délétion$(QI$

verbal$moyenne$=$74$et$le$QI$non$verbal$moyenne$=$83),$et$la$majorité$de$ces$personnes$

nécessitent$ une$ thérapie$ pour$ le$ langage$ (Jacquemont,$ Reymond$ et$ al.$ 2011).$ Plus$ de$

80%$des$individus$porteurs$de$la$délétion,$présentent$des$troubles$psychiatriques$dont$

les$ TSA,$ qui$ est$ présent$ chez$ 15%$ des$ enfants$ porteurs$ de$ la$ délétion$ (Jacquemont,$

Reymond$et$al.$2011).$De$plus,$la$délétion$est$associée$à$l'obésité$et$une$macrocéphalie,$

alors$ que$ la$ duplication$ est$ associée$ à$ l'anorexie$ et$ à$ la$ microcéphalie$ (Jacquemont,$

Reymond$ et$ al.$ 2011).$ L'obésité$ est$ une$ comorbidité$majeure$ présente$ chez$ 50%$des$

porteurs$de$délétion$dés$l’âge$de$7$ans,$mais$il$n'est$pas$en$corrélation$avec$le$QI$ou$tout$

autre$trait$de$comportement$(Jacquemont,$Reymond$et$al.$2011).$L’épilepsie$est$présent$

dans$ 24%$ des$ porteurs$ de$ cette$ mutation$ et$ s’observe$ indépendamment$ d’autres$

symptômes.$ Parmi$ les$ 29$ gènes,$ 17$ sont$ des$ gènes$ candidats$ pour$ les$ TSA$ (Kumar,$

Marshall$ et$ al.$ 2009,$ Konyukh,$ Delorme$ et$ al.$ 2011).$ L’analyse$ de$ la$ surW$ ou$ la$ sousW

expression$des$17$gènes$dans$des$embryons$de$poissons$zèbres$a$permis$d’identifier$le$

gène$ KCTD13$ comme$ seul$ gène$ capable$ d'induire$ une$ microcéphalie$ lorsqu’il$ est$

surexprimé$(se$qui$se$rapproche$de$la$duplication$16p11.2)$et$un$macrocéphalie$quand$

il$ est$ sous$ exprimé$ (semblable$ à$ une$ délétion$ 16p11.2)$ (Golzio,$ Willer$ et$ al.$ 2012).$

KCTD13$ code$PDIP1,$qui$ interagit$avec$PCNA27$et$donc$pourrait$avoir$un$rôle$dans$ la$

régulation$du$cycle$cellulaire$au$cours$de$la$neurogenèse.$

En$ résumé,$ des$ réarrangements$ chromosomiques$ récurrents$ sont$ associés$ aux$

TSA.$Le$constat$frappant$est$de$constater$que$des$délétions$et$duplications$conduisent$à$

des$conséquences$cliniques$très$différentes$qui$indiquent$qu'un$bon$équilibre$de$la$dose$
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correcte$ du$ gène$ est$ nécessaire$ pour$ le$ fonctionnement$ du$ cerveau$ humain.$ D'autres$

études$seront$nécessaires$pour$identifier$les$gènes$responsables$(ou$la$combinaison$des$

gènes$responsables$)$qui$augmentent$le$risque$de$TSA$chez$les$individus$porteurs$de$ces$

réarrangements$génomiques.$

$

Les)voies)biologiques)associées)à)l’autisme)

Plusieurs$bases$de$données$fournissent$une$annotation$fonctionnelle$des$gènes$associés$

aux$TSA.$ Ici,$nous$avons$utilisé$deux$bases$de$données$qui$sont$régulièrement$mises$à$

jour$:$AutismKB$(http://autismkb.cbi.pku.edu.cn)$et$SFARI$Gene$(https://gene.sfari.org).$

Un$total$de$197$gènes$sont$inclus$dans$les$deux$bases$de$données,$et$481$sont$également$

inclus$dans$l'une$ou$l'autre$(255$dans$AutismKB$et$226$dans$SFARI$Gene).$La$principale$

différence$entre$ les$deux$bases$de$données$concerne$ la$sélection$des$gènes.$AutismKB$

sélectionne$généralement$des$ gènes$ issus$d'analyses$de$ liaison,$de$CNVs,$ et$ de$GWAS,$

alors$ que$ SFARI$Gene$ sélectionne$ généralement$ des$ gènes$ issus$ d’études$ de$CNVs,$ de$

séquençage$de$grandes$cohortes$et$d’étude$de$cas.$La$figure$6$illustre$les$résultats$pour$

203$ gènes$ pour$ lesquels$ des$ mutations$ de# novo$ ont$ été$ identifié$ chez$ des$ individus$

atteints$de$TSA.$Une$analyse$préliminaire$ regroupant$des$annotations$ fonctionnelles$à$

l'aide$ de$ GeneMANIA$ (http://www.genemania.org)$ et$ DAVID$

(http://david.abcc.ncifcrf.gov)$ indique$ que$ 36%$ des$ protéines$ ont$ au$ moins$ une$

interaction$(directe$ou$indirecte)$avec$une$autre$protéine,$61%$sont$exprimées$dans$le$

cerveau,$et$14%$sont$connues$pour$être$impliquées$dans$la$fonction$synaptique.$$

$ Les$ formes$monogéniques$ de$ TSA$ comprennent$ des$maladies$ génétiques$ telles$

que$la$sclérose$tubéreuse$de$Bourneville$(associée$à$TSC1$et$TSC2),$la$neurofibromatose$

(associée$ à$NF1),$ le$ syndrome$ de$ Rett$ (associé$ à$MECP2),$ et$ le$ syndrome$ de$ Cowden$

(associé$à$PTEN).$FMR1,$ le$gène$muté$dans$ le$ syndrome$de$ l’X$ fragile,$est$ le$ seul$gène$
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dont$ la$ mutation$ est$ la$ plus$ couramment$ observée$ dans$ les$ TSA,$ ce$ qui$ représente$

environ$1W2%$des$cas.$Des$mutations$rares$ont$également$été$ identifié$dans$des$gènes$

synaptiques,$tels$que$NLGN3$et$NLGN4X$((Jamain,$Quach$et$al.$2003));$SHANK1,$SHANK2,$

et$SHANK3$(Durand,$Betancur$et$al.$2007,$Leblond,$Heinrich$et$al.$2012,$Sato,$Lionel$et$al.$

2012);$NRXN1$ (Szatmari,$Paterson$et$al.$2007)$et$CNTNAP2$ (Arking,$Cutler$et$al.$2008,$

Bakkaloglu,$ O'Roak$ et$ al.$ 2008).$ Plus$ récemment,$ des$ études$ de$ mutations$ du$ gène$

CHD8,$qui$est$impliqué$dans$le$remodelage$de$la$chromatine$(O'Roak,$Vives$et$al.$2012,$

Scheffer,$ Grinton$ et$ al.$ 2012)$ et$ du$ gène$ TMLHE,$ qui$ catalyse$ la$ biosynthèse$ de$ la$

carnitine$(CelestinoWSoper,$Violante$et$al.$2012,$Nava,$Lamari$et$al.$2012),$ont$confirmé$

que$ les$ fonctions$ biologiques$ associées$ aux$ TSA$ vont$ auWdelà$ de$ celles$ qui$ sont$

impliquées$ directement$ dans$ la$ fonction$ synaptique$ et$ affectent$ une$ large$ gamme$ de$

processus$cellulaires.$$

Plusieurs$analyses$de$voies$biologiques$ont$été$effectué$en$utilisant$des$données$

génétiques$ ou$ de$ transcriptome$ afin$ de$ mieux$ comprendre$ les$ fonctions$ biologiques$

associées$aux$TSA.$Pinto$et$al.$(2010)$ont$analysé$la$charge$de$CNVs$chez$996$personnes$

atteintes$ de$ TSA$ et$ ont$ trouvé$ un$ enrichissement$ de$ CNVs$ interrompant$ des$ gènes$

impliqués$ dans$ la$ prolifération$ et$ la$ motilité$ cellulaire,$ ainsi$ que$ la$ signalisation$

GTPase/Ras.$ Iossifov$ et$ al.$ (2012)$ont$ analysé$ les$données$de$ séquençage$d’exome$de$

343$familles$atteintes$de$TSA$et$ont$observé$que$les$mutations$de#novo$étaient$enrichies$

dans$ des$ gènes$ codant$ pour$ des$ protéines$ associées$ à$ la$ voie$ de$ la$ protéine$ FMRP$

(Iossifov,$Ronemus$ et$ al.$ 2012).$ Voineagu$ et$ al.$ (2012)$ ont$ analysé$ les$ gènes$ qui$ sont$

exprimés$ de$ manière$ différentielle$ entre$ deux$ régions$ du$ cerveau$ (lobes$ frontaux$ et$

temporaux)$ chez$ des$ personnes$ atteintes$ de$ TSA$ et$ des$ témoins$ (CamachoWGarcia,$

Planelles$et$al.$2012).$De$manière$intéressante,$les$différences$régionales$typiques$entre$

les$profils$d'expression$génique$des$lobes$frontaux$et$temporaux$étaient$atténuées$chez$
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les$individus$atteints$de$TSA.$Un$premier$module$du$réseau$lié$aux$interneurones$et$aux$

gènes$ impliqués$ dans$ la$ fonction$ synaptique$ était$ réprimé$ dans$ les$ cerveaux$ de$

personnes$atteintes$de$TSA$par$rapport$à$ceux$des$contrôles$;$un$second$module$enrichi$

en$gènes$liés$à$l'immunité$et$à$l’activation$de$la$microglie$était$lui$régulé$à$la$hausse$dans$

les$cerveaux$de$personnes$atteintes$de$TSA$comparés$à$ceux$des$témoins.$Sur$la$base$de$

ces$résultats$génétiques$et$des$études$de$modèles$animaux$(voir$ciWdessous),$trois$voies$

se$dessinent$(Bourgeron$2009).$$

$

La$première$voie$a$été$suggérée$par$les$rapports$de$traduction$aberrante$d’ARNm$

de$protéines$synaptiques$(Kelleher$and$Bear$2008).$Les$gènes$supportant$cette$théorie$

sont$TSC1,#TSC2#,NF1,$et$PTEN$qui$codent$pour$des$protéines$qui$normalement$inhibent$

la$ traduction$ par$ la$ voie$ de$ signalisation$ PI3KWmTOR.$ Une$ deuxième$ série$ de$ gènes$$

FMR1,# CYFIP1$ et$ EIF4E$ sont$ aussi$ directement$ impliquées$ dans$ l'inhibition$ de$ la$

traduction$des$ARNm$au$niveau$de$la$synapse$(Figure$5).$$

$

La$seconde$voie$concerne$les$gènes$impliqués$dans$la$régulation$de$la$chromatine$

comme$MECP2$et$CHD8.$Cette$voie$est$surtout$associée$à$des$formes$sévère$de$TSA.$$

$

La$ troisème$ voie$ associée$ aux$ TSA$ concerne$ la$ balance$ excitation/inhibition.$

Plusieurs$gènes$associés$aux$TSA,$comme$NLGN,#NRXN$et$SHANK,$sont$impliqués$dans$la$

formation$ des$ synapses$ excitatrices$ et$ inhibitrices.$ De$ plus,$ des$ mutations$ de$ gènes$

associés$à$l'épilepsie,$tels$que$SCN1A,$qui$code$pour$un$canal$sodique$voltageWdépendant,$

ont$également$été$trouvées$chez$des$individus$atteints$de$TSA.$$

$
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Ces$ trois$ voies$ (remodelage$ de$ la$ chromatine,$ traduction$ d’ARNm$ et$ balance$

excitation/inhibition)$ sont$ des$ cibles$ potentielles$ pour$ des$médicaments$ et$ des$ essais$

cliniques$ sont$ en$ cours$ pour$ déterminer$ si$ leur$ ciblage$ pourrait$ améliorer$ les$

symptômes$de$personnes$atteintes$de$TSA$((Jacquemont,$Curie$et$al.$2011)$(Delorme,$Ey$

et$al.$2013).$

$

En$ résumé,$ les$ gènes$ associés$ aux$ TSA$ sont$ nombreux$ et$ impliqués$ dans$ de$

nombreuses$ fonctions$ cellulaires,$ incluant$ le$ remodelage$ de$ la$ chromatine,$ le$

métabolisme,$ la$ traduction$de$ l'ARNm,$et$ la$ fonction$ synaptique.$Les$ conséquences$en$

aval$des$mutations,$cependant,$pourraient$converger$vers$un$défaut$dans$l'homéostasie$

neuronale/synaptique$ (Ramocki$ and$Zoghbi$2008,$Toro,$Konyukh$et$ al.$ 2010)$ (Figure$

5).$

)
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))
Figure) 5):$ Voies$ biologiques$ et$ protéines$ impliquées$ dans$ les$ troubles$ autistique.$ Ces$ protéines$ sont$

impliquées$ dans$ de$ nombreuses$ fonctions,$ y$ compris$ l'organisation$ de$ la$ densité$ postWsynaptique,$ la$

dynamique$ du$ cytosquelette,$ les$ cascades$ de$ signalisation$ cellulaire,$ la$ régulation$ épigénétique$ de$ la$

transcription,$ et$ la$ libération$ de$ neurotransmetteurs.$ Les$ protéines$ associées$ aux$ TSA$ sont$ en$ rouge,$

celles$ associées$ à$ d'autres$ troubles$ psychiatriques$ sont$ en$ violet,$ et$ celles$ associées$ à$ la$ déficience$

intellectuelle$ sont$ en$ bleu.$ (a)$ Parties$ prés$ et$ postWsynapse;$ (b)$ La$ synapse$ et$ la$ régulation$ de$ la$

transcription$des$gènes$dans$le$noyau.$
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!

Figure' 6':! Circos! pots! des! mutations! de# novo! dans! les! TSA.! Toutes! les! variants! codants! et! les! CNVs!

présents! dans! AutismKB! (mise! à! jour! Juillet! 2011)! et! SFARI! Gene! (mise! à! jour! Septembre! 2012)! sont!

présentés.!Une!analyse!de!network!avec!GeneMANIA!(au!centre)!met!en!évidence! les! interactions!entre!

protéines!synaptiques.!

! !
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Les)models)souris)dans)l’autisme)

De$ nombreux$modèles$ de$ souris$ ont$ été$ développés$ et$ ont$ permi$ de$ caractériser$ les$

gènes$mis$en$évidence$par$les$études$génétiques$comme$PTEN#,#UBE3A#,#FMR1#,#MECP2$,$

mTOR,#TSC$,$les$molécules$d'adhésion$cellulaire$et$les$protéines$d'échafaudage$localisées$

spécifiquement$à$ la$ synapse$ (Ey,$Leblond$et$al.$2010)$ (figure$7).$La$caractérisation$du$

comportement$ de$ ces$ modèles$ soutient$ aussi$ l'implication$ de$ ces$ gènes$ dans$ les$

principaux$ symptômes$ des$ TSA$ (Ey,$ Leblond$ et$ al.$ 2010).$ Les$ souris$ présentent$

habituellement$ des$ anomalies$ dans$ les$ interactions$ sociales$ (interactions$ libres$ et$ en$

cage,$ interactions$ de$ même$ sexe$ et$ de$ sexe$ opposé)$ et$ dans$ la$ communication$

(vocalisations$ ultrasoniques),$ ainsi$ que$ des$ comportements$ répétitifs$ (autoWtoilettage,$

sauts,$enterrement$de$billes)$(Silverman,$Yang$et$al.$2010).$Fait$intéressant,$les$modèles$

portant$ des$mutations$Mecp2# ,# Cntnap2# ,# Shank2$ et$ Shank3$ présentent$ des$ anomalies$

dans$ les$ trois$ domaines,$ ce$ qui$ suggère$ que$ ces$ gènes$ jouent$ un$ rôle$majeur$ dans$ les$

circuits$ impliqués$ à$ la$ fois$ dans$ la$ communication$ sociale$ et$ les$ comportements$

répétitifs$(Peca,$Feliciano$et$al.$2011,$Penagarikano,$Abrahams$et$al.$2011,$Schmeisser,$

Ey$ et$ al.$ 2012,$Won,$ Lee$ et$ al.$ 2012).$ Les$ souris$ knockout$Fmr1# ,#Shank2$ ,$ présentent$

également$ une$ hyperactivité,$ une$ caractéristique$ commune$ chez$ les$ individus$ atteints$

de$TSA$(The$DutchWBelgian$Fragile$X$Consortium$1994,$Schmeisser,$Ey$et$al.$2012,$Won,$

Lee$ et$ al.$ 2012).$ Au$ niveau$ cellulaire,$ on$ observe$ à$ la$ fois$ des$ diminutions$ et$ des$

augmentations$de$la$densité$synaptique.$Par$exemple,$une$réduction$des$dendrites$a$été$

observée$ dans$ le$ syndrome$ de$ Rett$ et$ la$ sclérose$ tubéreuse$ de$ Bourneville,$

contrairement$ à$ la$ forte$ densité$ de$ dendrites$ relevée$ dans$ le$ syndrome$ X$ fragile$

(Auerbach,$Osterweil$et$al.$2011).$De$même,$certaines$mutations$semblaient$augmenter$

les$courants$glutamate,$tandis$que$d'autres$(Schmeisser,$Ey$et$al.$2012)$les$réduisent,$et$

le$même$phénomène$a$été$observé$pour$les$courants$inhibiteurs$(Tabuchi,$Blundell$et$al.$
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2007).$De$plus,$plusieurs$gènes$associés$aux$TSA$sont$modulés$par$l'activité$neuronale,$

ce$ qui$ suggère$ qu'ils$ peuvent$ servir$ d’intermédiaire$ dans$ les$modifications$ de$ circuit$

dépendant$ de$ l’expérience$ (Toro,$ Konyukh$ et$ al.$ 2010).$ Des$ études$ récentes$ ont$

également$ montré$ des$ améliorations$ spectaculaires$ dans$ la$ fonction$ synaptique$ et$ le$

comportement,$même$chez$la$souris$adulte$(Guy,$Gan$et$al.$2007,$Baudouin,$Gaudias$et$

al.$2012).$$Ceci$suggère,$au$moins$dans$certains$cas,$que$le$gène$responsable$ne$joue$pas$

un$ rôle$ central$ dans$ le$ développement$du$ cerveau,$mais$ serait$ plutôt$ nécessaire$pour$

maintenir$la$fonction$neurologique$une$fois$le$développement$terminé.$Une$expérience$

pionnière$a$été$réalisée$par$l’équipe$de$Bird$(Guy,$Gan$et$al.$2007),$qui$a$créé$une$souris$

dont$ le$ gène$ endogène$ Mecp2$ a$ été$ désactivé$ mais$ pourrait$ potentiellement$ être$

réactivé.$Grâce$à$cet$outil,$ils$ont$démontré$que$l'activation$de$Mecp2$dans$environ$70%$

des$neurones$à$ la$ fois$chez$ les$animaux$adultes$matures$et$ immatures$restauraient$de$

nombreux$défauts$morphologiques$dans$ le$ cortex$moteur,$ y$ compris$ les$ défauts$ de$ la$

taille$des$neurones$et$de$ la$complexité$dendritique.$Cette$restauration$conduit$aussi$ $à$

des$ améliorations$ significatives$ des$ fonctions$ respiratoires$ et$ sensoriWmotrices,$ y$

compris$ des$modes$ de$ respiration,$ de$ la$ force$ de$ préhension,$ de$ la$ performance$ à$ la$

poutre$ et$ au$ rotarod$ (Guy,$ Gan$ et$ al.$ 2007)$ .$ Plus$ récemment,$Derecki$ et$ al.$ (Derecki,$

Cronk$ et$ al.$ 2012)$ ont$ utilisé$ des$ greffes$ de$ moelle$ osseuse$ de$ type$ sauvage$ pour$

introduire$des$cellules$microgliales$de$type$sauvage$dans$le$modèle$de$souris$Rett$et$ont$

été$en$mesure$d'arrêter$le$développement$de$la$maladie$:$la$durée$de$vie$a$augmenté,$les$

modes$de$respiration$ont$été$normalisés$,$les$apnées$ont$été$réduites$,$le$poids$corporel$a$

presque$atteint$celui$de$type$sauvage$,$et$l'activité$locomotrice$a$été$améliorée.$Enfin,$les$

souris$ NLGN3$ knockout$ présentent$ une$ formation$ des$ synapses$ ectopiques$ et$ une$

plasticité$synaptique$mGluR–dépendant$perturbée,$une$caractéristique$du$syndrome$de$

l'$X$ fragile.$Ces$phénotypes$ont$été$ sauvés$par$ réexpression$de$NLGN3$ chez$ les$ jeunes$
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souris,$ en$ soulignant$ à$ nouveau$ la$ possibilité$ d’annuler$ les$ altérations$ des$ circuits$

neuronaux$chez$l'autiste$une$fois$ leur$développement$achevé$(Baudouin,$Gaudias$et$al.$

2012).$

$

$

Figure) 7):$ Caractérisation$ du$ comportement$ des$modèles$ de$ souris$ dans$ les$ TSA.$ (a)$ Les$ principaux$

tests$comportementaux$utilisés$pour$évaluer$ l’équivalents$des$ trois$ symptômes$de$TSA:$ les$ interactions$

sociales$(cage$et$interactions$libres,$des$interactions$de$même$sexe$et$du$sexe$opposé),$la$communication$

(vocalisations$ ultrasoniques,$ marquage$ de$ son$ territoire),$ et$ comportements$ répétitifs$ (autoWtoilettage,$

saut,$«$marble$burying$»).$(b)$Bilan$de$la$présence$ou$de$l'absence$de$déficits$dans$les$équivalents$des$trois$

symptômes$de$TSA$de$base$(S,$ les$ interactions$sociales,$C,$communication,$R,$comportements$répétitifs)$

dans$des$modèles$souris$dans$les$TSA.$
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Enfin,$ même$ dans$ des$ lignées$ de$ souris$ génétiquement$ homogènes,$ une$

variabilité$ phénotypique$ peut$ néanmoins$ être$ observée.$ Par$ exemple,$ les$ souris$

knockout$ NLGN4$ et$ NLGN3$ W$ R451C$ qui$ présentaient$ des$ déficiences$ dans$ les$

interactions$ sociales$ et/ou$ la$ communication$ à$ ultrasons$ (Kanner$ 1943,$ Szatmari,$

Paterson$ et$ al.$ 2007)$ n'ont$ pas$ montré$ de$ tels$ déficits$ dans$ des$ études$ ultérieures$

(Chadman,$Gong$et$al.$2008,$Ey,$Yang$et$al.$2012).$Cette$variabilité$n'est$pas$surprenante$

car$les$individus$atteints$de$TSA$porteurs$de$mutations$identiques$présentent$également$

différentes$ trajectoires$ cliniques.$ Par$ exemple,$ les$ individus$ porteurs$ de$ mutations$

NLGN4X$peuvent$avoir$ou$non$une$déficience$ intellectuelle$ (Jamain,$Quach$et$al.$2003,$

Laumonnier,$BonnetWBrilhault$et$al.$2004).$La$prochaine$étape$pour$mieux$comprendre$

cette$variabilité$est$d'étudier$le$rôle$des$facteurs$épigénétiques$et$environnementaux,$et$

de$ créer$ de$ nouveaux$modèles$murins$ porteurs$ d’au$moins$ deux$mutations$ dans$ des$

gènes$différents.$Ces$modèles$seraient$plus$proches$de$la$réalité$clinique$des$individus$

porteurs$de$mutations$multiples.$$

En$résumé,$les$modèles$de$souris$porteuses$de$mutations$dans$les$voies$associées$

aux$ TSA$ peuvent$ présenter$ des$ anomalies$ dans$ les$ interactions$ sociales,$ la$

communication$ et$ des$ comportements$ répétitifs.$ La$ variabilité$ phénotypique$mise$ en$

évidence$ dans$ les$ différents$ modèles$ n'est$ pas$ sans$ rappeler$ l'hétérogénéité$ clinique$

observée$ chez$ les$ individus$ atteints$ de$ TSA.$ L'idée$ que$ les$ phénotypes$ des$ TSA$ sont$

stables$et$insensibles$au$traitement$est$désormais$contestée.$On$espère$que$des$modèles$

cellulaires$et$animaux$pourront$nous$dire$quels$gènes$et$voies$biologiques$sont$affectés$

et$donc$permetront$des$essais$cliniques$plus$éfficace$(Delorme,$Ey$et$al.$2013).$

)

$
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1.5)Perspectives)pour)la)génétique)de)tsa)

Au$ cours$ de$ la$ dernière$ décennie,$ d'importantes$ découvertes$ ont$ été$ faites$ dans$ la$

génétique$ des$ TSA$ avec$ l'identification$ d'un$ grand$ nombre$ de$ gènes$ impliqués$ qui$

affectent$ des$ voies$ comme$ la$ traduction$ de$ l'ARNm$ synaptique$ et$ la$ formation$ de$

dendrite$ et$ synapses.$ Cependant,$ de$ nombreuses$ questions$ restent$ sans$ réponse.$ Par$

exemple,$le$rôle$des$variants$hérités$reste$difficile$à$déterminer,$même$s’ils$contribuent$

certainement$ à$ une$ part$ importante$ de$ la$ sensibilité$ génétique$ aux$ TSA.$ L'excès$

d’hommes$ atteints$ de$ TSA$ reste$ largement$ inexpliqué,$ les$ femmes$ semblent$ atténuer$

l’effet$des$mutations$plus$efficacement$que$les$hommes$(qui$par$définition$sont$porteurs$

d’unevdélétion$ complète$ d'un$ chromosome$ X)$ .$ L'un$ des$ principaux$ défis$ dans$ le$

domaine$ des$ TSA$ concerne$ les$ phénotypes$ associés$ à$ chaque$ gène$ causal$ ou$

combinaison$de$gènes$de$vulnérabilité.$Les$conséquences$cliniques$associés$à$des$gènes$

causaux$ dépassent$ les$ limites$ des$ TSA$ car$ les$ gènes$ associés$ aux$ TSA$ (par$ exemple,$

NRXN1,# SHANK3,$ et$ CNTNAP2)$ sont$ également$ associés$ à$ d'autres$ troubles$

neuropsychiatriques$tels$que$la$schizophrénie$et$le$trouble$bipolaire$(Kirov,$Gumus$et$al.$

2008,$Rujescu,$Ingason$et$al.$2009,$Gauthier,$Champagne$et$al.$2010,$Verhoeven,$Egger$et$

al.$ 2012,$ Vucurovic,$ Landais$ et$ al.$ 2012),$ (Guilmatre,$ Huguet$ et$ al.$ 2013).$ $ Cette$

pléiotropie$soulève$la$question$du$rôle$que$chaque$gène$joue$dans$le$développement$et$

le$ fonctionnement$ du$ cerveau$ humain$ et$ dans$ quelle$ mesure$ les$ différentes$

combinaisons$d'allèles$à$risque$pourraient$mieux$pronostiquer$les$trajectoires$cliniques.$

Le$travail$collaboratif$impliquant$les$cliniciens,$les$généticiens$et$les$neurobiologistes$est$

donc$ nécessaire$ pour$mieux$ comprendre$ la$ diversité$ des$ individus$ atteints$ de$ TSA$ et$

pour$améliorer$ leur$diagnostic,$ leurs$soins$et$ leur$ intégration$(Guilmatre,$Huguet$et$al.$

2013).$

$ $
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2.)Hétérogénéité)clinique)et)biologique)de)la)dyslexie)

2.1)Q)La)dyslexie)
$

Les$historiens$estiment$à$plus$de$60$000$ans$ l’apparition$du$ langage.$ Il$ y$ a$ seulement$

5000$ ans$ en$ Mésopotamie$ une$ autre$ révolution$ fit$ son$ apparition$ :$ l’invention$ de$

l’écriture.$ Les$ plus$ vieux$ documents$ écrits$ proviennent$ des$ Sumériens.$ Ils$ ne$

soupçonnaient$ pas$ l’importance$ de$ cette$ nouvelle$ façon$ de$ communiquer.$ Cet$

événement$n’a$pas$été$un$cas$isolé.$En$effet$d’autres$cultures$tels$que$les$Égyptiens,$les$

Mayas,$ les$Phéniciens$ et$ bien$d’autres$ encore$ont$ également$mis$ au$point$ ce$ système,$

afin$de$garder$une$trace$de$leur$savoir$ainsi$que$de$leur$histoire.$

$

Depuis$de$nombreuses$façons$de$communiquer$par$l’écrit$ont$vu$le$jour,$les$plus$

anciennes$ s'attachent$ à$ représenter$ le$ monde$ à$ l’aide$ de$ symboles,$ pictogrammes$ et$

idéogrammes.$Dans$un$deuxième$temps,$les$sons$ont$été$représentés$par$des$symboles,$

avec$l’apparition$des$lettres,$la$parole$est$alors$représentée$graphiquement.$Au$cours$du$

temps,$ l’écriture$ s’est$ développée$ et$ complexifiée,$ jusqu’à$ devenir$ une$des$ bases$ dans$

notre$ communication.$ Son$ apprentissage$ (par$ la$ lecture$ et$ l’écriture)$ s’est$ vu$

démocratisée,$ et$ c’est$ à$ partir$ de$ l’acquisition$ de$ ces$ savoirs$ qu’on$ a$ pu$ mettre$ en$

evidence$ des$ inégalités$ au$ sein$ des$ individus.$ En$ effet,$ des$ personnes$ ne$ souffrant$

d’aucun$ trouble$ cognitif$ ni$ sensoriel,$ peuvent$ montrer$ de$ réelles$ difficultés$ dans$

l’apprentissage$de$ la$ lecture.$ C’est$ alors$ que$ le$ terme$dyslexie$ vit$ le$ jour$ et$ permit$ de$

regrouper$ces$différentes$personnes.$

$

Actuellement$ la$ dyslexie,$ est$ définit$ dans$ les$ troubles$ des$ apprentissages,$ plus$

spécifiquement$dans$ le$ trouble$de$ la$ lecture,$ il$ est$ l'un$des$mieux$explorés,$grâce$à$de$
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nombreux$ travaux.$ Dès$ 1978$ Rutter$ définit$ avec$ l’aide$ de$ la$ World$ Federation$ of$

Neurology$ (de$ 1968),$ que$ «$ la$ dyslexie$ est$ un$ trouble$ manifesté$ par$ une$ difficulté$ à$

apprendre$à$ lire,$malgré$un$enseignement$ conventionnel,$une$ intelligence$adéquate$et$

un$ bon$ environnement$ socioculturel.$ Elle$ est$ dépendante$ de$ troubles$ cognitifs$

fondamentaux$qui$sont$souvent$d’origine$constitutionnelle$$».$

Ainsi$ les$ l’ensemble$ des$ troubles$ spécifiques$ des$ apprentissages$ seraient$ des$

troubles$ développementaux$ définis$ par$ des$ difficultés$ graves$ et$ persistantes$

d’apprentissage$ du$ langage$ écrit,$ c’est$ à$ dire$ de$ la$ lecture$ (dyslexie),$ de$ l’écriture$

(dysorthographie),$ du$ calcul$ (dyscalculie),$ sans$ étiologie$ retrouvée$ comme$ une$

déficience$ intellectuelle,$ une$ déficit$ sensoriel$ sévère,$ des$ lésions$ neurologiques,$ des$

troubles$psychopathologiques$graves.$

Selon$ le$ DSM$ IV,$ la$ dyslexie$ appartient$ aux$ troubles$ spécifiques$ des$

apprentissages.$C’est$un$trouble$de$l’apprentissage$de$la$lecture$et$de$l’écriture$[annexe$

2a].$L’OMS$caractérise$la$dyslexie$de$développement$comme$:$«$un$déficit$spécifique$et$

persistant$ de$ l’acquisition$ de$ la$ lecture$ chez$ un$ enfant$ ou$ un$ adulte$ d’intelligence$

normale$ (QI$ normal),$ recevant$ une$ instruction$ adéquate,$ en$ l’absence$ de$ déficits$

sensoriels,$ de$ pathologie$ psychiatrique$ ou$ neurologique$ avérée$ ou$ de$ carence$

psychoaffective$grave.$

Ainsi$La$dyslexie$appartient$aux$«$troubles$des$apprentissages$»,$qui$touchent$le$

domaine$scolaire.$CeuxWci$peuvent$être$dus$à$un$retard$global$du$developpement$cognitif$$

mais$peuvent$aussi$être$dus$plus$spécifiquement$à$certains$processus$cognitifs$(Gillberg$

and$ Soderstrorn$ 2003).$ Ainsi,$ à$ l’inverse$ de$ l'autisme,$ la$ dyslexie$ ne$ concerne$ pas$ les$

retards$globaux$du$développement$mais$des$altérations$spécifiques$des$apprentissages.$

Au$même$ titre$ que$ l'autisme,$ le$ DSMWIV$ a$ classifié$ ces$ difficultés$ comme$des$ troubles$

intervenant$durant$ les$premières$et$ secondes$phases$de$ l’enfance$ou$de$ l’adolescence.$
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Cet$ensemble$est$ constitué$de$différentes$parties,$ classées$ selon$ les$difficultés$qu'elles$

regroupent:$ troubles$ de$ la$ lecture,$ du$ calcul,$ de$ l’écriture$ et$ des$ apprentissages$ non$

spécifiés.$ Cette$ organisation$ est$ identique$ à$ celle$ de$ la$ CIMW10$ (Classification$

internationale$des$maladies$de$l’OMS,$1994)$pour$les$altérations$de$l'apprentissage.$De$

plus,$il$décrit$pour$le$trouble$spécifique$de$la$lecture$des$critères$diagnostiques$adaptés$

à$des$âges$différents.$Le$DSMWV,$a$ revu$ la$classification,$et$passe$ la$dyslexie$en$arrière$

plan$ en$ uilisant$ les$ termes$ de$ troubles$ spécifiques$ d'apprentissage$ (Specific$ Learning$

Disorder)$qui$regroupent$la$dyslexie$ou$la$dyscalculie$(difficulté$en$mathématiques).$Cet$

ensemble$ est$ alors$ inclus$ dans$ les$ maladies$ neurodeveloppemental.$ La$ raison$ de$ ce$

regroupement$est$que$ces$déficits$se$produisent$fréquemment$ensemble.$

$

La$dyslexie$est$considérée$comme$un$trouble$spécifique$de$l’apprentissage$dont$

les$ mécanismes$ sont$ neurobiologiques$ (Shaywitz$ and$ Shaywitz$ 2005).$ Elle$ est$

caractérisée$par$des$difficultés$dans$la$reconnaissance$exacte$et/ou$fluide$de$mots$ainsi$

que$par$une$orthographe$des$mots$(spelling)$et$des$capacités$de$décodage$limitées.$Ces$

difficultés$ résultent$ typiquement$ d’un$ déficit$ dans$ la$ composante$ phonologique$ du$

langage$ qui$ est$ souvent$ inattendue$ par$ rapport$ aux$ autres$ capacités$ cognitives$ de$

l’enfant$ et$ à$ l’enseignement$ dispensé$ dans$ sa$ classe.$ Les$ conséquences$ secondaires$

peuvent$ inclure$des$problèmes$dans$ la$ compréhension$en$ lecture.$Cela$peut$ entraîner$

une$ expérience$ réduite$ dans$ la$ lecture$ qui$ pourrait$ empêcher$ la$ croissance$ du$

vocabulaire$de$l’enfant$et$ses$connaissances$générales$$(Lyon$GR$2003).$$$

$

$

$
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2.2)Epidémiologie)

La$dyslexie$est$un$ trouble$de$ la$ lecture$et$de$ l'orthographe,$ représentant$une$des$plus$

courante$difficultés$ scolaires$avec$une$prévalence$de$5W10%.$CelleWci$ se$manifeste$ lors$

des$ premières$ étapes$ de$ l’apprentissage$ de$ la$ lecture$ et$ de$ l’écriture.$ Dès$ lors,$ ce$

syndrôme$est$diagnostiqué$chez$des$enfants$ayant$eu$un$cursus$d’apprentissage$normal$

(lecture,$écriture$et$langage)$et$ne$révèlant$aucuns$troubles$visuels,$auditifs,$intellectuels$

et$ cognitifs$ sévères.$ Le$ dépistage$ est$ précoce$ (4$ ou$ 5$ ans)$ et$ la$ dysorthographie$ est$

souvent$ annonciatrice$ de$ ce$ syndrôme.$ Le$ seul$ traitement$ connu$ est$ la$ rééducation$

orthophonique$ et$ graphique.$ Actuellement$ le$ sex$ ratio$ est$ très$ discuté,$ puisque$

différentes$études$montrent$que$dans$certains$cas$ce$ sont$ les$garçons$qui$ sont$ le$plus$

touchés$ mais$ ce$ n’est$ pas$ toujours$ le$ cas$ (Rutter,$ Caspi$ et$ al.$ 2004).$ Il$ est$ probable$

néanmoins$que$les$filles$compenserait$plus$les$problèmes$de$dyslexie.$

$

Prévalence)de)la)dyslexie)selon)les)langues)

La$ langue$apprise$est$déterminante$dans$ la$prévalence$de$ la$dyslexie.$En$effet,$ chaque$

dialecte$ a$ un$ système$ d’écriture$ différent,$ et$ si$ beaucoup$ utilisent$ le$même$ alphabet,$

toutes$ les$ langues$ ne$ sont$ pas$ transparentes.$ Une$ langue$ est$ dite$ parfaitement$

transparente,$ lorsque$ la$ correspondance$ entre$ graphèmes$ et$ phonèmes$ est$ univoque$

c’est$à$dire$à$un$phonème$correspond$un$et$un$seul$graphème$et$reciproquement.$Ainsi,$

les$ prévalences$ de$ la$ dyslexie$ sont$ dépendantes$ de$ la$ multiplicités$ des$ langues$ et$

notamment$de$la$transparence$de$l’orthographe$de$chaque$langue$(Paulesu,$Demonet$et$

al.$2001).$

Les$ travaux$ de$ Lindgren$ et$ coll.$ (1985)$ mettent$ en$ perspective$ cette$ affirmation$ et$

montrent$que$la$prévalence$de$la$dyslexie$varie$entre$les$ÉtatsWUnis$et$ l’Italie$selon$les$
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définitions$ que$ l'on$ a$ choisi$ pour$ caractériser$ ce$ syndrôme$ et$ la$ langue.$ Ainsi$ les$

fréquences$varient$de$3,6W8,5$%$en$Italie$et$de$4,5W12$%$aux$ÉtatsWUnis.$Autrement$dit$

les$ taux$sont$significativement$plus$élevés$aux$ÉtatsWUnis$qu’en$ Italie,$et$ ce$à$cause$de$

l’orthographe,$ puisque$ contrairement$ à$ l’anglais$ l’italien$ est$ une$ langue$ transparente$

(Lindgren,$ De$ Renzi$ et$ al.$ 1985).$ Le$ bilinguisme$ ou$ un$ environnement$ peu$ stimulant$

pour$ l’enfant,$ p$ euvent$ aussi$ dans$ certains$ cas$ alterer$ ou$ ralentir$ l’apprentissage$ du$

langage.$(Lindgren,$De$Renzi$et$al.$1985)$

$

2.3)Diagnostic)et)évaluation)

Le$dépistage$et$le$diagnostique$multidiscipliniare$(avec$de$nombreux$outils$(normalisés)$

explorent$ le$ niveau$ de$ lecture,$ de$ l’orthographe$ mais$ également$ une$ évaluation$

psychologique)$qui$passent$par$un$entretien$standardisé$des$parents$avec$l’enfant$mais$

également$ des$ enseignants.$ D’autres$ déficits$ pourraient$ expliquer$ les$ difficultés$ de$

lecture:$

•$ Un$trouble$auditif$et/ou$de$la$vue$

•$ Un$trouble$de$l'élocution$

•$ Un$déficit$intellectuel$

$

Au$début$de$l’enseignement$de$la$lecture,$il$est$difficile$de$dépister$la$dyslexie$car$

beaucoup$ d’enfants$ présentent,$ lors$ des$ premiers$ mois$ de$ cette$ apprentissage,$ de$

nombreuses$difficultés$qui$pourraîent$se$confondre$avec$les$symptômes$d’une$dyslexie.$

Néanmoins$ ces$ symptômes$ sont$ considérés$ comme$ pathologiques$ s’ils$ persistent$ au$

cours$ du$ temps.$ La$ dyslexie$ s’accompagne$ souvent$ d’une$ dysorthographie$ c’est$ à$ dire$

des$difficultés$dans$l’apprentissage$de$l’écriture$en$plus$de$la$lecture.$Même$si$les$règles$
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grammaticales$sont$assimilées,$il$y$a$une$importante$difficulté$ou$une$impossibilité$à$les$

appliquer.$Ainsi,$on$peut$distinguer$dans$la$dysorthographie$:$

$

•$ Les$difficultés$auditives$ (alors$que$ l'audition$est$normale)$ :$ confusions$de$ sons,$

difficulté$à$analyser$les$données$auditives.$

•$ Les$difficultés$dans$l'organisation$de$l'espace,$du$temps,$et$de$la$phrase$elleW

même$(il$ne$distingue$pas$les$fonctions$différentes$des$mots$dans$la$phrase).$On$

retrouve$les$erreurs$spécifiques$de$la$dyslexie.$

•$ Confusion$de$lettres$ou$de$syllabes$

•$ Inversions$

•$ Mauvais$découpage$des$mots$

•$ Méconnaissance$du$vocabulaire$

•$ Méconnaissance$de$la$grammaire$

$

Néanmoins$à$ l'âge$adulte,$une$partie$des$dyslexiques$(peu$sévèrement$ touchés)$

arrivent$ à$ compenser$ leur$ handicap$ par$ des$ stratégies$ d'évitement,$ comme$ la$ nonW

utilisation$de$mots$qui$leur$posent$problème,$en$les$remplaçant$par$des$synonymes$ou$

encore$grâce$à$un$soutien$orthophonique.$ $Cette$compensation$et/ou$rééducation$rend$

la$détection$de$la$dyslexie$plus$difficile$à$partir$de$tests$classiques.$

$

$

$

$
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Instruments)d’évaluation)pour)la)Dyslexie)

La$prononciation$des$mots,$ l’association$de$plusieurs$ sons$désignant$une$personne$ou$

un$objet,$débute$la$deuxième$année$de$vie$;$le$langage,$association$de$mots$ayant$valeur$

de$signification,$doit$être$obtenu$vers$4$ans$et$demi.$Un$premier$examen$orthophonique$

à$ cet$ âge$ devrait$mettre$ en$ évidence$ la$ déformation$ persistante$ de$mots,$ des$ phrases$

mal$ construites$ou$ l'incapacité$de$ retenir$des$phrases.$Or$ trop$souvent,$ la$dyslexie$est$

découverte$soit$lors$d’un$bilan$mettant$en$evidence$un$échec$scolaire,$soit$à$cause$d'une$

dysorthographie.$

Une$personne$atteinte$de$dyslexie$fait$des$erreurs,$soit$dans$l'enchaînement$des$

graphies,$soit$dans$la$transcription$graphique$des$phonèmes.$Elle$confond$la$lecture$de$

certaines$lettres$aux$formes$voisines$ou$proches$phonétiquement$comme$les$m$et$n$W$p,$

b,$d,$q$ W$ a$ et$o$…$dès$ lors$on$peut$observer$ ce$ type$d’erreurs,$ "Piton"$devient$ "bidon",$

"tacos"$devient$"tocas".$Ces$confusions$ne$sont$pas$systématiques$et$selon$les$moments,$

l'enfant$ peut$ lire$ correctement$ ou$ substituer$ certaines$ lettres$ ce$ qui$ entraînera$ une$

lecture$hachée,$hésitante,$et$incompréhensible.$L'enfant$ne$réussit$pas$à$transformer$les$

symboles$écrits$en$phonèmes.$$

$

Des$recherches$effectuées$ces$dernières$années$en$neuropsychologie$ont$permis$

d’identifier$ un$ certains$ nombres$ de$ compétences$ nécessaires$ à$ l’établissement$ du$

système$ cognitif$ de$ lecture$ et/ou$ qui$ facilitent$ l’apprentissage$ de$ la$ lecture.$ Ces$

compétences$sont$fréquemment$limitées$ou$déficitaires$chez$les$enfants$dyslexiques.$Un$

certains$ nombres$ d’outils$ créés$ par$ des$ orthophonistes$ et/ou$ des$ neuropsychologues$

proposent$ des$ épreuves$ visant$ à$ évaluer$ ces$ compétences$:$ des$ épreuves$ métaW

phonologiques$ permettent$ d’estimer$ le$ niveau$ de$ conscience$ phonologique,$ des$

épreuves$d’empans$verbale$peuvent$mesurer$un$déficit$de$la$mémoire$à$court$terme.$Le$
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traitement$visuel$doit$aussi$être$évalué.$Pour$définir$le$degré$de$sévérité$de$la$dyslexie$

différentes$mesures$$peuvent$être$prises$en$compte,$$le$nombre$d'erreurs$au$cours$d’une$

lecture$mais$également$le$temps$mis$pour$réaliser$celleWci.$Les$paramètres$sont$ensuite$

étalonnés$par$ rapport$ à$une$moyenne$d'enfants$non$atteints$mais$ aussi$ par$ rapport$ à$

l’âge$ et$ au$ niveau$ scolaire$ (baterrie$ odelys$ (outils$ de$ depistage$ des$ dyslexie),$ test$ de$

l’alouette).$$

Dans$ le$ DSMWIV$ ou$ la$ CIMW10$ les$ critères$ sont$ les$ mêmes$ que$ ceux$ cités$

précédemment$par$contre$la$principale$différence$entre$les$deux$classifications$concerne$

la$ coWmorbidité$ du$ trouble$ de$ la$ lecture$ avec$ d’autres$ troubles$ des$ apprentissages$

(notamment$les$troubles$du$calcul$et$de$l’écriture).$Ainsi$pour$le$CIMW10$le$diagnostic$de$

trouble$de$la$lecture$est$prédominant$par$rapport$à$toutes$les$comorbidités,$tandis$que$

le$DSMWIV$permet$de$définir$plusieurs$diagnostics.$

$

2.4)Les)facteurs)de)risque)et)Comorbidités)

Les$théories$explicatives$de$la$dyslexie$sont$nombreuses,$faisant$intervenir$notament$un$

défaut$ de$ latéralité,$ parmi$ d’autres$ et$ surtout$ un$ défaut$ d'attention,$ nécessitant$ une$

pédagogie$ spécifique$ qualitativement$ différente.$ D'autres$ facteurs$ de$ risques$ sont$

proposés$dans$l'échec$de$l'acquisition$du$langage$écrit:$

•$ Un$trouble$mineur$lésionnel$du$fonctionnement$cérébral$;$

•$ Un$environnement$socioWculturel$et$économique$défavorable$;$

•$ Des$méthodes$d'apprentissage$de$la$lecture$inadaptées$;$

•$ Des$rythmes$de$progressions$des$acquisitions$non$respectés$;$

•$ Une$mauvaise$formation$pédagogique$des$maîtres$;$

•$ Des$classes$surchargées$etc.$
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En$générale,$40%$à$60%$(McArthur,$Hogben$et$al.$2000)$(Bishop,$Gobright$et$al.$

2000)$ des$ enfants$ dyslexiques$ ont$ des$ troubles$ psychiatriques,$ comme$ l'anxiété,$ la$

dépression$ (Willcutt$ and$ Pennington$ 2000)$ et$ le$ déficit$ d'attention$ (Kadesjo$ and$

Gillberg$ 2001)$.$ Les$ manifestations$ psychologiques$ qui$ accompagnent$ souvent$ les$

dyslexiques$ont$des$graves$effets$ sur$ les$personnes$qui$en$souffrent.$Certains$ troubles$

sont$souvent$associés$à$la$dyslexie$:$

$

•$ Trouble$de$l'orientation$spatiale$;$

•$ Trouble$de$l'orientation$temporelle$;$

•$ Trouble$de$la$motricité$oculaire$(non$latéralisation$du$regard)$;$

•$ Défaut$de$discrimination$et$d'évocation$des$graphies$à$partir$des$sons$;$

•$ Trouble$de$la$perception$du$rythme$de$la$lecture$;$

•$ Trouble$du$langage$avec$inversion$des$phonèmes$;$

•$ Trouble$affectif$;$

•$ Réactions$psychologiques$d'agressivité$ou$de$passivité$face$à$l'échec$scolaire.$

•$ Dyscalculie$(GrossWTsur,$Manor$et$al.$1996)$ $

$ $
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$

2.5)Prise)en)charge)

Il$ est$ important$de$détecter$dès$ la$maternelle$un$enfant$dyslexique$afin$qu’il$bénéficie$

une$ rééducation$personnalisée$ avec$ l'aide$ de$ ses$ parents,$médecins,$ orthophoniste,$ et$

dans$les$cas$les$plus$sévères$de$l’orienter$dans$une$classe$spécialisée.$Le$traitement$de$la$

dyslexie$ repose$ sur$ deux$ stratégies$ principales$ :$ l'aide$ spécifique$ à$ la$ lecture$ et$

l’orthographe$et$la$psychothérapie$pour$tout$autre$trouble$psychologique$coexistant.$

Les$ principes$ de$ rééducation$ sont$ nombreux,$ et$ doivent$ être$ choisis$ selon$ les$

difficultés$ de$ l’enfant.$ Ils$ seront$ élaborés$ lors$ de$ rééducation$ orthophonique.$ La$

rééducation$ orthophonique$ va$ permettre$ à$ l’enfant$ de$ lire$ normalement$ seulement$

celleWci$ne$fait$souvent$qu'une$correction$incomplète$des$difficultés.$La$dysorthographie$

constitue$ le$ handicap$ le$ plus$ lourd$ à$ long$ terme$ et$ se$ solde$ souvent$ par$ un$

redoublement$scolaire.$Dans$cet$apprentissage,$le$rôle$de$la$dictée$et$de$la$répétition$est$

fondamental.$Le$point$capital$de$ces$différentes$procédures$de$rééducation,$est$que$ces$

dernières$s’inscrivent$dans$ le$temps$et$doivent$être$soutenues.$De$plus$ les$troubles$du$

graphisme$ nécessitent$ d’être$ analysés$ par$ des$ professionnels$ (psychomotricité,$

ergothérapie,$neuropsychologie)$afin$d’être$bien$définis$et$d'apporter$ la$rééducation$la$

plus$adéquate.$Ces$analyses$permettent$d'avoir$des$données$quantitatives$et$qualitatives$

pour$ les$ troubles$ qui$ touchent$ la$ coordination,$ la$ gestuelle,$ la$ perception$ et/ou$ la$

production$visuelle$et$visuoWspatiale.$

Néanmoins,$ les$ conseils$ de$ l’Anaes$ (1997)$ sur$ l’orthophonie$ dans$ les$ troubles$

spécifiques$ du$ langage$ sont$ basés$ sur$ des$ recommandations$ sans$ preuve$ scientifique,$

puisqu’il$y$est$dit$que$«$La$revue$de$la$littérature$n’a$pas$identifié$d’étude$permettant$de$

proposer$un$nombre$et$une$fréquence$de$séances$fondés$sur$un$niveau$de$preuve…$Elle$
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n’a$pas$permis$de$recommander$une$méthode$plus$qu’une$autre$».$Cependant$elles$sont$

très$ largement$ utilisées$ et$ leur$ intérêt$ est$majeur$ dans$ l'amélioration$des$ troubles$ du$

langage,$même$si$leur$efficacité$reste$à$être$évalué.$

Après$ l’arrêt$ de$ la$ rééducation$ (souvent$ à$ l'âge$ adulte),$ l’adaptation$ de$ la$

personne$face$à$son$handicap$demeure$indispensable$au$niveau$de$la$vitesse$de$lecture$

et$ de$ la$ dysorthographie$ (M.$ 1993).$ Les$ nouvelles$ technologies$ tel$ que$ les$ outils$

informatiques$ s’avérent$ utiles.$ En$ effet,$ les$ correcteurs$ orthographiques,$ ou$ la$ dictée$

vocale$ présents$ dans$ les$ traitement$ de$ texte$ permettent$ aux$ personnes$ atteintes$ de$

compenser$plus$facilement.$$

$

2.6)Facteur)genetique)impliqué)dans)la)dyslexie)

Ainsi,&si&la&cause&n’est&ni&éducative,&ni&sociologique,&quelle&estWelle#?#Plusieurs#arguments#

pointent' vers' des' causes' biologiques.' Les' hypothèses' neuroWdéveloppementales- et-

fonctionnelles$sont$mises$en$avant$comme$des$atteintes$d’aires$spécifiques$du$cerveau$

et/ou& de& gènes.& Les& données& histologiques,& les& données& d’imagerie& cérébrale&

anatomique,+ et+ les+ données+ d’imagerie+ fonctionnelle+ convergent+ pour+ suggérer+ un+

dysfonctionnement, primaire, des, aires, périsylviennes, gauches,, impliquées, dans, la,

phonologie$ qui$ est$ au$ premier$ plan$ lors$ de$ l’apprentissage$ de$ la$ lecture$ (Sherman,$

Galaburda$et$al.$1985)$(P.$2003)$(Y.$1973).$

Pour$ définir$ l’importance$ respective$ des$ facteurs$ environnementaux$ et$

génétiques$ pour$ un$ trouble$ donné,$ les$ chercheurs$ étudient$ des$ paires$ de$ jumeaux$

monozygotes$ ou$ dizygotes.$ Ceci$ permet$ de$ mesurer$ la$ concordance$ de$ la$ pathologie$

étudiée$chez$des$personnes$partageant$100%$de$leur$génome,$dans$le$cas$des$jumeaux$

monozygotes,+ou+environ+50%,+dans+le+cas+des+jumeaux+dizygotes.+Ainsi+dans+la+dyslexie,+
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lorsque( d’un( jumeau( monozygote( est( dyslexique,( la( probabilité́( que( l’autre( le( soit(

également$ est$ de$ 70$%$ par$ contre$ pour$ les$ jumeaux$ dizygotes$ elle$ n’est$ que$ de$ 45%$

(Plomin$ R.$ 1994)$ (K.$ 2001).$ Ces$ résultats$ permettent$ de$ d’estimer$ une$ héritabilité$

génétique$de$l’ordre$de$50W60$%.$Par$contre$ces$études$ne$nous$renseignent$aucunement$

sur$la$nature$et$le$nombre$de$gène$mis$en$cause.$$

Les$analyses$de$liaison$dans$des$familles$où$il$y$a$plusieurs$personnes$atteintes$de$

dyslexie$offre$ la$possibilité́$d’aller$plus$ loin$dans$ la$ recherche$génétique.$Grâce$à$ cette$

approche$ plusieurs$ loci$ on$ pu$ être$ identifiés$ dans$ le$ génomes$ sur$ différentes$

chromosomes.$Le$fait$que$de$nombreux$loci$dans$des$région$différentes$du$génomes$ont$

été$ détecté$ indique$ qui$ il$ y$ a$ une$ hétérogénéité$ génétique$ avec$ plusieurs$ gènes$

impliqués$dans$la$dyslexie.$En$outre$l’hypothèse$des$variations$de#novo$ne$peut$pas$être$$

rejetée$car$des$cas$sporadiques$existent,$ou$un$seul$membre$de$la$famille$est$atteint$de$

dyslexie.$$

)

Les))gènes)impliqués)dans)la)dyslexie)
$
Les$analyses$de$ liaisons$ou$d’association$génétiques$portant$soit$sur$ la$dyslexie$ou$sur$

des$traits$quantitatifs$se$rapportant$à$la$lecture$ont$rapporté$de$nombreux$loci.$Un$total$

de$9$ régions$ sont$ référencées$dans$On$ line$Mendelian$ Inheritance$ in$Man$ (OMIM)$sur$$

les$chromosomes$1p35$W$1p36$($DYX8$)$(Rabin,$Wen$et$al.$1993)$(Grigorenko,$Wood$et$

al.$2001)$(Tzenova,$Kaplan$et$al.$2004)$(de$Kovel,$Franke$et$al.$2008)$(Platko,$Wood$et$al.$

2008)$,$2p11$–$2p16$($DYX3$),$(Fisher,$Francks$et$al.$2002)$(Fagerheim,$Raeymaekers$et$

al.$1999)$(Francks,$Fisher$et$al.$2002,$Petryshen,$Kaplan$et$al.$2002)$(Kaminen,$HannulaW

Jouppi$et$al.$2003)$(PeyrardWJanvid,$Anthoni$et$al.$2004)$(Anthoni,$Zucchelli$et$al.$2007)$

2q22.3$ (Raskind,$ Igo$ et$ al.$ 2005)$ (Igo,$ Chapman$ et$ al.$ 2006)$ ,$ 3p12$ W$ 3q13$ ($ DYX5$ )$

,(Fisher,$Francks$et$al.$2002)$(Platko,$Wood$et$al.$2008)$(NopolaWHemmi,$Myllyluoma$et$
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al.$2001),$4p15.33$ W$4p15.32,$ (Bates,$Luciano$et$al.$2007),$6p22$ ($DYX2$ )$ (Grigorenko,$

Wood$et$al.$1997)$(Fisher,$Francks$et$al.$2002)$(Platko,$Wood$et$al.$2008)$(Cardon,$Smith$

et$al.$1994)$(Kaplan,$Gayan$et$al.$2002)$(Deffenbacher,$Kenyon$et$al.$2004),$6q12$W$q15$($

DYX4$ )$ (Bates,$ Luciano$ et$ al.$ 2007)$ (Petryshen,$ Kaplan$ et$ al.$ 2001)$ ,7q32$ (Kaminen,$

HannulaWJouppi$ et$ al.$ 2003)$ (Bates,$ Luciano$ et$ al.$ 2007)$ 11p15.5$ ($ DYX7$ )$ ,$ (Hsiung,$

Kaplan$ et$ al.$ 2004)$ 11q13.4$ ,$ (Raskind,$ Igo$ et$ al.$ 2005)$ (Igo,$ Chapman$ et$ al.$ 2006),$

12q13.13W12q21.33,$(Igo,$Chapman$et$al.$2006),$13q12.13W13q12.3$,$(Igo,$Chapman$et$al.$

2006)$13q22.1,$(Fisher,$Francks$et$al.$2002),$15q15$W$15q21$($DYX1$)$(Grigorenko,$Wood$

et$al.$1997)$(Platko,$Wood$et$al.$2008)$(Smith,$Kimberling$et$al.$1983)$(SchulteWKorne,$

Grimm$ et$ al.$ 1998,$ Morris,$ Robinson$ et$ al.$ 2000)$ (Chapman,$ Igo$ et$ al.$ 2004)$

(Schumacher,$Konig$et$al.$2008),$17p13.3$(Bates,$Luciano$et$al.$2007),$18p11.2$(DYX6)$

(Fisher,$Francks$et$al.$2002,$Bates,$Luciano$et$al.$2007,$Seshadri,$DeStefano$et$al.$2007)$

18q22.2W18q22.3$ (Fisher,$ Francks$ et$ al.$ 2002)$ et$ 21q21W21q22$ (Fisher,$ Francks$ et$ al.$

2002)$et$Xq26$W$Xq28$($DYX9$)$(Fisher,$Francks$et$al.$2002)$(de$Kovel,$Hol$et$al.$2004)$

(Platko,$Wood$et$al.$2008)$(Bates,$Luciano$et$al.$2007).$$

Au$niveau$de$ces$régions,$des$gènes$candidats$ont$été$analysés.$La$région$DYX1$au$

niveau$ de$ 15q21$ a$ été$ identifiée$ par$ analyse$ de$ liaison$ avec$ un$ LOD$ score$ >$ 3.15$

(Grigorenko,$Wood$ et$ al.$ 1997).$ Par$ la$ suite,$ grâce$ à$ deux$ autres$ familles$ atteintes$ de$

dyslexie,$ les$ travaux$ de$ Taipale$ et$ al.$ (2003)$ ont$ permis$ de$ définir$ le$ gène$ DYX1C1#

comme$ un$ des$ génes$ candidats$ dans$ cette$ région$ (Taipale,$ Kaminen$ et$ al.$ 2003).$

L’identification$ de$ deux$ translocations$ t$ (1;$ 15)$ (p13;$ q22)$ et$ t$ (2;$ 15)$ (q11q,$ 21)$

(NopolaWHemmi,$Taipale$et$al.$2000),$a$aussi$suggéré$que$cette$15q21Wq22$ségrége$avec$

dyslexie.$L’un$des$points$de$cassure$de$ces$ translocations$est$dans$ le$gène$DYX1C1.$Le$

séquençage$des$exons$de$DYX1C1,$chez$55$patients$dyslexiques$et$113$témoins$a$permis$

d’identifier$ une$ mutation$ stop$ aboutissant$ à$ une$ protéine$ tronquée$ où$ quatre$ acides$
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aminés$manquent$au$niveau$de$ l'extrémité$CWterminale.$L’implication$de$DYX1C1$et$de$

ce$ locus$ ont$ été$ répliqué$ par$ d'autres$ études$ de$ liaisons$ (Marino,$ Giorda$ et$ al.$ 2004)$

(Morris,$Robinson$et$al.$2000)$(SchulteWKorne,$Grimm$et$al.$1998).$Une$association$entre$$

DYX1C1$et$la$dyslexie$a$aussi$été$reportée$mais$pas$toujours$répliquée$(Marino,$Giorda$et$

al.$2004,$Scerri,$Fisher$et$al.$2004,$Wigg,$Couto$et$al.$2004,$Bellini,$Bravaccio$et$al.$2005,$

Cope,$Hill$et$al.$2005,$Meng,$Hager$et$al.$2005,$Brkanac,$Chapman$et$al.$2007,$Bates,$Lind$

et$al.$2010).$Par$exemple,$ le$variant$non$synonyme$rs17819126$(V91I)$semble$associé$

aux$scores$de$lecture$et$d'orthographe$sur$des$traitements$lexicaux$(Taipale,$Kaminen$et$

al.$ 2003).$ Par$ la$ suite,$ l’éléctroporation$ d’ARN$ interférant$ ciblant$ DYX1C1$ dans$ le$

cerveau$de$rats$en$cours$de$gestation$a$pu$renseigner$sur$la$role$de$DYX1C1$au$cours$de$

la$migration$des$neurones$vers$les$différentes$couches$du$cortex$(Rosen,$Bai$et$al.$2007).$

Ainsi$ l’équipe$ de$ A.$ Galaburda$ a$ pu$ constater$ chez$ ces$ rats,$ une$migration$ neuronale$

altérée$dans$le$cortex,$avec$des$ectopies$(agrégats$de$cellules$gliales,$avec$généralement$

un$regroupement$de$neurones)$(Rosen,$Bai$et$al.$2007).$

Ces$résultats$font$penser$aux$premières$observations$d’Albert$Galaburda$sur$des$

cerveaux$ postWmortem$ de$ patients$ dyslexiques.$ Il$ avait$ en$ effet$ identifié$ des$ ectopies$

dans$ le$ cortex$ cérébral$ des$ patients$ suggérant$ un$ défaut$ de$ migration$ des$ cellules$

neuronal$ (Galaburda$ and$ Kemper$ 1979)$ (Galaburda,$ Sherman$ et$ al.$ 1985).$ Il$ a$ été$

suggéré$ que$ ces$ perturbations$ de$ la$migration$ neuronale$ se$ produisent$ aux$ alentours$

des$semaines$16$à$24$du$développement$chez$ le$ fétus.$Dans$ les$cerveaux,$ces$ectopies$

sont$ situées$ en$ grande$ partie$ dans$ les$ aires$ du$ langage% (hémisphère% gauche).% En%

particulier,+ les+ aires+ frontales+ et+ pariétoWtemporales* semblent* avoir* plus*

particulièrement- ces- ectopies.- Ainsi- l’hypothèse- est- que- le- problème- de- connectivité-

impliqué$ dans$ la$ dyslexie$ (du$ moins$ pour$ une$ partie$ d’entre$ eux)$ serait$ du$ à$ ces$

problèmes$de$migration$neuronale$(Ramus$2004).$Cette$hypothèse$est$intéressante$mais$



 72 

elles$ est$ difficile$ à$ confirmer$ chez$ les$ patients$ vivants,$ puisqu’il$ n’est$ pas$ possible$

actuellement$d’observer$ces$ectopies$par$imagerie$cérébrale.$

Sur$le$chromosome$6p$une$étude$de$liaison$a$permis$de$définir$le$locus$DYX2,$qui$

par$la$suite$a$été$répliqué$dans$plusieurs$études$(Grigorenko,$Wood$et$al.$1997,$Fisher,$

Marlow$et$al.$1999,$Grigorenko,$Wood$et$al.$2000,$Turic,$Robinson$et$al.$2003).$Ce$locus$

contient$5$gènes$VMP,#DCDC2,#KIAA0319,#TTRAP$ et$THEM2,$mais$deux$gènes$ sont$plus$

fréquemment$proposés$comme$candidats,$DCDC2$(Meng,$Smith$et$al.$2005,$Schumacher,$

Anthoni$et$al.$2006)$et$KIAA0319$ (Cope,$Harold$et$al.$2005)$(Francks,$Paracchini$et$al.$

2004,$ Harold,$ Paracchini$ et$ al.$ 2006).$ Les$ arguments$ pour$ incriminé$DCDC2$ est$ qu’il$

contient$deux$domaines$peptidiques$doubleWcortine,$qui$ont$été$initialement$décrit$dans$

la$ Lissencéphalie$ liée$ à$ l’X$ fragile$ (Dobyns,$ Truwit$ et$ al.$ 1999)$ avec$ les$mutations$ du$

gène$ DCX$ impliqué$ dans$ la$ migration$ neuronale$ (Coquelle,$ Levy$ et$ al.$ 2006,$ Reiner,$

Coquelle$et$al.$2006).$Une$délétion$de$2445$pb$(répétitions$en$tandem)$dans$l'intron$2$de$

DCDC2$a$été$associé$significativement$avec$des$performances$de$lecture$(Meng,$Smith$et$

al.$2005).$Cette$délétion$se$trouve$dans$un$site$de$liaison$de$facteur$de$transcription$du$

cerveau$(PEA3$and$NFWATp).$D’autres$études$ont$répliqué$une$association$entre$DCDC2$

et$ la$dyslexie$(Schumacher,$Anthoni$et$al.$2006)$(Brkanac,$Chapman$et$al.$2007)$(Lind,$

Luciano$et$al.$2010)$(Wilcke,$Weissfuss$et$al.$2009)$mais$pas$dans$tous$les$cas$(Ludwig,$

Schumacher$et$al.$2008).$Il$semblerait$que$les$hétérozygotes$pour$cette$délétion$aient$un$

volume$ de$ matière$ grise$ significativement$ plus$ élevée$ dans$ les$ régions$ du$ cerveau$

impliqués$dans$le$langage$c’est$à$dire$l'hémisphère$gauche$(Meda,$Gelernter$et$al.$2008).$

De$plus$les$zones$significatives$de$cette$augmentation$semblent$chevauchantes$avec$les$

données$d'expression$de$DCDC2$(Meda,$Gelernter$et$al.$2008)$(Meng,$Smith$et$al.$2005)$

(Coquelle,$Levy$et$al.$2006)$(Reiner,$Coquelle$et$al.$2006)$(Burbridge,$Wang$et$al.$2008).$

Enfin,$ l’interférence$ de$ DCDC2$ chez$ le$ rat$ provoque$ des$ anomalies$ de$ la$ migration$
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neuronale$ similaires$ à$ celle$ observées$ pour$ DYX1C1$ (Meng,$ Smith$ et$ al.$ 2005)$

(Burbridge,$Wang$et$al.$2008).$

Au$sein$de$la$même$région,$le$gène$KIAA0319$est$aussi$candidat$pour$la$dyslexie.$

Le$rôle$de$KIAA0319$reste$inconnu$mais$il$contient$un$domaine$extracellulaire$avec$une$

modif$ MANSC$ (motif$ en$ NWterminale$ avec$ sept$ cystéines),$ plusieurs$ domaines$

fibronectine$de$ type$ III$ (FN$ III)$et$un$domaine$«$polycystic$kidney$disease$»$ (PKD)$qui$

est$impliqué$dans$les$processus$d'adhérence$cellulaire$(VelayosWBaeza,$Toma$et$al.$2007,$

VelayosWBaeza,$ Toma$ et$ al.$ 2008).$ KIAA0319$ possède$ trois$ isoformes,$ dont$ deux$ sont$

secrétées$ car$ elles$ n’ont$ pas$ de$ domaine$ membranaire.$ L’interférence$ $ chez$ le$ rat$ a$

montré$des$anomalies$de$la$migration$neuronale$(Paracchini,$Thomas$et$al.$2006).$Ce$qui$

a$été$confirmé$par$un$knockWdown$(embryonnaire)$de$KIAA0319$chez$les$rats$montrant$

un$ arrêt$ de$ la$ migration$ neuronale.$ En$ revanche,$ la$ surexpression$ au$ court$ de$

l’embryogénèse$ de$KIAA0319$ ne$ provoque$ pas$ d’anomalies$ de$ la$migration$ neuronale$

(Peschansky,$ Burbridge$ et$ al.$ 2010).$ L’expression$ de$ KIAA0319$ chez$ l’homme$ est$

spécifique$au$cerveau,$particulièrement$dans$le$cortex$cérébral,$ l'hippocampe$(CA3),$ le$

gyrus$ denté,$ putamen,$ l'amygdale$ et$ le$ cervelet$ (Paracchini,$ Thomas$ et$ al.$ 2006).$ De$

plus,$un$l’haplotype$(définit$par$7$SNPs)$est$associé$à$la$dyslexie,$surtout$celui$possédant$

l'allèle$mineur$ de$ rs9461045$ et$ rs2143340$ qui$ sont$ tous$ les$ deux$ en$ déséquilibre$ de$

liaison$ (Dennis,$Paracchini$et$al.$2009).$L’utilisation$d'un$dosage$par$ luciférase$avec$ le$

promoteur$de$KIAA0319,$montre$que$la$région$promotrice$avec$l’allèle$mineur$réduit$le$

niveau$ d'expression$ de$ la$ luciférase$ en$ créant$ un$ site$ de$ liaison$ pour$ le$ facteur$ de$

transcription$ OCTW1.$ De$ plus,$ l'haplotype$ à$ risque$ est$ associé$ à$ seulement$ 40%$

d’expression$ de$ KIAA0319$ (Paracchini,$ Thomas$ et$ al.$ 2006).$ Au$ vu$ de$ ces$ données,$

l'hypothèse$est$que$l’haplotype$à$risque$fait$baisser$le$niveau$d’expression$de$KIAA0319$
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qui$ joue$ un$ rôle$ dans$ l'adhésion$ entre$ les$ neurones$ et$ les$ fibres$ gliales$ pendant$ la$

migration$neuronale.$$

Fait$ intéressant,$ les$ effets$ génétiques$ pour$DCDC2$ et$ KIAA0319$ ont$ été$ définit$

indépendamment$l’un$de$l’autre$et$répliqué$;$ce$qui$suggère$que$les$deux$gènes$pourrait$

contribuer$indépendamment$à$la$dyslexie.$

Le$ locus$ DYX5$ sur$ le$ chromosome$ 3$ a$ été$ mis$ en$ évidence$ dans$ une$ grande$

famille$ ayant$ 21$ personnes$ dyslexiques,$ avec$ un$ LOD$ score$ >$ 3$ (NopolaWHemmi,$

Myllyluoma$ et$ al.$ 2001).$ Cette$ même$ région$ a$ été$ identifiée$ grâce$ à$ une$ analyse$ de$

carytotype$ FISH$ effectuée$ chez$ un$ patient$ avec$ infertilité$ qui$ était$ aussi$ dyslexique.$

L’étude$a$permis$d’identifier$une$translocation$réciproque$équilibrée$t$(3;$8)$(p12;$q11)$

dans$le$gène$ROBO1.$Ainsi$le$gène$ROBO1$qui$code$un$récepteur$de$guidage$axonal$a$été$

proposé$ comme$gène$candidat$pour$ la$dyslexie$ (HannulaWJouppi,$KaminenWAhola$et$ al.$

2005).$ Par$ la$ suite$ l’analyse$ d’expression$ du$ gène$ par$ rapport$ à$ l’haplotype$ à$ risque,$

montre$ une$ diminution$ de$ l’expression$ de$ ROBO1$ chez$ les$ patients$ dyslexiques$ par$

rapport$ aux$ témoins.$ Ceci$ suggérait$ que$ l’haploWinsuffisance$ de$ ce$ gène$ pourrait$

augmenter$ le$ risque$de$dyslexie$dans$cette$ famille$ (HannulaWJouppi,$KaminenWAhola$et$

al.$2005).$

$

DYX3$ locus$ (2p11Wp16)$ contient$ de$nombreux$ gènes$SEMA4F,$OTX1,$C2ORF3$ et$

MRPL19.$L’étude$de$Francks$et$al.$2002$(Francks,$MacPhie$et$al.$2002),$n’a$pas$montré$

d’association$ pour$ SEMA4F$ et$ OTX1$ qui$ sont$ pourtant$ de$ très$ bons$ gènes$ candidats$

puisque$SEMA4F$ appartient$ à$ une$ famille$ de$protéines$ jouant$un$ rôle$dans$ le$ guidage$

axonal$et$que$OTX1$est$un$ facteur$de$transcription$ impliqué$dans$ la$morphogenèse$du$

cerveau$(Francks,$Fisher$et$al.$2002).$Les$résultats$pour$les$deux$autres$gènes$semblent$

beaucoup$ plus$ concluant$ puisqu’ils$ sembleraient$ que$ C2ORF3$ et$ MRPL19$ soient$
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exprimés$chez$l’homme$dans$le$cerveau$fœtal$et$adulte.$Mais$surtout$que$leur$expression$

corrèle$entre$C2ORF3$et$les$expression$de$DYX1C1,#DCDC2$et$ROBO1,$tandis$que$MRPL19$

corrèle$avec$ l'expression$de$KIAA0319$ (Anthoni,$Zucchelli$ et$ al.$2007).$Néanmoins$ ces$

résultats$sur$l’expression$n’ont$pas$encore$été$répliqués$par$d’autres$études.$Une$étude$

en$2012$(Thomas$et$al.),$a$testé$le$QI$verbale$et$non$verbale$dans$une$cohorte$de$«$Avon$

Longitudinal$ Study$ of$ Parents$ and$ Children$»$ (ALSPAC)$ (N>5000).$ Seul$ le$ locus$

MRPL19/C2ORF3$montre$une$association$statistiquement$significative$(P=0,00009)$qui$

a$été$répliquéé$dans$quatre$autres$cohortes.$De$plus$MRPL19/C2ORF3$serait$associés$au$

volume$ de$ la$ matière$ blanche$ dans$ le$ corps$ calleux$ postérieur,$ qui$ relie$ une$ grande$

partie$du$cortex$pariétal$dans$les$lobes$occipitaux$et$temporels$(The$Dyslexia$Candidate$

Locus$on$2p12$Is$Associated$with$General$Cognitive$Ability$and$White$Matter$Structure$

Thomas$S.$Scerri$2012).$

Le$ locus$ DYX9$ (Xq26$ W$ Xq28)$ est$ le$ seul$ locus$ pour$ la$ dyslexie$ présent$ sur$ le$

chromosome$ X.$ Il$ contient$ 15$ gènes$ dont$ les$ gènes$ SLITRK2$ et$ SLITRK4$ qui$ sont$

considérés$comme$de$très$bons$gènes$candidats$du$fait$de$leur$homologie$avec$les$SLIT$

qui$interagissent$avec$les$protéines$ROBO$(HannulaWJouppi,$KaminenWAhola$et$al.$2005)$

(de$Kovel,$Hol$et$al.$2004).$En$2013$une$étude$sur$12$familles$multiplexes$(58$sujets)$a$

répliqué$l’étude$de$liaisons$de$DYX9$en$atteignant$un$LOD$score$multipoint$maximum$de$

3,9$entre$rs12558359$et$rs454992$réduisant$ainsi$la$région$à$4Mb$et$ainsi$le$nombre$de$

gènes$ candidats$ de$ cette$ dernière.$ Aucunes$ mutations$ ou$ polymorphismes$ qui$ coW

ségrégent$ avec$ la$ dyslexie$ n'a$ été$ trouvée$ chez$ 7$ gènes$ candidats$ (CXORF1,#CXORF51,#

SLITRK2,#FMRP,#FMR2,#ASFMR1,#FMR1NB)$(HucWChabrolle,$Charon$et$al.$2013).$$

De$façon$paradoxale,$FMRP$pourrait$être$un$bon$gène$candidat$pour$la$dyslexie.$

Ce$gène$est$responsable$du$syndrôme$de$l’X$fragile$avec$une$amplification$aberrante$(>$

55$répétitions$trinucléotides$(CGG)$dans$son$UTR$5’)$qui$provoque$ l’hyperméthylation$
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de$ gène$ et$ son$ absence$ de$ transcription.$ De$ façon$ intéressante,$ les$ femmes$ avec$ un$

syndrome$X$fragile$sans$déficiences$mentales$montrent$des$troubles$de$la$lecture$et$des$

difficulté$ en$ mathématiques$ (Bailey,$ Raspa$ et$ al.$ 2009)$ (Wolff,$ Gardner$ et$ al.$ 1988)$

(Semenza,$Bonollo$et$al.$2012).$ les$garçon$porteurs$d'une$ 'premutation'$de$FMR1$(56<$

prémutation<$200)$n’ont$pas$de$déficience$intellectuelle,$mais$présentent$des$déficits$de$

la$mémoire$de$travail$verbale$spécifique$(Cornish,$Kogan$et$al.$2009).$Le$rôle$de$FMRP$

dans$la$régulation$de$la$traduction$au$niveau$de$la$synapse$est$majeur$et$une$anomalie$

dans$cette$voie$pourrait$participer$à$la$vulnérabilité$à$la$dyslexie.$

Les$altérations$du$chromosome$X$dans$la$dyslexie$ne$se$ limitent$pas$à$ la$région$

DYX9.$ En$ effet,$ on$ remarque$ une$ augmentation$ de$ la$ prévalence$ des$ aneuploïdies$

chromosomiques$ dans$ les$ troubles$ spécifiques$ du$ langage$ et$ de$ la$ dyslexie$ (Simpson,$

Addis$et$al.$2013).$Ainsi$il$se$peut$que$d’autre$gène$en$plus$de$FMRP$puisse$jouer$un$rôle$

dans$la$dyslexie.$

$

Les)analyses)de)CNVs)et)de)gènes)candidats)

Comme$on$a$pu$le$voir$précédemment,$l’analyse$de$grandes$familles$et$de$remaniements$

du$ génome$ ont$ permis$ d’identifier$ certaines$ régions$ candidates$ pour$ la$ dyslexie$ et$

d’identifier$ des$ gènes$ candidats.$ D’autres$ études$ ont$ rapporté$ l’identification$ de$ CNV$

dans$la$région$21q22.3$pour$les$gènes$PCNT,$DIP2A,$S100B$et$PRMT2$chez$des$patients$

avec$dyslexie$(Poelmans,$Engelen$et$al.$2009)$mais$également$pour$DOCK4,#IMMPL2$et$

CNTNAP5$ (Pagnamenta,$ Bacchelli$ et$ al.$ 2010)$ et$ GABARAP,# NEGR1,# ACCN1,# DCDC5$

(Veerappa,$Saldanha$et$al.$2013).$Tous$ces$gènes$sont$de$ très$bon$candidats$puisqu’ils$

sont$ directement$ ou$ plus$ indirectement$ impliqués$ dans$ la$ régulation$ de$ la$ croissance$

des$neurites$(DIP2A$et$S100B)$(Rothermundt,$Peters$et$al.$2003,$Bai,$Ghoshal$et$al.$2006,$

Guan,$Haggarty$et$al.$2009),$ainsi$que$dans$ la$plasticité$synaptique,$comme$DOCK4$qui$
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régule$ la$ croissance$ dendritique$ et$ la$ ramification$ de$ l'hippocampe$ et$ de$ la$migration$

(neuronale)$(Ueda,$Fujimoto$et$al.$2008)$(Hiramoto,$Negishi$et$al.$2006).$$

De$ plus$ une$ étude$ récente$ sur$ 13$ sujets$ atteint$ d'un$ syndrome$ de$

microduplication$du$7q11.23,$ont$également$montré$des$troubles$spécifiques$du$langage$

(Van$der$Aa,$Rooms$et$al.$2009).$Par$la$suite$l’étude$de$l'expression$des$gènes$GTF2I$et$

CYLN2$présent$dans$la$duplication$a$montré$une$augmentation$de$leur$expression$(Van$

der$ Aa,$ Rooms$ et$ al.$ 2009).$GTF2I$ code$ pour$ le$ facteur$ de$ transcription$ TFII,$ qui$ est$

fortement$exprimé$dans$le$cerveau$(Enkhmandakh,$Bitchevaia$et$al.$2004)$(Bayarsaihan,$

Bitchevaia$et$al.$2003).$De$plus$le$promoteur$du$gène$DYX1C1$contient$un$site$de$liaison$

TFII$dont$un$SNP$(rs3743205)$est$$associé$avec$la$dyslexie$(Taipale,$Kaminen$et$al.$2003,$

Scerri,$Fisher$et$al.$2004,$Wigg,$Couto$et$al.$2004,$Marino,$Citterio$et$al.$2007,$TapiaWPaez,$

Tammimies$et$al.$2008,$Dahdouh,$Anthoni$et$al.$2009).$Ainsi,$l’hypothèse$est$que$GTF2I$

pourrait$réguler$la$transcription$de$DYX1C1$(TapiaWPaez,$Tammimies$et$al.$2008).$

$

FOXP2)et)CNTNAP2)

Les$gènes$FOXP2$et$CNTNAP2$ont$suscité$un$vif$intérêt$pour$la$communauté$scientifique$

dans$ les$ troubles$ du$ langage$ mais$ aussi$ de$ la$ dyslexie.$ FOXP2$ code$ une$ protéine$

«$forkhead$ box$ P2$»$ qui$ est$ un$ facteur$ de$ transcription$ putatif$ contenant$ un$

«$polyglutamine$ tract$»$ et$ un$ domaine$ de$ liaison$ d'ADN$ forkhead$ (Lai,$ Fisher$ et$ al.$

2001).$Vernes$et$al.$(2008)$ont$montré$que$FOXP2$régule$négativement$l'expression$du$

gène$CNTNAP2$dans$le$cortex$humain$en$développement(Vernes,$Newbury$et$al.$2008).$

CNTNAP2$code$pour$une$protéine$d’adhérence$neuronale$assimilée$aux$neurexines$qui$

est$exprimé$dans$le$cerveau$humain.$De$plus,$il$a$été$montré$que$FOXP2$se$lie$à$plusieurs$

séquences$régulatrices$présentes$dans$les$introns$de$CNTNAP2$(Vernes,$Newbury$et$al.$

2008).$ CNTNAP2$ joue$ un$ rôle$ dans$ les$ interactions$ neuronesWglie$ mais$ aussi$ dans$ le$
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regroupement$ des$ canaux$ potassium$ sur$ les$ axones$ myélinisés$ permettant$ la$

transmission$ du$ potentiel$ d’action$ (Poliak,$ Gollan$ et$ al.$ 1999)$ (Poliak,$ Salomon$ et$ al.$

2003).$

Le$ gène$ FOXP2$ a$ été$ identifié$ grâce$ à$ un$ grand$ pédigrée$ (la$ famille$ KE)$ dont$

plusieurs$membres$présentaient$une$dyspraxie$verbale$sur$3$générations.$En$1998,$ $ le$

gène$ a$ été$ localisé$ sur$ le$ chromosome$ 7$ (Fisher,$ VarghaWKhadem$ et$ al.$ 1998)$ et$ la$

découverte$d’un$ $patient$ indépendant$ayant$des$symptômes$très$similaires$à$ la$ famille$

KE$et$porteur$d’une$translocation$sur$le$chromosome$7$a$permis$l’identification$du$gène$

FOXP2$ (Lai,$ Fisher$ et$ al.$ 2001).$ Tous$ les$ membres$ atteints$ de$ la$ famille$ KE$ ont$ une$

mutation$hétérozygote$R553H$localisée$dans$une$partie$conservée$de$la$protéine.$

Les$ analyses$ de$ l’évolution$ du$ gène$ FOXP2$ chez$ l’homme,$ montrent$ que$ deux$

substitutions$T303N$et$N325S,$semblent$avoir$subi$une$sélection$positive$(Enard$et$al$ .$

(2009).$De$plus,$l’introduction$de$ces$substitutions$dans$Foxp2$chez$la$souris$montre$des$

différences$qualitative$dans$ les$vocalisations$ultrasoniques$ (chez$ les$ souriceaux),$mais$

aussi$des$modifications$au$niveau$du$comportement$exploratoire,$de$la$concentration$de$

la$ dopamine$ et$ de$ la$ structure$ des$ réseaux$ neuronaux$ (striatum),$ au$ contraire$ de$ la$

souris$invalidée$pour$le$gène$Foxp2$qui$montrait$des$effets$opposés.$Enard$et$al.$(2009)$

ont$ suggéré$ que$ ces$ modifications$ de$ séquences$ ont$ peutWêtre$ joué$ un$ rôle$ dans$

l'évolution$de$ la$parole$et$du$ langage$chez$ les$humains$avec$un$effet$positif$du$ fait$de$

leur$sélection.$$

En$2003$l’étude$de$Kaminen$et$al.$identifie$la$liaison$de$FOXP2$dans$les$troubles$

du$ langage$ (Kaminen,$ HannulaWJouppi$ et$ al.$ 2003).$ Les$ familles$ montre$ un$ lod$ score$

significatif$pour$des$ troubles$du$ langage$dans$7q32$où$2$gènes$candidats$sont$présent$

SPCH1$et$FOXP2.$Par$contre$aucun$mutation$dans$les$régions$codantes$de$FOXP2$n’a$été$

mise$en$évidence$chez$des$probants$avec$des$problèmes$d’articulation$et$de$grammaire.$
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D’autres$mutations$chez$l’Homme$ont$été$rapportées,$comme$par$exemple$dans$l’étude$

de$Rice$et$al$.$(2012),$qui$décrit$une$délétion$de$FOXP2$(MDFIC$et$PPP1R3A)$de$1,57$Mb$

sur$le$chromosome$7q31$présente$chez$un$garçon$qui$souffrait$de$graves$troubles$de$la$

parole,$ d’une$ diminution$ de$ la$motricité$mais$ aussi$ d’une$ légère$ déficience$ cognitive.$

Cette$délétion$est$transmise$par$la$mère,$qui$a$des$troubles$similaires$et/ou$légèrement$

atténués.$D’autres$cas$décrits$par$Zilina$et$al.$(2012)$(Zilina,$Reimand$et$al.$2012)$ont$été$

rapportés,$ notamment$ sur$ 2$ familles$ indépendantes$ avec$ des$ délétions$ 7q31$ dans$

FOXP2$qui$présentaient$des$troubles$de$la$parole$et$du$langage$ainsi$que$d'autres$déficits$

neurologiques.$Dans$la$première$famille$avec$une$délétion$de$8,3$Mb$sur$le$chromosome$

7q31.1$W$q31.31$incluant$le$gène$FOXP2,$on$observe$le$même$tableau$phénotypique$entre$

les$différentes$familles$porteuses$de$ces$délétions.$Néanmoins$des$traits$autistiques$sont$

présents,$ainsi$qu’un$retard$de$croissance$et$de$développement,$une$dysmorphie$faciale,$

un$nystagmus$et$une$myopie.$L'IRM$cérébrale$a$montré$une$atrophie$cérébrale$légère$et$

de$légers$hyperWsignaux$de$la$substance$blanche.$Dans$la$deuxième$famille$la$délétion$est$

de$6,5$Mb$ sur$ 7q31,$ qui$ inclut$ le$ gène$FOXP2.$ Le$ phénotype$des$ porteurs$ du$CNV$ est$

similaire$à$ce$qui$a$été$vu$précédemment$avec$en$plus$un$comportement$agressif.$Ainsi$

ces$données$montrent$que$FOXP2$joue$un$rôle$dans$les$problèmes$moteurs,$du$langage$

et$de$la$parole.$

Par$ la$ suite$ des$ analyses$ d’association$ de$ génétique$ et$ d’imagerie$ à$ résonance$

magnétique$ fonctionnelle$ (IRMf)$ on$ été$ effectué$ afin$ de$ trouver$une$ association$ entre$

des$SNPs$du$gène$FOXP2$et$les$capacités$de$langage.$Une$étude$portant$sur$94$individus$

de$ la$ population$ générale$ a$ montré$ des$ associations$ significatives$ entre$ les$ SNPs$

rs6980093$et$rs7799109$et$l'activation$du$cortex$frontal$gauche$(Pinel,$Fauchereau$et$al.$

2012),$ mais$ aussi$ avec$ le$ SNP$ rs12533005,$ qui$ serait$ associé$ significativement$ à$ la$

dyslexie$P$=$0,016$(génotype$GG$avec$un$modèle).$De$plus$ce$même$SNP$est$également$
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corrélé$ avec$ l’expression$ du$ gène$ FOXP2$ dans$ l’hippocampe$ chez$ l’homme$ (Wilcke,$

Ligges$et$al.$2012).$$Enfin,$une$étude$à$testé$16$SNPs$couvrant$FOXP2$et$quatre$gènes$liés$

à$ la$ dyslexie,$ avec$ DCDC2,$ DYX1C1,$ KIAA0319$ et$ TTRAP$ dans$ une$ population$ de$

schizophrènes$qui$ont$des$problèmes$de$langage,$et$chez$des$contrôles$(Jamadar,$Powers$

et$al.$2011).$Ils$ont$aussi$fait$des$IRM$pour$définir$les$volumes$de$matière$grise$dans$leur$

cohorte.$Sur$ les$16$SNPs,$aucun$SNP$ localisé$dans$FOXP2$n’est$associé$aux$troubles$du$

langage.$ Par$ contre,$ 5$ pourraient$ être$ associés$ à$ des$ différences$ dans$ le$ réseau$

cérébelleux$pour$DYX1C1$et$DCDC2/KIAA0319$et$dans$le$cortex$préfrontal,$ temporal$et$

occipital$supérieurs$pour$DCDC2.$$

Pour$CNTNAP2,$auWdelà$de$son$rôle$dans$les$troubles$du$spectre$autistique$ou$la$

schizophrénie,$une$association$avec$ les$ troubles$du$ langage$a$été$décrit$pour$ les$SNPs$

rs2710102$et$rs759178$(Whitehouse,$Bishop$et$al.$2011).$Par$ la$suite$ les$mêmes$SNPs$

ont$ été$ utilisé$ pour$ une$ étude$ sur$ l’acquisition$ précoce$ du$ langage$ dans$ une$ grande$

cohorte$ (606$ garçons$ et$ 543$ filles)$ (Whitehouse,$ Bishop$ et$ al.$ 2011).$ Un$ haplotype$

rs2710102Wrs759178Wrs17236239Wrs2538976$a$été$retrouvé$significativement$associé$à$

l’acquisition$précoce$du$ langage$ (haplotype$TTAA,$P$=$0,049$ ;$GCAG$d'haplotype$ ,$ P$=$

0,0014).$ Ainsi$ des$ variants$ communs$ entre$ les$ exons$ 13W15$ de$ CNTNAP2$ pourrait$

influencer$l’acquisition$précoce$du$langage$(Whitehouse,$Bishop$et$al.$2011).$Des$études$

supplémentaires,$mais$effectuées$sur$des$échantillons$ très$ faibles$ $ (N=49$adultes$de$ la$

population$générale),$montrent$que$d’autre$SNPs$tels$que$rs7794745$pourrait$moduler$

le$ traitement$ syntaxique$ et$ sémantique$ (Kos,$ van$ den$ Brink$ et$ al.$ 2012).$ Enfin,$

dernièrement$ une$ duplication$ de$ 210$ kb$ a$ été$mise$ en$ évidence$ dans$ une$ famille$ de$

dyslexiques$ (Veerappa,$ Saldanha$ et$ al.$ 2013)$ et$ une$ délétion$ de$ plus$ de$ 10Mb$ de$

CNTNAP2$ a$ été$ observée,$ cette$ fois$ chez$un$ individu$ atteint$ de$ bégaiement$ (VIQ$ (86),$

PIQ$(96),$FSIQ$(90))$(Petrin,$Giacheti$et$al.$2010).$De$plus$l’IRM$de$ce$patient$porteur$de$
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la$ délétion$montre$ une$ atrophie$ cérébrale$ et$ cérébelleuse$ et$ des$ altérations$ du$ corps$

calleux.$$

En$résumé$ces$deux$gènes$ fonctionnellement$ liés$pourraient$ jouer$un$rôle$dans$

l’acquisition$et$les$aptitudes$linguistiques,$qu’ils$soient$de$formes$syndromes$rares,$non$

syndromiques$ou$dans$la$population$générale.$$

$

Les)réseaux)de)gènes)et)les)mécanismes)candidats)de)la)dyslexie)

Comme$ nous$ l’avons$ décrit,$ de$ nombreuses$ études$ ont$ proposé$ des$ gènes$ candidats$

pour$ la$ dyslexie$ (FOXP2,# CNTNAP2,# ROBO1,# KIAA0319,# S100B,# DOCK4,# FMR1,# DIP2A,#

GTF2I,# DYX1C1$ et$ DCDC2).$ Les$ protéines$ codées$ par$ ces$ gènes$ pourraient$ être$ liées$

directement$ou$indirectement$entre$elles$et$aux$processus$de$migration$neuronale$et/ou$

de$ croissance$dirigée$des$neurites$et$ axones.$Dès$ lors$ l'hypothèse$actuelle$qui$domine$

est$ que$ la$ dyslexie$ serait$ un$ trouble$ neuroWdéveloppemental$ causé$ par$ des$ anomalies$

dans$la$migration$neuronale$et$la$croissance$des$neurites.$Cette$hypothèse$étayée$par$les$

modèles$animaux$et$des$donnée$chez$l’homme,$permet$de$proposer$plusieurs$réseaux$de$

gènes$ et$ mettre$ en$ avant$ certains$ mécanismes$ (Figure$ 8)$ (Poelmans,$ Buitelaar$ et$ al.$

2011).$$Cependant,$bien$que$des$composants$génétiques$aient$été$mis$en$évidence,$nous$

sommes$ loin$ de$ comprendre$ les$ mécanismes$ moléculaires$ conduisant$ à$ la$ dyslexie.$

Plusieurs$ gènes$ candidats$ ont$ été$ impliqués,$ mais$ il$ n’existe$ pas$ réellement$ de$

consensus$sur$un$gène$majeur$car$les$résultats$des$réplications$sont$parfois$mitigés.$La$

différences$ entre$ les$ études$ et$ le$ manque$ de$ reproductibilité$ peut$ être$ expliqué$ par$

l'absence$de$mesure$phénotypiques$uniformes,$les$différentes$des$populations$étudiées,$

ou$encore$des$différences$dans$les$analyses$statistiques$utilisées.$$

$ $
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$

La$ cohorte$ NEURODYS$ à$ laquelle$ nous$ participons$ a$ permis$ de$ recueillir$ un$

échantillon$interWlinguistique$européen$d’enfants$qui$comprend$plus$de$900$personnes$

souffrant$de$dyslexie.$Une$métaWanalyse$qui$regroupe$deux$types$d’analyses$génétiques$

basées$ sur$ les$ SNPs$ et$ les$ haplotypes$ n’a$ pas$ pas$ ou$ peu$ répliqué$ les$ associations$

précédentes.$ Comme$dans$ d'autres$ troubles$ neurocognitifs,$ ces$ résultats$ soulignent$ la$

nécessité$de$recruter$de$grande$cohorte$pour$valider$les$effets$génétiques$qui$sont$peutW

être$ faibles$ pour$ le$ cas$ de$ la$ dyslexie.$ Par$ conséquent,$ l’architecture$ génétique$ et$ les$

mécanismes$neurologiques$conduisant$à$la$dyslexie$restent$obscurs.$

$ $
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$

$

Figure)8:$ Représentation$ schématique$ du$ réseau$ de$ signalisation$ moléculaire$ de$ la$ dyslexie$ pour$ la$

croissance$des$neurites$et$ la$migration$neuronale$d’après$ la$review$de$Poelmans$et$al.$2011$(Poelmans,$

Buitelaar$et$al.$2011).$Le$code$de$couleur$utilisé$dans$les$figures,$indique$le$niveau$de$preuve$qui$implique$

les$gènes$/$protéines$candidats$avec$la$dyslexie.$En$bref,$les$protéines$orange,$jaunes,$sont$codées$par$des$

gènes$pour$lesquels$il$existe$des$preuves$relativement$du$plus$au$moins$robuste.$Les$protéines$pourpres$

Molecular Psychiatry
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sont$ codées$ par$ des$ gènes$ qu’ils$ ont$ proposés$ comme$ candidats$ à$ la$ dyslexie$ par$ les$ auteurs.$ SLIT$ et$

Netrin$ regule$ les$ voies$de$guidage$axonal$des$neurones$par$ régulation$de$CDC42$puis$par$des$ cascades$

kinases$(ERK$1/2)$(a).$La$liaison$de$S100B$et$HMGB1$au$récepteur$RAGE$entraîne$l’activation$de$CDC42$et$

ERK1/2$ (b).$ Ce$ dernier$ est$ également$ induit$ par$ FMR1.$DOCK4$ S100B$ et$HMGB1$ liaient$ à$RAGE$ active$

RAC1$(b),$qui$à$son$tour$active$ l’activité$de$transcription$de$NFWκB$(c)$ .$FMR1$active$également$ERK1$et$

ERK2$ (d,$ e)$ et$ la$ traduction$ de$ l'ARNm$ de$ RAC1$ (d).$ Activation$ de$ ERK1$ et$ ERK2$ phosphoryle$ NFWkB,$

ETS1,$ELK1$et$ le$ facteur$de$ transcription$TFIIWi$ (c).$ERK1$et$ERK2$également$régule$ l’activité$de$DCDC2$

(e).$Activation$de$NFWkB$augmente$la$transcription$de$la$netrinW1$(NTN1)$et$HSP90,$il$régule$également$la$

transcription$ de$ DYX1C1$ avec$ ELK1.$ De$ plus$ NFWkB$ et$ ETS1$ régule$ la$ transcription$ de$ SLIT3$ et$ est$

directement$ activé$ par$ HMGB1$ (c).$ Activée$ (nucléaire)$ TFIIWI$ régule$ positivement$ ou$ négativement$ la$

transcription$de$DYX1C1,$selon$le$contexte$des$autres$facteurs$de$transcription.$DIP2A$se$lie$à$DMAP1,$qui$

est$ lui$même$liée$aux$complexe$protéique$DNMT1WHDAC2,$et$ l’ensemble$de$se$complexe$inhibe$l’activité$

de$ ELK1$ sur$ l’expression$ de$ DYX1C1$ (via$ HDAC2).$ Ainsi$ HDAC2$ inhibe$ ELK1$ et$ ESR1$ (récepteur$ des$

oestrogènes$nucléaire$α)(c).$Lorsqu'il$est$lié$par$son$ligand$endogène$17βWestradiol,$ le$ESR1$nucléaire$et$

ESR2$ (récepteur$ β$ des$ oestrogènes$ )$ forment$ un$ hétérodimère$ W$ augmentent$ l'expression$ de$ gènes$

contenant$ la$ séquence$ ERE$ (estrogen$ response$ elements)$ dans$ leur$ promoteur$ (c).$ Ce$ processus$ est$

amélioré,$par$HMGB1$et$est$ inhibé$par$DYX1C1.$DYX1C1$se$ lie$aussi$directement$à$ESR1$et$ESR2,$ce$qui$

favorise$leur$dégradation$par$protéosome$(c).$ESR1$et$ESR2$sont$également$présents$dans$le$cytoplasme,$

où$ ils$ sont$ impliqués$ dans$ l'activation$ ERK1/2$ (d).$ Les$ complexes$ ESRWDYX1C1$ qui$ favorisent$ la$

dégradation$ protéosomale$ de$ ESR1$ et$ ESR2$ sont$ également$ présents$ dans$ le$ cytoplasme,$ et$ il$ émais$

l'hypothèse$qu'un$complexe$de$VAS,$HSP90$et$DYX1C1$serait$impliqué$dans$la$dégradation$cytoplasmique$

ESR1$et$ESR2$(d).$Enfin,$l’activé$de$DCDC2$ainsi$que$FLNA$se$lient$et$module$directement$les$microtubules$

et$l’actine$dans$les$neurone$(e).$(note$:HSP90,$protéine$de$choc$thermique$;NFWkB$,$facteur$nucléaire$kappa$

B$;$VAS$,$VAMP$associée$à$la$protéine$A.)$

$ $
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$

)

Etude)du)gène)PRRT2#dans)les)troubles)du)spectre)autistique)

et)dans)la)population)générale)

$
$
Introduction$du$projet$«$Etude$du$gène$PRRT2$dans$les$troubles$du$spectre$autistique$et$
la$population$générale»$:$
$
$
Les$ remaniements$ héritées$ et$ de# novo$ du$ chromosome$ 16p11.2$ sont$ associés$ aux$
troubles$du$spectre$autistique$(TSA),$mais$les$gènes$en$cause$restent$inconnus.$Parmi$les$
gènes$ situés$dans$ cette$ région,$PRRT2$ code$pour$un$membre$du$ complexe$ synaptique$
SNARE$qui$permet$la$libération$des$vésicules.$PRRT2$est$un$gène$candidat$pour$les$TSA$
car$ des$mutations$ homozygotes$ causent$ une$ déficience$ intellectuelle$ et$ les$mutations$
hétérozygote$ provoquent$ des$ convulsions$ infantiles$ bénignes,$ des$ dyskinésies$
paroxystiques,$ ou$migraine$ hémiplégique.$ Ici,$ nous$ avons$ exploré$ la$ contribution$ des$
mutations$de$PRRT2$dans$les$TSA$en$criblant$sa$partie$codante$dans$un$large$échantillon$
d’individus$ (N=1578),$ dont$ 431$ personnes$ atteintes$ de$ TSA,$ 186$ témoins$ et$ 961$
individus$issus$du$panel$ethnique$pour$l’étude$de$la$diversité$du$génome$humain.$Nous$
avons$ détecté$ 24$ variants$ non$ synonymes,$ dont$ 1$ «$frameshift$»$ ($ A217PfsX8$ )$ et$ 1$
délétion$de$6$pb$($p.A361_P362del$).$La$mutation$du$«$frameshift$»$a$été$observée$chez$
un$ témoin$ sans$ antécédents$ de$ troubles$ neurologiques$ ou$ psychiatriques.$ Le$
p.A361_P362del$ a$ été$ observée$ chez$ deux$ individus$ atteints$ d'autisme$ d'origine$
africaine$ subWsaharienne.$ Dans$ l'ensemble,$ la$ fréquence$ des$ variants$ délétères$PRRT2$
n'était$pas$différente$entre$les$individus$atteints$de$TSA$et$les$témoins.$Cependant$nous$
avons$ remarqué$ que$ PRRT2$ affiche$ un$ excédent$ très$ important$ de$ variants$ non$
synonymes$(PN)$vs$synonymes$(PS$)$en$Asie$($PN$/$PS$=$4,85)$et$en$Europe$($PN$/$PS$=$
1,62)$par$rapport$à$l'Afrique$($PN$/$PS$=$0,26$;$Asie$vs$Afrique$:$P$=$0.000087$;$Europe$vs$
Afrique$du$P$=$0,00035$;$Europe$vs$Asie$P$=$P$=$0,084$)$.$Nous$avons$également$montré$
qu’un$ traitement$ de$ l’ADN$ par$ amplification$ pangénomique$ pouvait$ artificiellement$
introduire$ la$mutation$A217PfsX8$ indiquant$ que$ cette$ technologie$ne$devrait$ pas$ être$
effectuée$avec$le$dépistage$de$mutation$dans$se$gène$PRRT2.$$

En$résumé,$nos$résultats$ne$soutiennent$pas$un$rôle$pour$PRRT2$dans$ les$TSA$ ,$
mais$documente$ sa$ variabilité$ génétique$dans$ les$populations$ à$ travers$ le$monde.$Ces$
informations$devraient$aider$ les$chercheurs$et$ les$cliniciens$à$mieux$étudier$ le$rôle$de$
PRRT2$dans$les$maladies.$
$ $
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)

Abstract:))

Inherited)and)de#novo)genomic)imbalances)at)chromosome)16p11.2)are)associated)

with)autism)spectrum)disorders)(ASD),)but)the)causative)genes)remain)unknown.)

Among)the)genes)located)in)this)region,)PRRT2)codes)for)a)member)of)the)synaptic)

SNARE)complex)that)allows)the)release)of)synaptic)vesicles.)PRRT2) is)a)candidate)

gene) for) ASD) since) homozygote) mutations) are) associated) with) intellectual)

disability)and)heterozygote)mutations)cause)benign)infantile)seizures,)paroxysmal)

dyskinesia,)or)hemiplegic)migraine.)Here,)we)explored)the)contribution)of)PRRT2)

mutations) in) ASD) by) screening) its) coding) part) in) a) large) sample) of) 1578)

individuals)including)431)individuals)with)ASD,)186)controls)and)961)individuals)

from) the) human) genome) Diversity) Panel.) We) detected) 24) nonsynonymous)

variants,) 1) frameshift) (A217PfsX8)) and) 1) inQframe) deletion) of) 6) bp)

(p.A361_P362del).) The) frameshift) mutation) was) observed) in) a) control) with) no)

history) of) neurological) or) psychiatric) disorders.) The) p.A361_P362del) was)

observed)in)two)individuals)with)autism)from)subQSaharan)African)origin.)Overall,)

the) frequency) of) PRRT2) deleterious) variants) was) not) different) between)

individuals) with) ASD) and) controls.) Remarkably,) PRRT2) displays) a) highly)

significant)excess)of)nonsynonymous)(pN))vs)synonymous)(pS))mutations)in)Asia)

(pN/pS=4.85))and)Europe)(pN/pS=1.62))compared)with)Africa)(pN/pS=0.26;)Asia)

vs)Africa:)P=)0.000087;)Europe)vs)Africa)P=)0.00035;)Europe)vs)Asia)P=)P=0.084).)

We)also)showed)that)whole)genome)amplification)performed)through)rolling)cycle)

amplification)could)artificially)introduce)the)A217PfsX8)mutation)indicating)that)

this) technology) should)not)be)performed)prior) to)PRRT2)mutation) screening.) In)

summary,)our)results)do)not)support)a)role)for)PRRT2)coding)sequence)variants)in)
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ASD,) but) provide) an) ascertainment) of) its) genetic) variability) in) worldwide)

populations)that)should)help)researchers)and)clinicians)to)better) investigate)the)

role)of)PRRT2)in)human)diseases.))

)

Introduction)

Autism$Spectrum$Disorders$(ASD)$are$characterized$by$impairments$in$reciprocal$social$

communication,$ and$ repetitive,$ stereotyped$ and$ ritualistic$ behaviors$ (Association$

1994).$ASD$ include$autism,$Asperger$syndrome$and$pervasive$developmental$disorder$

not$otherwise$specified$(PDDWNOS).$The$prevalence$of$ASD$overall$ is$about$1/100,$but$

closer$ to$ 1/300$ for$ typical$ autism.$ The$ susceptibility$ genes$ to$ ASD$ remain$ largely$

unknown,$ but$ mutations$ affecting$ genes$ such$ as$ NLGN3/4X,$ SHANK2/3,$ NRXN1# and$

CNTNAP2$were$shown$to$alter$synaptic$function$and$increase$the$risk$for$ASD$(Huguet,$

Ey$et$al.$2013).$Several$largeWscale$studies$have$reported$an$enrichment$of$copy$number$

variants$(CNVs)$in$individuals$with$ASD$(Pinto,$Pagnamenta$et$al.$2010,$Sanders,$ErcanW

Sencicek$et$al.$2011),$suggesting$that$gene$dosage$plays$a$key$role$in$the$susceptibility$to$

ASD$(Toro,$Konyukh$et$al.$2010).$Among$ the$recurrent$genomic$alterations$associated$

with$ ASD,$ de# novo$ or$ inherited$ submicroscopic$ microdeletion/duplication$ at$ 16p11.2$

have$ been$ associated$ with$ a$ variety$ of$ developmental/neuropsychiatric$ disorders$

including$ASD,$ intellectual$disability$ (ID),$ schizophrenia,$or$bipolar$disorders,$but$also$

with$ body$mass$ index$ (Walters,$ Jacquemont$ et$ al.$ ,$ Ballif,$ Hornor$ et$ al.$ 2007,$ Kumar,$

KaraMohamed$et$al.$2008,$Weiss,$Shen$et$al.$2008,$McCarthy,$Makarov$et$al.$2009,$BargeW

Schaapveld,$Maas$et$al.$2011,$Crepel,$ Steyaert$et$al.$2011,$ Jacquemont,$Reymond$et$al.$

2011).$ A$metaWanalysis$ of$ 6$ studies$ including$more$ than$ 2000$ individuals$ and$ 30000$

controls$provided$strong$support$for$the$role$of$recurrent$16p11.2$genomic$imbalances$

as$risk$factors$for$ASD$(duplication$OR:20.7$and$P=1.9$x10W7;$deletion$OR:38.7$and$2.3$x$
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10W13)$(McCarthy,$Makarov$et$al.$2009).$The$deleted/duplicated$region$at$16p11.2$spans$

500W600kb$ and$ is$ flanked$ by$ large$ and$ highly$ similar$ 147kb$ low$ copy$ repeats$ with$

>99%$ homology,$ predisposing$ to$ unequal$ crossingWover$ during$ meiosis$ (Walters,$

Jacquemont$et$al.$ ,$Ballif,$Hornor$et$al.$2007,$Kumar,$KaraMohamed$et$al.$2008,$Weiss,$

Shen$et$al.$2008,$McCarthy,$Makarov$et$al.$2009).$Among$the$27$genes$located$within$the$

interval,$Kumar$et#al.$(2009)$screened$for$rare$variations$in$8$candidate$genes$selected$

for$ their$ function$ and$ expression$ in$ the$ brain$ (ALDOA,$DOC2A,$HIRIP3,$MAPK3,$MAZ,$

PPP4C,$SEZ6L2$and$TAOK2).$None$of$them$showed$a$significant$association$with$ASD$at$

the$ exception$ of$ SEZ6L2# for$ which$ a$ suggestive$ association$ was$ detected$ (Kumar,$

Marshall$ et$ al.$ 2009),$ but$ not$ confirmed$ (Konyukh,$ Delorme$ et$ al.$ 2011).$ Smaller$

deletions$ at$ 16p11.2$ were$ identified$ in$ individuals$ with$ ASD$ narrowing$ the$ critical$

region$ and$ including$ the$ PRRT2# gene$ (BargeWSchaapveld,$ Maas$ et$ al.$ 2011,$ Crepel,$

Steyaert$et$al.$2011).$PRRT2$codes$for$a$membrane$protein$that$interacts$with$SNAP25,$a$

protein$from$the$synaptic$vesicles$release$machinery$(the$SNARE$complex).$PRRT2$ is$a$

compelling$candidate$gene$ for$ASD$and$other$psychaitric$diseases$since$a$homozygote$

frameshift$mutation$(A217PfsX8)$was$shown$to$segregate$with$nonWsyndromic$ID$in$one$

consanguineous$ family$ with$ 9$ affected$ individuals$ (Najmabadi,$ Hu$ et$ al.$ 2011).$

Furthermore$ numerous$ heterozygote$ frameshift,$ nonsense$ and$ missense$ PRRT2$

mutations$(including$the$recurrent$frameshift$A217PfsX8)$were$identified$in$individuals$

and$ families$ with$ either$ of$ benign$ infantile$ seizures$ (BIS),$ paroxysmal$ kinesigenic$

dyskinesia$(PKD),$hemiplegic$migraine$(HM),$or$episodic$ataxia,$variably$associated$(e.g.$

the$ICCA$syndrome$that$associates$BIS$with$PKD)(Chen,$Lin$et$al.$2011,$Cloarec,$Bruneau$

et$al.$2012,$Gardiner,$Bhatia$et$al.$2012,$Lee,$Huang$et$al.$2012).$Following$these$results,$

we$compared$ the$ frequency$of$deleterious$mutations$ in$431$ individuals$with$ASD$and$
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186$controls.$In$addition,$we$ascertained$the$genetic$variability$of$PRRT2$in$a$sample$of$

961$individuals$from$worldwide$populations.$)

)
Materials)and)Methods)
$
Individuals#and#control#samples#

Mutation$ screening$of$PRRT2$was$performed$ in$ individuals$with$ASD$recruited$by$ the$

PARIS$ (Paris$ Autism$ Research$ International$ Sibpair)$ study$ at$ specialized$ clinical$

neuropsychiatric$ centers$ disposed$ in$ France$ and$ Sweden$ (Supplementary$ Table$ S1).$

Diagnosis$ was$ based$ on$ comprehensive$ clinical$ evaluation$ by$ experienced$ clinicians$

using$DSM$ IVWTR$ criteria;$most$ individuals$were$ assessed$with$ the$Autism$Diagnostic$

InterviewWRevised$ (ADIWR)$ and$ some$ of$ them$ also$ with$ the$ Autism$ Diagnostic$

Observation$Scale$(ADOS).$In$Sweden,$in$some$cases,$the$Diagnostic$Interview$for$Social$

and$Communication$Disorders$ (DISCOW10)$was$used$ instead$ of$ the$ADIWR.$ Cases$were$

included$ only$ after$ a$ thorough$ clinical$ evaluation,$ including$ psychiatric$ and$

neuropsychological$examination,$standard$karyotyping,$and$fragileWX$testing,$as$well$as$

brain$imaging$and$EEG$whenever$possible.$For$comparison$between$cases$and$controls,$

only$ individuals$ from$ European$ descent$ were$ considered$ (Supplementary$ Table$ S2).$

The$ Human$ Genome$ Diversity$ Panel$ (HGDP)$ is$ a$ collection$ of$ 961$ individuals$ from$

worldwide$ populations$ (Cann,$ de$ Toma$ et$ al.$ 2002).$This$ study$was$ approved$ by$ the$

local$Institutional$Review$Board$(IRB).$The$local$IRB$are$the$Comités$de$Protection$des$

Personnes$ÎleWdeWFrance$VI$Sis$Hôpital$PitiéWSalpêtrière$75013$PARIS$for$France$and$the$

Sahlgrenska$Academy$Ethics$ committee,$University$ of$ Gothenburg$ for$ Sweden.$ For$ all$

probands$written$inform$consent$was$signed$by$the$individuals$or$parents$or$the$legal$

representative.$

$



 92 

Mutation#screening#of#PRRT2$

We$ obtained$ DNA$ of$ 431$ unrelated$ individuals$ with$ ASD,$ 180$ controls$ and$ 961$

individuals$ without$ known$ clinical$ status$ from$ the$ Human$ Genome$ Diversity$ Panel$

(HGDP)$ from$blood$ leukocytes$ or$BWlymphoblastoid$ cell$ lines,$ and$was$ extracted$with$

phenolWchloroform.$All$coding$exons$of$PRRT2$were$screened$by$direct$sequencing$of$the$

PCR$products$(Supplementary$Table$S3).$The$3$coding$exons$of$PRRT2$(NP_660282.2)$

and$ one$ supplementary$ exon$ present$ in$ the$ splicing$ isoforms$ (Q7Z6L0W1,$ Q7Z6L0W2,$

Q7Z6L0W3)$were$ sequenced.$ For$ the$ amplicon$ of$ exon$ 2,$ that$ contains$ the$ frameshift$

mutation$A217PfsX8,$we$screened$an$additional$sample$of$320$individuals$with$ASD$and$

92$ controls.$ For$ all$ exons,$ the$ amplification$of$20$ng$of$DNA$ template$was$performed$

using$a$standard$PCR$protocol$with$the$FastStart$Taq$polymerase$(Roche):$95°C$for$15$

min,$followed$by$35$cycles$of$95°C$for$30$s,$55$to$64°C$(depending$on$the$Tm)$for$30$s,$

72°C$for$30$s$to$1$min$(depending$on$the$product$size),$with$a$final$cycle$at$72°C$for$10$

min.$Direct$sequencing$of$the$PCR$products$was$performed$using$the$BigDye$Terminator$

Cycle$V3.1$Sequencing$Kit,$and$an$ABI$PRISM$genetic$analyzer$(Applied$Biosystems).$For$

all$ nonsynonymous$ variations,$ the$ genotype$ was$ confirmed$ by$ sequencing$ an$

independent$ PCR$ product.$ Because$ of$ the$ low$ quantity$ of$ DNA$ for$ 3$ individuals$with$

ASD,$ we$ used$ whole$ genome$ amplification$ (WGA),$ using$ two$ commercially$ available$

Multiple$ Displacement$ Amplification$ kits.$ For$ the$ GenomiPhi$ DNA$ Amplification$ Kit$

(Amersham$Pharmacia,$Uppsala,$Sweden),$25$ng$of$genomic$DNA$(in$2.5$μl)$were$mixed$

with$22.5$μl$of$GenomiPhi$sample$buffer.$For$the$RepliWG$Whole$Genome$Amplification$

kit$(Qiagen$Sciences$Inc.$Germantown,$MD),$25$ng$of$genomic$material$were$diluted$in$

TE$to$a$final$volume$of$2.5$μl.$For$comparison$with$the$exome$variant$server,$we$verified$

that$the$coverage$of$the$PRRT2$exons$was$satisfactory$(92%$of$the$coding$region$had$a$

coverage$>20;$Supplementary$Figure$1).$$
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#

Statistical(analyses(and(software#

The$ significance$ of$ differences$ in$ PRRT2! variants( in( individuals( and( controls( was(

determined( by( a( twoWsided% Fisher’s% exact% test% on% a% twoWbyWtwo$ contingency$ table."

PolyPhenW2" (http://psort.hgc.jp)" and" PSORT" (http://genetics.bwh.harvard.edu/pph2)"

were$ used$ to$ predict! the$ functional$ impact$ of$ amino$ acid$ substitutions$ and$ transW

membrane' segments,' respectively.' To' estimate' the' selective' pressure' on' PRRT2' in'

different( populations( (pN/pS),( the( number( of( synonymous( SNPs$ or$ nonsynonymous$

SNPs%was%divided%by% the% total%number%of% synonymous%or%nonsynonymous%positions% in%

PRRT2.&The&number&of&synonymous&and&nonsynonymous&sites&of&PRRT2&were&calculated&

by#DnaSP#v5#(Librado)and)Rozas)2009)."$

)

Results$

We#sequenced#all#coding#exons#of#PRRT2!in#a#large#cohort#of#1578#individuals#including#

431$ individuals$with$ASD,$ 186$ controls$ and$961$ individuals$ from$ the$HGDP$ (Cann,& de&

Toma% et% al.% 2002)." Overall," we" identified" 24" nonsynonymous" variants," 1" frameshift"

A217PfsX8* and* 1* inWframe& deletion& of& 6& bp& (Del& 361AW362P)& (Table& 1,& Figure& 1,&

Supplementary,Table,S4,and,S5).,Among,those,,18,were!not$reported$before$(S5N,$P18T,$

P48R,& S115K,& P140A,& T151N,& P154S,& E180K,& A214P,& P215T,& G241S,& S249P,& G258E,&

G258R,' A272V,' R311Q,' p.A361_P362del),' 1' (A217PfsX8)' was' repeatedly' found' in'

individuals)with)BIS,)PDK)and/or)HM)and)7)(E23K,)P45S,)P138A,)D147H,)P215R,%P216L,%

R217Q)'were' previously' observed' in' the' general' population' (listed' in' Exome' Variant'

Server,& dbSNP& or& in& the& 1000& genomes& project,& Supplementary& Table& S6).& After&

stratification*for*European*ancestry,*we*did*not*observe*significant*enrichment*of*coding&

sequence'variants'in'the'patient'sample'compared'with'controls'(Table'1).'This'absence'
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of# enrichment# was# also# observed# when# only# variants# predicted# as# deleterious# were#

taken&into&account.&$

In#the#patient#sample,#we#were#able#to#ascertain#the#inheritance$of$the$variants$for$

10#families#and#found#that#all#mutations#were#inherited.#Interestingly,#the#majority#of#the#

mutations)were)inherited)from)the)mother)(9/10;)P=0.012).)In)two)individuals)with)ASD)

from% subWSaharan& African& origin,& a& 6bp& inWframe& deletion# (p.A361_P362del)# was#

identified.( The( variant(was( transmitted( by( unaffected(mothers( and( never( observed( in(

any$individuals$from$our$study$and$from$other$PRRT2!mutation(screening(or(in(the(1000(

genomes' (>2000' controls).' The' genomes' of' these' two' individuals!were$ investigated$

using&the&Illumina&1M&Duo&SNP&array.&Using&Identity&by&state&(IBS)&analysis,&we&showed&

that$ these$ two$ individuals$ were$ not$ relatives$ (Supplementary$ Table$ 7),$ but$ were$

clustered) with) individuals) from) South) Africa) and) Kenya) (Supplementary) Fig.% 2).% This%

PRRT2! deletion( of( 2( conserved( amino( acids( occurs( in( a( predicted( transmembrane(

domain'of' a' specific' isoform'of'PRRT2! (Figure(1).( In#silico!prediction*using* the*PSORT*

software) suggests) however) that) the) deletion) does) not) disrupt) the) transmembrane"

domain'of'this'isoform.'$

In# the# control# sample,# we# identified# one# individual# carrying# the# frameshift#

mutation(A217PfsX8(already(described(as(causing(autosomal(dominant(ICCA,(BIS,(PKD,(

HM#or#epilepsy)(Chen,'Lin'et'al.'2011,'Cloarec,'Bruneau'et'al.'2012,'Gardiner,'Bhatia'et'al.'

2012,%Lee,%Huang%et%al.%2012)."This"control"individual"had"no"history"of"psychiatric"and"

neurological+disorders.+To+further+explore+the+prevalence+of+A217PfsX8,"we"screened"an"

additional(sample(of(320(individuals(with(ASD(and(92(controls.(Overall,(A217PfsX8(was(

observed(only( in(the(control(described(above(and(not(detected( in(any(of( the(other(278(

controls,)602)individuals)with)ASD)and)in)any)of)the)961)individuals"from"the"HGDP."$
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We#used#a#panel#of#DNA#from#individuals#originated#from#worldwide#populations#

(Figure(2,(Supplementary(Table(S4(and(S5).(We(could(identify(21(nonsynonymous(PRRT2!

variants( and( trace& the& possible& origin& of& them." For" example," the" predicted" damaging&

P140A& is& a& relatively& frequent& polymorphism& present& in& Asia& (7%),& Oceania& (5%),& in&

Native' American' (7%),' but' more' rare' in' Europe' (allele' frequency' <1%).' The' A214P'

variant'was'observed'in'Asian'(allele'frequency'<1%)'and'Native'American'populations.!

The$P216L$was$observed$in$North$Africa$(allele$frequency$1,7%),$Europe$(<1%)$and$Asia$

(<1%).' Interestingly,' we# observed# a# higher# ratio# of# nonsynonymous# vs! synonymous'

variants( in( Asia( compared( with( Africa.( In( Asia,( we( found( only( 1( synonymous( variant(

(E127E)" carried" by" a" single" individual" (allelic" frequency" of" synonymous" variants:"

1/878=0.12%)+ and+ 15+ nonsynonymous+ variants+ (S5N,+ P18T,+ P48R,+ P140A,+ D147H,+

T151N,& P154S,& A214P,& P215T,& P215R,& P216L,& G258E,& A272V,& R311Q)& carried& by& 78&

individuals)(allelic)frequency#of#nonsynonymous#variants:#86/878=9,8%).#In#contrast,#in#

Africa,(we(found(3(synonymous(variants((P215P,(L251L,(C276C)(carried(by(7(individuals(

(allelic' frequency' of' synonymous' variants:' 8/216=3.7%)' and' only' 1' nonsynonymous'

variant' (P45S)' carried' by' 2' individuals( (allelic( frequency( of( nonsynonymous( variants:(

2/216=0.92%).$

To# evaluate# selective# constraints# on# PRRT2# in# the# different# populations,# we#

estimated(pN/pS(the(ratio(of(nonsynonymous((pN)(to(synonymous(polymorphism((pS)(

in# each#population# sample# (Table#2).#Usually,#most#nonsynonymous# changes#would#be#

expected'to'be'eliminated'by'purifying'selection,'but'under'certain'conditions'positive'or'

Darwinian' selection' may' lead' to' their' retention' (Kelley& and& Swanson& 2008)."

Investigating* the*number*of* synonymous*and*nonWsynonymous'substitutions' therefore'

provides) information)about) the)degree)of)selection)operating)on)a)gene.)A)pN/pS)ratio)

greater&than&one&implies&positive&or&Darwinian&selection;&less&than&one&implies"purifying"
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(stabilizing),selection;,and,a,ratio,of,one,indicates,neutral,(i.e.,no),selection,(McDonald*

and$ Kreitman$ 1991)." The" calculation" of" the" pN/pS" ratio" in" the" different" populations"

revealed'sign'of'positive'or'Darwinian'selective'pressure'on'PRRT2'in'Asia'(pN/pS=4.85)'

compared) to) Africa) (pN/pS=0.17;" Fischer" exact" test" P=" 0.000087)." For" Europe"

(pN/pS>1.5),, there, was, a, trend, for, higher, nonsynonymous, mutations, compared, to,

Africa' (Fischer' exact' test' P=0.057).' We' therefore' tested' if' this' difference' was' also'

observed( between( American( European( and( American!African( populations( available( in(

the$Exome$Variant$Server$database$(Table$2).$Using$this$large$dataset$of$4300$individuals$

from%European%ancestry%and%2012%individuals% from%African%ancestry,%we%could%confirm%

that$ there$ was$ a$ significant$ increase$ of$ nonsynonymous' variants' in' Europe'

(pN/pS=1.62),compared,to,Africa,(pN/pS=0.26),(Fischer,exact,test,P=,0.00035).,Finally,,

we#observed#a#trend#for#higher#frequency#of#nonsynonymous#variants#in#Asia#compared#

to# Europe# (Fischer# exact# test# P=0.084).# As# expected,# there#was$no$ difference$ between$

populations* from* the* HGDP* and* those* from* EVS* (Africa* HGDP* vs! Africa' EVS' P=0.67;'

Europe'HGDP'vs!Europe'EVS'P=1).$

During' the'screening'of' the' recurrent' frameshift!mutation( ‘A217PfsX8’,(we(used(

whole&genome&amplified&DNA&for&three&individuals&with&ASD.&Strikingly,&we&observed&the&

A217PfsX8* mutation* in* these* three* samples* for* which* the* DNA* was* amplified* using*

rolling' circle' amplification' protocol' (Genomiph' from' GEHealthcare)) (Figure) 3).) We)

obtained)the)native)DNA)from)these)three)individuals)and)found)that)they)were)actually)

not$carrying$the$A217PfsX8$mutation.$We$then$reWamplified)the)native)DNA)from)these)

three% individuals% using% another% RCA% protocol% (REPLIWg" Mini" method% from% QIAGEN).%

After& direct& sequencing& of& the& PCR& products,& the& A217PfsX8& frameshift&mutation&was&

again%present.%Based%on%these%results,%we%strongly%advise%that%PRRT2!mutation(screening(

should'not'be'performed'on'DNA'previously'amplified'through'RCA.$
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$

Discussion)

Both$deletions$and$duplications$at$16p11.2$increase$the$risk$for$ASD,$but$the$genes$and$

the$ mechanisms$ involved$ remain$ largely$ unknown.$ Whereas$ several$ other$ strong$

candidate$genes$including$the$KCTD13$gene$are$located$within$the$deletion$and$can$be$

considered$possible$driver(s)$ as$well$ (Golzio,$Willer$ et$ al.$ 2012),$PRRT2$was$ indeed$a$

very$compelling$candidate.$Homozygous$PRRT2$mutations$were$associated$with$clinical$

features$also$observed$in$a$subset$of$individuals$with$ASD$such$as$intellectual$disability$

and$ epilepsy.$ PRRT2$ encodes$ a$ putative$ membrane$ protein,$ localized$ at$ the$ synaptic$

membrane$ and$ interacting$ with$ SNAP25,$ a$ member$ of$ the$ SNARE$ protein$ complex$

involved$ in$ the$ release$ of$ synaptic$ vesicles.$ Our$ study$ was$ designed$ to$ identify$ new$

coding$ variants$ of$PRRT2$ in$ a$ relatively$ large$ sample$ of$ individuals$ with$ ASD$ and$ to$

ascertain$the$genetic$variability$of$the$gene$in$worldwide$populations.$$

We$ could$ not$ find$ any$ deleterious$ PRRT2$ mutation$ enrichment$ in$ individuals$

with$ ASD$ compared$ with$ controls.$ None$ of$ the$ patients$ tested$ were$ deleted$ or$

duplicated$for$the$16p11.2$locus.$In$addition,$we$did$not$find$causative$PRRT2$mutations$

previously$ associated$ with$ neurological$ diseases$ such$ as$ PDK,$ ICCA,$ epilepsy$ or$

migraine$in$our$cohort$of$patients.$We$observed$a$significant$enrichment$of$maternally$

transmitted$mutations$ in$ the$ individuals$with$ASD$ (9/10$ transmitted$ by$ the$mother).$

However,$ this$ apparent$ disequilibrium$ might$ have$ occurred$ by$ chance$ since$ to$ our$

knowledge,$no$transmission$disequilibrium$was$reported$for#PRRT2$mutations$in$other$

neurological$ diseases.$ Taken$ together,$ these$ results$ indicate$ that$mutations$ in$PRRT2$

are$ not$ a$ frequent$ cause$ of$ autism.$ Our$ study$ cannot$ however$ exclude$ that,$ in$

individuals$with$16p11.2$deletions,$haploinsufficiency$of$PRRT2$could$increase$the$risk$

of$ASD.$$
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Secondly,* we* detected* the* presence& of& the& deleterious& truncating& mutation&

A217PfsX8* in* a* control* (of* note* the* DNA* of* this* individual* was* not* whole* genome*

amplified).+This+man+had+no+psychiatric+diseases+and,+to+his+knowledge,+no+history+of+any+

psychiatric* disorders* in* his* first* and* second' degree' relatives' (parents' and' grand'

parents).* This* individual* had* no* diagnostic* for* migraine* and* epilepsy,* but* was*

unavailable)for)further)clinical)explorations)in)order)to)detect)mild)signs)of)neurological)

problems.* Similar* incomplete* penetrance* of! the$A217PfsX8$mutation$was$ observed$ in$

carriers' from' families' with' ICCA' syndrome' (Lee,% Huang& et& al.& 2012)." Based" on" the"

literature,) the) penetrance) of) the) A217PfsX8)mutation) was) estimated) to) 94%) (Becker,(

Schubert) et) al.) 2013)." It" remains" unknown" if" additional" genetic" variants" could" act" as"

suppressors'in'the'unaffected'individuals'carrying'the'A217PfsX8'mutation.$

Thirdly,) we) ascertained) the) genetic$ variability$ of$ PRRT2! in# worldwide#

populations.+ We+ identified+ 21+ novel+ nonsynonymous+ variants+ including+ 17+ never+

reported'before'and'4'already'listed'in'the'nucleotide'variant'database'(Supplementary'

Table&6).&Despite&the&relatively&large&number&of&chromosomes%tested%and%the%population%

diversity,* we* did* not* observe* any* truncating* mutations.* Most* of* the* nonsynonymous*

variants(are(restricted(to(one(population((D147H,(P154S,(E180K,(P215R,(G241S,(G258E(

and$G258R)$ or$ to$ closely$ related$ populations$ (A214P$ and$P216L).(One( variant( P140A(

was$ frequently$ observed$ in$ different$ populations$ with$ a$ shared$ genetic$ origin$ (Asia,$

Native'American'and'Oceania).'Overall,'the'low'rate'(<1%)'of'nonsynonymous'mutation'

indicates) that)PRRT2) is)under) strong) selective)pressure.)Nevertheless,( our( results( also(

revealed' a' heterogenous' pattern' of' selective' pressure' acting' on' PRRT2' in' human'

populations.+The+low+pN/pS+ratio+in+Africa+indicates+PRRT2+is+under+the+usual+purifying+

selection) (as) for) the) majority) of) the) genome),) whereas) the) pN/pS# ratio# in# Asia# and#

Europe' is' higher' than' expected' and' consistent' with' positive' selection' (Tennessen,'
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Bigham'et'al.'2012)."To"date,"we"have"no"explanation" for" this"observation." It"would"be"

interesting(however( to( see( if( there( is( a( higher(prevalence( of( PRRT2( related(disease( in(

Asia%and%Europe%compared%to%Africa.%It%would%also%be%interesting%to%explore%the%genetic%

diversity) of) the! binding& partners& of& PRRT2& in& order& to& decipher& whether& this& lower&

selective(pressure(is(restricted(to(PRRT2(or(to(other(members(of(the(same(pathway.($

Finally,(we(showed(that(whole(genome(amplification(using(multiple(displacement(

amplification+technology+such$as$GenomiPhi$and$RepliWG"could"lead"to"the"appearance"of"

the$ A217PfsX8$mutation.$ The$ genomic$ region$ surrounding$ the$mutation$ is$made$ of$ 4$

guanines(and(9(cytosines(and(seems(therefore(to(be(at(risk(for(mutation(both(in#vivo#and$

in#vitro.!For$ this$reason,"we"strongly"suggest" that"PRRT2!mutation(screening(should(be(

restricted(to(native(DNA(and(validate(using(Sanger(sequencing.(Interestingly,(in(the(last(

release& of& the& Exome!Variant' Server' database,' at' the' same' location' of' the' A217PfsX8'

mutation( (hg19,( chr16:( 29825015),( 10%( of( the(PRRT2! allele$ contains$ an$ additional$ C$

(allele%A1%in%EVS)%and%10%%have%a%deletion%of%a%C%(allele%A2%in%EVS),%but%with%very%low%

average&sample&read&depth%(N=10).%Given%the%very%high%penetrance%of%PRRT2!in#human#

diseases,' it' is' impossible'that'20%'of'the'PRRT2!alleles%carry%a%frame%shift%mutation%at%

this%position.%Especially,%since%we%found%the%A217PfsX8%mutation%in%only%1%individual%out%

of#1990#(Allelic"frequency="0.025%)."This"high"frequency"of"A217PfsX8"mutation"in"EVS"

could& be& related& to& the&DNA& amplification& step& required& for&whole& exome& sequencing.&

Studying) the)mechanism) leading) to) the)A217PfsX8)mutation)was) beyond) the) scope) of)

our$ study,$ but$ our$ observation+ that+ a+ DNA+ amplification+ step+ through+ RCA+ could+

introduce* this* additional* C/G*might* help* in* understanding* the*mechanism* leading* to*

A217PfsX8*mutation.*$

In#summary,#our#study#indicates#that#PRRT2!mutations)do)not)play)a)major)role)in)

the$susceptibility& to&ASD&and&confirm&that& truncating&mutations&of&PRRT2!are$not$ fully$
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penetrant.( We( also( provide( an( ascertainment( of( the( genetic( diversity( of( PRRT2! in#

worldwide(populations(as(well(as( important( indication(on( the(pitfalls( for( the(mutation(

screening.) All" together," these" results" should" help" researchers" and" clinicians" to" better"

investigate)the)role)of)PRRT2!in#human#diseases.$

$ $
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Figure'legends'
!

!

Figure'1.!PRRT2'coding'variants'identified'in'this'study.'Schematic!diagram!of!the!PRRT2!

gene! and! of! the! three! PRRT2!protein! isoforms.!Mutation! identified! in! this! study! are! indicated! in! green!

(controls!and!HGDP),!orange!(controls,!HGDP,!and!patients)!and!red!(patients!only).!

!

!

Figure'2.'PRRT2!variants'identified'in'individuals'from'worldwide'populations.'A!

total!of!961!individuals!from!the!human!genome!diversity!panel!(HGDP)!were!sequenced!for!all!PRRT2!

exons.!The!diameter!of!each!circle!is!proportional!to!the!number!of!individuals!who!were!sequenced!for!

PRRT2.!
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Figure! 3.! Chromatograms! of! the! PRRT2! A217PfsX8! mutation! before! and! after!

whole! genome! amplification.! The!chromatograms!of!PRRT2! sequence!before!(Native!DNA)!and!

after! whole! genome! amplification! of! the! DNA! from! three! independent! patients! using! two! different!

protocols!GenomiPhi!DNA!Amplification!Kit!(WGAA1)!or!RepliAG!Whole!Genome!Amplification!kit!(WGAA

2).!The!mutation!was!not!present!in!the!native!DNA,!but!was!detected!after!whole!genome!amplification.!!
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Table&1.&PRRT2&coding&variants&identified&in&individuals&w
ith&ASD

&and&controls&

Variants(
dbSN

P/EVS/1KG(
Inheritance(

Ethnicity(
Polyphen2(

ASD
(

(All;(European(ancestry)(
Controls(

E23K
a(

1KG_16_29824442(
N
D
(

2(Europe(
Benign(

2/431;(2/261(
0/180(

P138A
a(

rs79182085(
N
D
(

1(Asia(
Benign(

1/431;(0/261(
0/180(

D
147H

a(
rs79568162(

M
aternal(

1(Asia(
Benign(

1/431;(0/261(
0/180(

A214P
a(

P(
4(M

aternal(
1(Asia,(1(Europe,(2(

Africa((
D
am

aging(
4/726;(1/474(

0/272(

P216L
a(

rs76335820(
2(M

aternal,(1(Paternal,(5(N
D
(

6(Europe,1(M
ixte,(1(N

D
(

D
am

aging(
8/726;(6/474(

8/272(
(A217PfsX8(

P(
N
D
(

1(Europe(
D
am

aging(
0/726;(0/474(

1/272(
S249P(

P(
N
D
(

1(M
ixte(

D
am

aging(
1/726;(0/474(

0/272(
p.A361_P362del(

P(
(2(M

aternal(
2(Sub(Saharan(Africa(

D
am

aging
(b(

2/431;(0/261(
0/180(

P382A(
P(

M
aternal(

1(M
ixte(

D
am

aging(
1/431;(0/261(

0/180(
(aVariants(observed(in(the(hum

an(genom
e(diversity(panel.(

(bThe(p.A361_P362del(w
as(considered(as(probably(dam

aging(since(it(affects(conserved(am
ino(acids(in(PRRT2.(

(((&
&
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Table&2.&Synonym
ous&and&nonsynonym

ous&variations&of&PRRT2&in&w
orldw

ide&populations.&&&
&

Ethnic(
N
onsynonym

ous(
variants(

Synonym
ous(variants(

pN
(

(nonsynonym
ous(variants((/(

nonsynonym
ous(sites) a(

pS(
(synonym

ous(variants((/(
synonym

ous(sites) a(
pN
/pS(

EVS(Europe(
(N
=4300)(

14(
3(

0.021(
0.013(

1.62(

EVS(AfricanP
Am

erican((N
=2012)(

6(
8(

0.009(
0.035(

0.26(

H
GD
P(Asia((N

=439)(
14(

1(
0.021(

0.004(
4.85(

H
GD
P(Africa((N

=108)(
1(

2(
0.001(

0.009(
0.17(

H
GD
P(Europe(

(N
=159)(

4(
0(

0.006(
0.000(

>1.5
b(

((aN
um

ber(of(nonsynonym
ous(and(synonym

ous(sites(for(PRRT2(are(668.5and(231.5,(respectively.((
bFor(the(calculation(of(the(pN

/pS(for(Europe,(the(value(of(pS(w
as(set(to(0.004((the(m

inim
um

(of(1(synonym
ous(variant(observed(in(159(individuals).((

((
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!
Table!S1.!Cohorts!used!in!this!study!
!

! Sex!
Asperger!
syndrom

e!

Atypical!
autism! Autism!

High!
functioning!
Autism!

All!ASD! Control
s! HGDP!

All!PRRT2!
coding!exons!

Female! 8! 0! 79! 2! 89! 74! 332!
Male! 51! 2! 279! 10! 342! 101! 629!
All! 59! 2! 358! 12! 431! 186! 961!

A217PfsX8!
screen!only!

Female! 9! 1! 67! 1! 78! 90! I!
Male! 17! 4! 187! 9! 217! 7! I!
All! 26! 5! 254! 10! 295! 92! I!

A217PfsX8!
screen!All!

Female! 17! 1! 146! 3! 167! 164! 332!
Male! 68! 6! 466! 19! 559! 108! 629!
All! 85! 7! 612! 22! 726! 278*! 961!

!
!
Table!S2.!Ethnicity!of!the!cohorts!!

!

Ethnic!
! ASD! !

Controls!All!PRRT2!
coding!exons!

A217PfsX8!
screen!only!

A217PfsX8!
screen!All!

Europe! 261! 213! 474! 278!
Africa! 40! 6! 46! I!
Asia! 13! 2! 15! I!

Mixed!origin! 48! 12! 60! I!
Unknown! 69! 62! 131! I!

All! 431! 295! 726! 278!
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Table&S3.&PRRT2&prim
ers&

!
N
am

e!
Chr!

Position!start!
Position!end!

Am
plicon!

size!(bp)!
Forw

ard!
Reverse!

Tem
perature!

hybridation!
PRRT2!exon!2!start!

16!
29731680!

29732220!
541!

AACCCCAACTTTTCTTCCTCTC!
CTCACTTCTGGTTTGGACACTG!

55°C!
PRRT2!exon!2!m

iddle!
16!

29732078!
29732695!

618!
GCTCCAGAAACCACAGAGACC!

GATGGCAAGGATGATGTAGTCC!
64°C!

PRRT2!exon!2!end!
16!

29732390!
29732912!

523!
TCTGAGAGTGTAGGGGAAAAGC!

CTAGGGAGAGGCAAACAAAGG!
59°C!

PRRT2!exon!3!and!4!
16!

29733081!
29733582!

502!
TTTCCACCTGATCCCTTCTG!

CAGGCTCCCTTGGTCCTTAG!
54°C!

!
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!Table!S4.!PRRT2!nonsynonymous!variants!identified!in!the!HGDP!
!

!
! !

Mutation!
North!
Africa!
N=29!

Subsahara
n!Africa!
N=108!

Middle!
East!N=135!

Europe!
N=159!

Asia!
N=439! Oceania!N=31! America!

N=64!

S5N! 0! 0! 0! 0! 1! 0! 0!

P18T! 0! 0! 0! 0! 1! 0! 0!

E23K! 0! 0! 0! 1! 0! 0! 0!

P45S! 0! 2! 0! 0! 0! 0! 0!

P48R! 0! 0! 0! 0! 1! 0! 0!

S115K! 0! 0! 1! 0! 0! 0! 0!

P140A! 0! 0! 0! 1!
43!

heterozygotes!
8!homozygote!

3! 10!

D147H! 0! 0! 0! 0! 3! 0! 0!

T151N! 0! 0! 0! 0! 1! 0! 0!

P154S! 0! 0! 0! 0! 5! 0! 0!

E180K! 0! 0! 1! 0! 0! 0! 0!

A214P! 0! 0! 0! 0! 5! 0! 1!

P215R! 0! 0! 0! 0! 4! 0! 0!

P215T! 0! 0! 0! 0! 1! 0! 0!

P216L! 1! 0! 0! 1! 1! 0! 0!

R217Q! 0! 0! 0! 1! 0! 0! 0!

G241S! 0! 0! 0! 0! 0! 0! 1!

G258E! 0! 0! 0! 0! 2! 0! 0!

G258R! 0! 0! 0! 0! 0! 4!!heterozygotes!
1!!homozygote! 0!

A272V! 0! 0! 0! 0! 1! 0! 0!

R311Q! 0! 0! 0! 0! 1! 0! 0!
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Table&S5.&PRRT2&synonymous&variants&identified&in&the&HGDP&
&

Cohort& Region& CEPH&ID& Position& Variants& Allele&

ASD&Cohort&
study&

Subsaharan&
Africa&

PED=SAL=NGE=1013=005& 16&:&29765126& L251L& C/T&

PED=SAL=LIO=1157=002& 16&:&29765126& L251L& C/T&

Reunion& AU=RD=SAJ=209=004& 16&:&29825914& P381P& A/C&

Europe& AU=GRE=SEB=132=004& 16&:&29825026& R217R& A/G&

HGDP&

Subsaharan&
Africa&

HGDP00460& 16&:&29825020& P215P& C/T&

HGDP00465& 16&:&29825020& P215P& C/T&

HGDP01411& 16&:&29765126& L251L& C/T&

HGDP01419& 16&:&29765126& L251L& C/T&

HGDP00920& 16&:&29765126& L251L& C/T&

HGDP00927& 16&:&29765126& L251L& T/T&

HGDP00932& 16&:&29825203& C276C& C/T&

Asia& HGDP00146& 16&:&29824756& E127E& G/A&

Middle&East& HGDP00632& 16&:&29765126& L251L& C/T&

North&Africa& HGDP01271& 16&:&29765126& L251L& C/T&
&

&
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Table&S6.&PRRT2&coding&variants&present&in&dbSN
P,&Exom

e&variant&Server&(EVS)&and&the&1000&genom
e&project&(1K

G)&
!

N
CBI.37&

Chr:position&
(bp)&

rsID
&

Alleles&

Avg&
Sam

ple&
Read&
D
epth&

AA&
cD
N
A&

Q
7Z6L0Q
2&(bp)&

Function&
GVS&

Polyphen2&
European&Am

erican&
Genotype&Count&

African&Am
erican&

Genotype&Count&
H
GD

P&
Cohort&

Source&

16:29824442!
rs140383655!

A
/G
!

49!
E
23K

!
67!

m
issense!

benign!
A
A
=0/A

G
=16/G

G
=4284!

A
A
=0/A

G
=3/G

G
=2194!

H
G
D
P
!

Cohorts!
dbSN

P
_134!

16:29824448!
unknow

n!
G
/C!

49!
P
25A

!
73!

m
issense!

benign!
G
G
=0/G

C=1/CC=4299!
G
G
=0/G

C=0/CC=2197!
I!

I!
E
V
S!

16:29824455!
unknow

n!
C/A

!
49!

H
27P

!
80!

m
issense!

possiblyIdam
aging!

CC=0/CA
=1/A

A
=4299!

CC=0/CA
=0/A

A
=2197!

I!
I!

E
V
S!

16:29824508!
rs11556732!

T
/C!

40!
P
45S!

133!
m
issense!

possiblyIdam
aging!

T
T
=0/T

C=0/CC=4299!
T
T
=0/T

C=15/CC=2182!
H
G
D
P
!

I!
dbSN

P
_120!

16:29824599!
rs147004110!

T
/C!

27!
P
75L!

224!
m
issense!

possiblyIdam
aging!

T
T
=0/T

C=2/CC=4297!
T
T
=0/T

C=0/CC=2197!
I!

I!
dbSN

P
_134!

16:29824727!
unknow

n!
A
/G
!

69!
T
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Table&S7:&Identity&by&state&(IBS)&values&for&the&2&individuals&with&ASD&carrying&the&
mutation&p.A361_P362del&compared&with&the&IBS&from&different&African&
populations.#
#

Population#
AU/RD/158/003# AU/RD/000/001#

Min# Average# Max# Min# Average# Max#

C.A.R# 0.685# 0.687# 0.692# 0.681# 0.685# 0.688#
D.R.#of#Congo# 0.678# 0.680# 0.683# 0.675# 0.676# 0.677#

Kenya# 0.683# 0.690# 0.694# 0.685# 0.689# 0.693#
Namibia# 0.672# 0.674# 0.676# 0.668# 0.670# 0.671#
Nigeria# 0.690# 0.694# 0.697# 0.690# 0.692# 0.694#
Senegal# 0.687# 0.690# 0.693# 0.685# 0.689# 0.692#

South#Africa# 0.689# 0.693# 0.695# 0.689# 0.692# 0.696#
AU/RD/158/003# /# /# /# 0.694# 0.694# 0.694#
AU/RD/000/001# 0.694# 0.694# 0.694# /# /# /#

#
#
#
#

#

Supplementary&Figure1.&Sequence&coverage&of&PRRT2&in&Exome&Variants&Serveur.&
Total&number&of&sample&sequenced&(in&blue)&and&average&read&depth&(purple)&for&
PRRT2&in&Exome&Variant&server.&The&nucleotide&positions&are&according&to&PRRT2&
from&NCBI37/hg19.&The&average&coverage&of&10X,&20X&and&40X&are&indicated&in&
red,&yellow&and&green&respectively.&&
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#

Supplementary,Figure,2.,Multiple,dimension,scale,(MDS),of,the,genetic,distance,
between,individuals,from,the,HGPD.,Insert.,MDS,restricted,to,the,African,
populations,including,the,two,individuals,carrying,the,in,frame,deletion,
p.A361_P362del,(triangles).,
#
, ,
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La(relation(génotype3phénotype(dans(l’autisme(et(la(dyslexie.(

L’hétérogénéité(génétique,(la(pénétrance(incomplète(et(l’expressivité(

variable(:(Trois(défis(pour(la(génétique(humaine(

(

Les!chercheurs!et!les!cliniciens!sont!largement!démunis!face!à!l’hétérogénéité!génétique!

des!maladies!qui!limite!très!fortement!l’identification!des!mutations!causales.!De!plus,!le!

paysage! génétique! et! épigénétique! de! chaque! individu! influe! sur! la! pénétrance! et! la!

sévérité!des!mutations.!Même!dans!le!cas!de!maladies!apparemment!monogéniques,!les!

mutations! peuvent! avoir! des! conséquences! variables! selon! les! individus.! Face! à! la!

difficulté!à!déterminer!précisément!la!relation!génotypeBphénotype,!on!incrimine!soit!le!

fond! génétique! soit! l’environnement! sans! réelle! connaissance! de! l’effet! de! gènes!

«!modificateurs!»!et!des!facteurs!environnementaux!en!cause.!!

!

1.1(L’hétérogénéité(génétique(de(l’autisme(et(la(dyslexie(

L’ensemble!des!données!de!la!littérature!ainsi!que!les!résultats!de!ce!travail!démontrent!

clairement! l’existence! d’une! très! grande! hétérogénéité! génétique! de! l’autisme.! Nous!

avons! ainsi! pu! montrer! que! des! gènes! différents! (et! plusieurs! voies! biologiques!

différentes)! pouvaient! être! en! cause.! Une! analyse! de! la! littérature! et! une! estimation!

basée!sur!les!études!de!CNVs!et!d’exomes!suggèrent!l’implication!de!plus!de!500!gènes!

en! cause! dans! l’autisme! (Huguet,! Ey! et! al.! 2013).! Cependant,! il! est! actuellement! très!

difficile!de!connaître!le!poids!de!chaque!gène/mutation!dans!la!vulnérabilité!à!l’autisme!

tant! au! niveau! des! populations! atteintes! (quels! sont! les! gènes! les! plus! mutés! dans!

l’autisme!?)!qu’au!niveau!individuel!(quel!est!l’impact!de!cette!mutation!sur!le!risque!de!

développer!un!autisme!?).!!
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Pour! la! dyslexie,! bien! que! peu! (ou! pas!?)! de! gènes! aient! été! identifiés,! il! est!

probable!qu’une!grande!hétérogénéité!génétique!soit!retrouvée.!En!effet,!les!analyses!de!

liaisons! et! de! CNVs! semblent! confirmer! cette! hétérogénéité(Fisher! and!DeFries! 2002,!

Scerri! and! SchulteBKorne! 2010,! Poelmans,! Buitelaar! et! al.! 2011).! Il! est! important! de!

noter! que! la! dyslexie! étant! moins! sévère! que! certaines! formes! d’autisme,! on! peut!

s’attendre!à!ce!que!la!part!des!variants!fréquents!dans!l’héritabilité!soit!plus!importante!

pour! la!dyslexie!que!pour! l’autisme.!En!effet,! les!variants!de!vulnérabilité!à! la!dyslexie!

ont! probablement! un! effet! plus! faible! sur! la! condition! physique! de! l’individu! («!la!

fitness!»)!et!peuvent!donc!passer!de!génération!en!génération!sans!être!éliminés!de! la!

population.!!

Malgré! cette! très! grande! hétérogénéité! génétique,! il! est! certain! que! nous!

connaissons! de! mieux! en! mieux! certaines! voies! biologiques! qui! semblent! être!

responsables! de! l’autisme! et! dans! une! moindre! mesure! de! la! dyslexie.! L’analyse! des!

génomes! complets! va! aussi! permettre! d’identifier! de! plus! en! plus! de! variants! de!

vulnérabilité.! Cependant,! dans! la! très! grande! majorité! des! cas,! la! complexité! d’un!

syndrome!ne!pourra!pas!être!réduite!à!une!simple!mutation!et!nous!devrons!prendre!en!

compte!l’ensemble!(ou!du!moins!une!partie!pertinente)!du!génome!de!chaque!individu!

ainsi!que!la!part!de!l’environnement!dans!le!développement!de!la!maladie.!!

(

1.2(L’importance(du(fond(génétique(pour(comprendre(la(pénétrance(incomplète(et(

l’expressivité(variable(

Lors! de! notre! étude,! nous! avons! pu! noter! l’importance! des! notions! de! pénétrance!

incomplète!et!d’expressivité!variable.!L’importance!du!fond!génétique!(Figure!1)!a!aussi!

été!illustrée!à!plusieurs!reprises.!!
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Premièrement,!nous!avons!pu!confirmer!que!les!mutations!tronquantes!de!PRRT2!

n’étaient! pas! toujours! pénétrantes.! De! plus,! nous! avons! montré! que! la! fréquence! de!

mutations! non! synonymes! PRRT2! était! très! différente! d’une! population! à! l’autre.! Ces!

résultats!!suggèrent!qu’une!mutation!PRRT2!dans!un!génome!de!composante!ancestrale!

africaine! a! peut! être! plus! de! conséquences! phénotypiques! que! dans! un! génome! de!

composante!asiatique!ou!européenne.!Ceci!expliquerait!le!très!faible!taux!de!variations!

non! synonymes! dans! la! population! africaine! comparée! aux! populations! asiatiques! ou!

européennes.! Actuellement,! nous! ne! pouvons! pas! conclure! si! cette! différence! de!

pression! de! sélection! que! nous! avons! observée! est! due! au! fond! génétique! de! ces!

populations!ou!à!leur!environnement!différent.!Il!est!en!effet!concevable!que!la!sévérité!

du! phénotype! associé! aux! mutations! PRRT2! soit! modulée! soit! par! le! fond! génétique!

(gènes! suppresseurs)! soit! par! l’environnement! (diminution! très! importante! de! la!

«!fitness!»!dues!aux!mutations!PRRT2!en!Afrique!par!rapport!à!l’Asie!ou!l’Europe).!!

! !
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Figure( 1.( La( pénétrance( incomplète( et( l’impact( des( mutations( rares( sur( la(

vulnérabilité( aux( troubles( neuropsychiatriques.! Selon! le! génome! de! l’individu,! des!

mutations!peuvent!avoir!un!impact!très!différent.!Le!génome!«!rouge!»!a!peu!de!possibilité!de!compenser!

(ou!de!«!tamponner!»)!l’effet!des!mutations.!La!personne!possédant!ce!génome!aura!un!risque!très!élevé!

de!développer!une!maladie!psychiatrique.!Au!contraire,!une!personne!possédant!le!génome!«!vert!»!sera!

protégé! sauf! pour! certaines! mutations! avec! une! pénétrance! très! élevée.! La! personne! avec! le! génome!

«!orange!»!est!intermédiaire.!
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Il!est!estimé!que!chaque!individu!possède!250!à!300!gènes!ayant!des!mutations!

conduisant! à! une! perte! potentielle! de! fonction,! ainsi! que! 50! à! 100!mutations! (à! l’état!

hétérozygote)!déjà!associées!à!des!maladies!génétiques! (Durbin,!Abecasis!et!al.!2010).!

Des!différences!dans!le!type!de!sélection!selon!les!populations!ont!déjà!été!décrites!pour!

plusieurs!gènes!(Barreiro,!Laval!et!al.!2008).!L’exemple!le!plus!connu!est!celui!de!l’allèle!

de! l’hémoglobine! S! (HbS)! qui! cause! la! drépanocytose! à! l’état! homozygote! mais! qui!

protège! contre! le! paludisme! à! Plasmodium! falciparum! à! l’état! hétérozygote.! La!

fréquence!des!mutations!augmente!donc!davantage!dans!es!populations!en!contact!avec!

l’agent!infectieux!que!dans!les!populations!de!pays!où!le!paludisme!n’est!pas!présent.!!

!

Deuxièmement,!nous!avons!montré!que!des!mutations!génétiques!probablement!

délétères! étaient! présentes! chez!des! apparentés! apparemment! asymptomatiques!:! par!

exemple,! les! parents! d’enfants! autistes! porteurs! de! délétion!NLGN1,! IQSEC3,! et! enfin!

l’individu! 34! de! la! famille! PL! qui! est! porteur! de! l’haplotype! à! risque!CNTNAP2! et! qui!

visiblement! n’est! pas! dyslexique.! Cependant,! ces! cas! de! pénétrance! incomplète!

pourraient! s’avérer! être! des! cas! avec! expressivités! variables.! Pour! répondre! à! cette!

question,! il! faudrait! réaliser! des! examens! complémentaires! afin! de! déterminer! si! ces!

personnes! apparemment! asymptomatiques! ont! des! phénotypes! intermédiaires! infraB

cliniques,! neurologiques,! cognitifs! ou! psychiatriques.! En! effet,! il! a! été!montré! que! les!

apparentés! de! patients! avec! TSA! avaient! des! scores! plus! élevés! que! la! population!

générale!pour!les!tests!visant!à!détecter!des!traits!autistiques(Constantino,!Przybeck!et!

al.!2000,!Constantino!and!Todd!2003,!Belmonte,!Gomot!et!al.!2009).!!

!

Cette! expressivité! variable! d’une! mutation! sur! le! niveau! cognitif! est! très! bien!

illustrée! par! l’étude! de! Moreno! de! Luca! et! al.! (2013)! sur! les! porteurs! de! délétions!
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22q11.2!ou!16p11.2(MorenoBDeBLuca,!Myers!et!al.!2013).!!Cette!étude!qui!porte!sur!une!

grande! cohorte! de! patients!montre! que! les! délétions! ne! donnent! pas! obligatoirement!

une!déficience!intellectuelle!mais!plutôt!décalent!le!niveau!de!quotient!intellectuel!de!2!

déviations!standard!par!rapport!à!la!population!générale!(MorenoBDeBLuca,!Myers!et!al.!

2013).!Ceci!suggère!donc!que!le!QI!de!la!personne!va!être!influé!à!la!fois!par!la!présence!

de! la! mutation!(B2DS)! mais! aussi! très! fortement! par! son! fond! génétique! et! son!

environnement.! Il!est! intéressant!de!noter!que!dans!notre!étude!sur! l’autisme!dans! les!

îles!Faeroe,! l’individu!porteur!de! la!délétion!de2novo!22q11.2!est! situé!dans!un!cluster!

constitué!uniquement!de!patients!TSA!(cluster!B3).!On!pourrait!donc! faire! l’hypothèse!

que!la!délétion!22q11.2!a!déclenché!l’autisme!chez!ce!patient!qui!possèderait!des!allèles!

à!risque!regroupés!au!niveau!de!ce!cluster.!Dans!un!autre!cluster,!ce!patient!aurait!pu!

présenter!d’autres!manifestations!psychiatriques!mais!pas!obligatoirement!un!autisme.!!

!

1.3(Les(progrès(et(les(défis(dans(l’analyse(du(génome(humain(

Afin!de!maîtriser!l’hétérogénéité!génétique!et!de!comprendre!les!mécanismes!en!cause!

dans! la! pénétrance! incomplète! et! l’expressivité! variable,! il! est! important! de! mieux!

définir!ce!que!l’on!appelle!communément!le!fond!génétique!de!l’individu.!Actuellement,!

les! puces! à! SNPs! permettent! de! génotyper! chez! un! seul! individu! des! centaines! de!

milliers! voire! plusieurs! millions! de! SNPs.! Grâce! à! ces! technologies,! nous! avons! la!

possibilité! de! génotyper! la! très! grande!majorité! des! variants! fréquemment! retrouvés!

dans!les!populations!humaines!en!Europe.!Par!exemple,!la!dernière!puce!Illumina!Omni!

5!permet!de!génotyper!~!4.5!millions!de!SNPs!qui!capturent!87%!des!SNPs!connus!avec!

une!MAF!>1%.!De!plus,!cette!information!sur!le!fond!génétique!d’un!individu!va!s’élargir!

dans! le! futur!avec! la!possibilité!d’avoir! la! totalité!des!variants! localisés!dans! les!exons!

voir!la!totalité!des!variants!du!génome!d’un!individu.!!
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Cependant! si! l’on!a!maintenant! la!possibilité!de!détecter! ces!variants,! les!outils!

pour! les! annoter! sont! balbutiants.! Les! annotations! fonctionnelles! de! ces! variants! sont!

très!pauvres!et!pas!toujours!robustes.!Plusieurs!algorithmes,!basés!sur! la!conservation!

des! variants! au! cours! de! l’évolution! (score! GERP)! et! sur! la! nature! des! changements!

protéiques! (matrice!de!Grantham),!peuvent!nous!aider!à! filtrer!des!variants!délétères.!

Cependant,!ces!prédictions!ne!sont!pas!parfaites!et!les!résultats!peuvent!être!différents!

d’un! algorithme! à! l’autre(Hao! da,! Feng! et! al.! 2011).! De! plus,! pour! des! traits! comme!

l’autisme! et! la! dyslexie! qui! sont! définis! par! des! capacités! cognitives! spécifiques! à!

l’homme! (ou! du! moins! en! apparence),! il! n’est! pas! certain! que! les! variants! en! cause!

touchent!des!régions!du!génome!conservées!chez!d’autres!espèces.!!!

Des!scores!d’haploinsuffisance!sont!aussi!disponibles!et!basés!sur!l’occurrence!de!

CNV! dans! la! population! générale! et! chez! les! patients,! et! peuvent! être! utilisés! pour!

interpréter! les! résultats! génétiques! (Corpas,!Bragin! et! al.! 2012).! Cette! information!est!

importante! mais! elle! ne! nous! renseigne! pas! (ou! très! peu)! sur! la! conséquence!

physiologique!des!mutations.!!

Enfin,!la!fonction!des!gènes!est,!dans!la!très!grande!majorité!des!cas,!étudiée!chez!

des! organismes!modèles! comme!C.2elegans,2D.2melanogaster,! ou!M.2musculus! et! le! plus!

souvent! dans! un! seul! fond! génétique! et! très! homogène.! Or! on! sait! très! bien! que! les!

mutations! peuvent! avoir! des! conséquences! très! différentes! selon! le! fond! génétique! et!

selon!les!espèces.!L’importance!du!fond!génétique!a!été!très!joliment!montrée!dans!une!

étude! récente! chez! la! drosophile.! Les! auteurs! montrent! que! plusieurs! types! de!

mutations!scalloped!affectent!la!structure!de!l’aile!très!différemment!selon!la!souche!de!

Drosophila! melanogaster! (Chari! and! Dworkin! 2013).! Ils! montrent! aussi! que! les!

suppresseurs!sont!très!différents!d’une!souche!à!l’autre!avec!des!effets!parfois!opposés!
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(une!mutation!qui!supprime!l’effet!de!la!mutation!scalloped!dans!une!souche!va!avoir!au!

contraire!un!effet!aggravant!dans!une!autre!souche).!!!

Les!conséquences!de!mutations!sont!aussi!très!différentes!selon!les!espèces.!Par!

exemple,!il!est!très!souvent!observé!que!deux!copies!d’un!gène!doivent!être!mutées!chez!

la! souris! pour! avoir! un! phénotype! alors! que! chez! l’homme! la! perte! d’une! seule! copie!

peut!donner!un!phénotype! très!sévère.!C’est! le!cas!des!mutations!SHANK2!ou!SHANK3!

qui!ne!donnent!pas!de!phénotype!ou!seulement! très! léger! chez! la! souris!hétérozygote!

(Peca,! Feliciano! et! al.! 2011,! Schmeisser,! Ey! et! al.! 2012)! alors! que! les! délétions!

hétérozygotes!causent!un!autisme!chez!l’homme!(Durand,!Betancur!et!al.!2007,!Leblond,!

Heinrich!et!al.!2012).!!

1.4(Perspectives(

Quelle!que!soit!l’hétérogénéité!génétique!d’un!trait!et!la!nature!des!facteurs!qui!influent!

sur!la!pénétrance!et!l’expressivité!variable,!il!nous!semble!maintenant!crucial!de!mieux!

caractériser! le! fond! génétique! des! patients! et! des! témoins! étudiés! pour! des! traits!

complexes! comme! l’autisme! et! la! dyslexie.! Cette! meilleure! connaissance! du! «!fond!

génétique!»! devrait! permettre! à! la! fois! de! mieux! identifier! les! variants! causaux!

impliqués! dans! les! maladies! et! surtout! de! donner! un! pronostic! plus! précis! sur! les!

conséquences!des!mutations.!Cette!analyse!du!fond!génétique!peut!être!initiée!dans!des!

isolats!génétiques!comme!dans!notre!étude!sur!les!îles!Faeroe!et!ensuite!se!généraliser!à!

des!populations!plus!hétérogènes!sur! le!plan!génétique.!En!particulier,! l’utilisation!des!

clusters!basés!sur! la!distance!génétique!entre! individus!(Identity!By!State)!du!génome!

entier! (ou!restreint!à!des! loci!d’intérêt)!devrait!permettre!de!mieux!maitriser!à! la! fois!

l’hétérogénéité!génétique!mais!aussi!la!pénétrance!incomplète!et!l’expressivité!variable!

des! mutations.! Ainsi,! il! serait! intéressant! de! faire! une! métaBanalyse! génétique! des!

neuropathologies! sur! des! traits! quantitatifs,! en! regroupant! les! individus! selon! leur!



 187 

distance! génétique! par! rapport! à! leur! génome! ou! pour! un! set! de! gènes! (par! exemple!

ceux! exprimés! dans! le! cerveau).! Cela! permettrait! peutBêtre! d’avoir! la! puissance!

statistique!de!détection!pour!les!facteurs!communs!entre!ces!maladies!et!surtout!de!voir!

l’imbrication!des!gènes!dans!les!maladies.!

L’autisme,(la(dyslexie(et(CNTNAP2'(
(

Malgré! la! différence! des! atteintes! cliniques,! il! est! intéressant! de! noter! que! plusieurs!

arguments! peuvent! rapprocher! les! TSA,! les! troubles! du! langage! et! la! dyslexie(Bishop!

2003,! Whitehouse,! Watt! et! al.! 2009,! Gillberg! 2010).! Tout! d’abord,! les! études! sur! les!

patients! et! les! apparentés! montreraient! un! continuum! de! dysfonctionnement!!

linguistique!entre! les!TSA,! les! troubles!du! langage!et! la!dyslexie.! Il! a!été!observé!dans!

plusieurs! études! que! les! parents! ou! frères! et! sœurs! de! personnes! atteintes! de! TSA!

présentent!des!difficultés!de!langage!(Kalnak,!PeyrardBJanvid!et!al.!2012)!bien!que!cela!

ne!soit!pas!toujours!retrouvé!(Lindgren,!Folstein!et!al.!2009).!!!!

Nos! différentes! études! ont! permis! d’identifier! de! nouveaux! gènes! associés! à!

l’autisme!et!de!proposer!de!nouveaux!gènes!candidats!confirmant!le!rôle!des!protéines!

synaptiques! comme! les!protéines!d’adhérence!cellulaires! (neuroligines,!neurexines)!et!

les! protéines! d’échafaudage! (SHANK).! Parmi! tous! ces! gènes,! CNTNAP2! suscite! un! vif!

intérêt!pour! la!communauté!scientifique!qui!s’intéresse!aux!maladies!neurologiques!et!

psychiatriques! comme! les!TSA!et! les! troubles! du! langage(Newbury! and!Monaco!2010,!

State! 2011,! Penagarikano! and! Geschwind! 2012,! Graham! and! Fisher! 2013,! RodenasB

Cuadrado,! Ho! et! al.! 2013).! CNTNAP2! code! pour! une! protéine! neuronale! d’adhérence!

(CASPR2)! assimilée! aux! neurexines! et! qui! est! exprimée! dans! diverses! régions!

cérébrales.! Plusieurs! arguments! génétiques! montrent! que! CNTNAP2! est! très!
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probablement!un!gène!associé!à!plusieurs!troubles!neuropsychiatriques!plus!ou!moins!

sévères!(Figure!2).!!

!

!

(

Figure(2.( Les(différentes(maladies( associées( aux(mutations(CNTNAP2.(Selon!la!dose!

génique!de!CNTNAP2,!la!sévérité!de!la!maladie!est!différente.!Il!n’y!a!actuellement!pas!d’étude!sur!l’effet!de!

la! surexpression! de! CNTNAP2.! Bien! que! dans! le! cas! de! mutations! FOXP1! ou! FOXP2,! qui! sont! des!

répresseurs! de! CNTNAP2,! ! il! est! attendu! d’avoir! une! surexpression! du! gène.! Chez! Drosophila!

Melanogaster,! la! réduction! de! NrxIV! (l’orthologue! de! CNTNAP2)! induit! une! réduction! des! boutons!

synaptiques.! Sa! surexpression! entraine! une! augmentation! des! dendrites! et! de! la! densité!

synaptique(Zweier,!de!Jong!et!al.!2009).!

( (
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2.1(Les(variants(rares(de(CNTNAP2((

La!première!anomalie!dans! le!gène!CNTNAP2! chez! l’homme!a!été!découverte!en!2003!

dans!une!famille!avec!un!père!souffrant!de!trouble!obsessionnel!compulsif!(TOC)!et!chez!

deux!enfants!(un!garçon!et!une!fille)!souffrant!de!plusieurs!syndromes!TOC,!Gilles!de!la!

Tourette,! déficience! intellectuelle! et! retard! de! croissance.! Les! trois! individus! étaient!

porteurs!d’une!translocation!dans! le!gène!CNTNAP2(Verkerk,!Mathews!et!al.!2003).!La!

deuxième!mutation!a!été!retrouvée!en!2006!dans!une!grande!famille!de!la!communauté!

Amish.! Plusieurs! membres! de! cette! famille! présentaient! un! syndrome! d’épilepsie!

corticale! avec! dysplasie! (CDFE! syndrome)! associé! à! une! régression! du! langage,! une!

légère!macrocéphalie,! une! hyperactivité,! un! comportement! impulsif! et! agressif! et! une!

diminution! des! réflexes! ostéoBtendineux! (Strauss,! Puffenberger! et! al.! 2006).! L’analyse!

génétique!a!montré!que!9! enfants! étaient!porteurs!d’une!mutation! tronquante! à! l’état!

homozygote.!Trois!ans!plus! tard,! Jackman!et!al.! (2009)!décrivent!une! fille!de! la!même!

famille! avec! les! même! symptômes! précédemment! décrit! mais! porteuse! d’une! seule!

mutation!à!l’état!hétérozygote(Jackman,!Horn!et!al.!2009).!!

En! 2008,! 3! délétions! hétérozygotes! ont! été! identifiées! chez! 1! patient! avec!

déficience!intellectuelle!et!retard!de!langage!et!chez!2!patients!indépendants!atteints!de!

schizophrénie!et!épilepsie(Friedman,!Vrijenhoek!et!al.!2008).!La!même!année,!3!études!

indépendantes!simultanément!publiées!dans!le!même!journal!montrent!une!association!

entre!CNTNAP2! et! l’autisme(Alarcon,!Abrahams!et! al.! 2008,!Arking,! Cutler! et! al.! 2008,!

Bakkaloglu,!O'Roak!et!al.!2008).!La!première!étude!de!Alarcon!et!al.!(2008)!rapporte!une!

analyse! de! traits! quantitatifs! (QTL)! pour! le! langage! sur! le! chromosome! 7! chez! 476!

familles! avec! autisme! (les! 2! parents! et! un! enfant).! Un! SNP! rs2710102! centré! sur!

CNTNAP2! est! significativement!associé! aux! troubles!du! langage! (P<0.002).! La! seconde!

étude! de! Arkin! et! al.! (2008)! rapporte! à! la! fois! une! étude! de! liaison! et! une! étude!
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d’association!entre!CNTNAP2!et! l’autisme.!Les!auteurs! font!une!analyse!de! liaison!avec!

72! familles! multiplexes! (principalement! des! paires! de! germains)! et! montrent! un!

lodscore! >! 3! centré! sur! CNTNAP2.2Une! analyse! d’association! chez! 145! trios! identifie!

ensuite! ! rs7794745!comme!étant!associé!à! l’autisme!(P<0.001).!De! façon! intéressante,!

les! associations! étaient! surtout! positives! pour! les! familles! possédant! uniquement! des!

garçons! atteints.! Cependant! cette! différence! est! peut! être! due! à! un! nombre! moins!

important! de! filles! et! donc! à! une! puissance! statistique! plus! faible! pour! détecter! une!

association.! Dans! la! dernière! étude! de! Bakkaloglu! et! al.! (2008),! 635! patients! et! 942!

témoins! ont! été! séquencés! pour! les! exons! de! CNTNAP2.! Les! auteurs! ont! identifié! 27!

variants! non! synonymes!dont! 13! étaient! uniques! chez! les! patients! (8! ! prédits! comme!

délétères).!Un!variant!I869T!a!été!transmis!à!4!enfants!dans!3!familles!différentes!mais!

n’a!pas!été!retrouvé!chez!4010!témoins.!!

En! 2009,! Zweier! et! al.! (2009)! ont! identifié! 3! patients! dans! 2! familles!

indépendantes!avec!des!mutations!sur! les!2!allèles!de!CNTNAP22(Zweier,!de! Jong!et!al.!

2009).!Deux!frères!et!sœurs!sont!hétérozygotes!composites!pour!2!délétions!exoniques!

différentes.! L’autre! patient! est! porteur! d’une! délétion! sur! un! allèle! et! d’une!mutation!

d’épissage! sur! l’autre! allèle.! Ces! patients! sont! autistes! avec! déficience! intellectuelle,!

épilepsie!et!troubles!respiratoires.!Ces!symptômes!ressemblent!à!ceux!observés!dans!le!

syndrome!de!PittBHopkins.!Dans!la!même!étude,!les!auteurs!présentent!2!autres!patients!

avec! des! symptômes! similaires! et! porteurs! de! mutation! NRXN1! sur! les! deux! allèles.!

Comme!Jackman!et!al.! (2009)!décrivant!une!patiente!hétérozygote!de! la! famille!Amish!

qui! présentait! des! symptômes! uniquement! observés! chez! les! patients! homozygotes!

(Jackman,! Horn! et! al.! 2009),! la! même! équipe! identifie! en! 2011! des! patients!

hétérozygotes! mais! sévèrement! atteints! et! présentant! les! symptômes! majeurs! du!

syndrome!de!PittBHopkins!(Gregor,!Albrecht!et!al.!2011).!!
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En!2010,!Elia!et!al.!(2010)!étudient!les!CNVs!de!335!patients!avec!hyperactivité!et!

identifient!une!délétion! intronique! chez!1!patient! (Elia,!Gai! et! al.! 2010).!Mefford!et! al.!

(2010)!étudient! les!CNVs!chez!517!patients!avec!épilepsie!et! trouve!1!patient!porteur!

d’une!délétion!(Mefford,!Muhle!et!al.!2010).!Depuis,!de!nombreux!cas!de!remaniements!

de!CNTNAP2!ont!été!décrits!avec!translocations!et! !remaniements!du!génome!chez!des!

patients!atteint!de!TSA!avec!troubles!du!langage!(Rossi,!Verri!et!al.!2008,!Poot,!Beyer!et!

al.!2010,!Mikhail,!Lose!et!al.!2011,!AlBMurrani,!Ashton!et!al.!2012),!mais!aussi!dans!un!

cas!de!bégaiement!(Petrin,!Giacheti!et!al.!2010).!Un!cas!de!dyslexie!avec!une!duplication!

intragénique! de! CNTNAP2! a! aussi! été! identifié! (Veerappa,! Saldanha! et! al.! 2013).!

Néanmoins,! dés!2007,! plusieurs! cas!de!pénétrance! incomplète! ont! été! rapportés!pour!

des! porteurs! de! translocations! ou! de! mutations! hétérozygotes! (Belloso,! Bache! et! al.!

2007).!!

Les!analyses!d’exomes,!dès!2011,!ont!aussi!permis!d’identifier!certains!variants!

rares!de!CNTNAP2(O'Roak,!Deriziotis!et!al.!2011,!Worthey,!Raca!et!al.!2013).2L’étude!de!

Roak!et!al,!2011,!observe!dans!une!famille!la!présence!de!deux!variants!:!un!de2novo!dans!

FOXP1!(A339SfsX4)!et!le!second!hérité!de!la!mère!dans!CNTNAP2!(H275A).!Par!la!suite,!

les!auteurs!ont! testé! l’expression!de!CNTNAP2! en!présence!de! la! forme!sauvage!ou!en!

présence!de!la!forme!tronquée!de!FOXP1!dans!des!cellules!HEK293T.!Ils!ont!ainsi!montré!

que!par!rapport!à!la!protéine!sauvage!FOXP1,!la!forme!tronquée!augmente!l’expression!

de!CNTNAP2.!Ceci!est!en!accord!avec!l’existence!d’un!effet!régulateur!négatif!de!FOXP1!

sur! CNTNAP2! comme! cela! avait! déjà! été! montré! pour! FOXP2(Vernes,! Newbury! et! al.!

2008).!L’étude!de!Wortheu!et!al!(2013),!porte!sur!une!cohorte!de!10!patients!âgés!de!3!à!

19! ans! avec! apraxie! de! la! parole! («!Childhood! apraxia! of! speech!»).! Il! s’agit! d’un!

syndrome!pédiatrique!rare,!grave!et!persistant!au!niveau!du!langage!moteur!mais!aussi!

avec! des! déficits! sensoriBmoteurs! et! cognitifs.! Ainsi! sur! les! 10! patients,! 3! ont! une!
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mutation! dans!CNTNAP2! et! un! patient! a! une!mutation! dans!FOXP1.! Tous! ces! patients!

présentent!une!déficience!intellectuelle!et!un!TSA!en!plus!de!l’apraxie!de!la!parole.!Ces!

observations!renforcent! l’implication!de!CNTNAP22dans!différentes!neuropathologies!y!

compris! les! troubles! du! langage.! Enfin! très! récemment,! l’étude! par! liaison! génétique!

d’une! famille!consanguine!égyptienne!a!permis!d’identifier!chez!des!patients!souffrant!

d’épilepsie!une!mutation!homozygote!dans!CNTN2,!la!protéine!partenaire!de!CNTNAP2!

(Stogmann,!Reinthaler!et!al.!2013).!!

La!majorité!de! ces! résultats! est!basée! sur! l’observation!de!variants! rares!ou!de2

novo,!mais!on!peut!aussi!se!poser!la!question!des!variants!fréquents!de!CNTNAP2!et!de!

leurs!conséquences!phénotypiques!dans!la!population!générale.!

(

2.2(Les(études(d’association(avec(CNTNAP2(

Comme!pour! tout! gène! très!médiatisé,! une!multitude!d’analyses! ont! été! entreprises!

pour! démontrer! l’implication! de! CNTNAP2! dans! différentes! maladies! (Li,! Hu! et! al.!

2010)B(Wang,!Liu!et!al.!2010,!Newbury,!Paracchini!et!al.!2011,!Sharma,!Gao!et!al.!2011,!

Stein,!Yang!et!al.!2011,!Whitehouse,!Bishop!et!al.!2011)B(Peter,!Raskind!et!al.!2011)B(Ji,!

Li!et!al.!2013)B(Toma,!Hervas!et!al.!2013)!ou!trait!de!personnalité(Terracciano,!Sanna!

et!al.!2010).!!!

Concernant! les! troubles!autistiques,! les!premiers! résultats!positifs!d’association!

proviennent! de! deux! études! publiées! en! 2008(Alarcon,! Abrahams! et! al.! 2008,! Arking,!

Cutler! et! al.! 2008).! Il! est! important! cependant! de! rappeler! que! ces! études! ont! été!

effectuées!sur!un!nombre!limité!de!patients!(476!pour!Alarcon!et!al.!(2008)!et!145!trios!

pour!Arkin!et!al.!(2008))!et!qu’elles!ne!détectaient!pas!le!même!SNP!associé!(rs2710102!

pour!Alarcon!et!al.!(2008)!et!rs7794745!pour!Arkin!et!al.!(2008)).!Depuis,!deux!grandes!

études!sur!un!nombre!beaucoup!plus!élevé!de!patients!ont!été!réalisées.!La!première!de!
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Anney!et!al.!(2012)!comporte!une!étude!pangénomique!d’association!(GWAS)!sur!2705!

familles! avec! TSA(Anney,! Klei! et! al.! 2012).! Les! auteurs! ne! trouvent! pas! d’association!

significative! de! SNPs! sur! l’ensemble! du! génome,! mais! cependant! un! des! SNPs! dont!

l’association!aux!troubles!autistiques!est!la!plus!forte!se!trouve!localisé!dans!CNTNAP2!

(rs1718101).! Une! restriction! de! la! cohorte! aux! patients! européens! sans! déficience!

intellectuelle!a!permis!d’augmenter! la! significativité! (PBvalue!=!7,8!×!10−9;!OR!=!2,13).!

Ces! résultats! étaient! très! encourageants,!mais! ceux!d’une! seconde! étude!portant! dans!

une! première! phase! sur! 408! trios! et! 323! familles! multiplexes! et! dans! une! deuxième!

phase!sur!2051!familles!(572!multiplexes!et!1479!trios)!sont!plus!décevants!(Sampath,!

Bhat!et!al.!2013).!En!effet,!si!des!variants!sont!associés!aux!TSA!dans!la!première!phase!

(rs17170073,!p=2!x!10B4;! rs2215798,!p=1,6!x!10B4;! rs2710093,!p=9!x!10B6;! rs2253031,!

p=2,5!x!10B5),!aucun!n’est!trouvé!significativement!associé!dans!la!seconde.!!

! Ces!résultats!montrent!très!vraisemblablement!que!si!des!SNPs!de!CNTNAP2!sont!

associés!à!l’autisme,!ils!ne!confèrent!qu’un!très!faible!risque!individuel.!Ainsi,!un!grand!

nombre! de! patients! et! d’individus! témoins! seraient! absolument! nécessaires! à! la!

détection! d’une! association! statistiquement! significative.! Mais! surtout,! ces! résultats!

pointent!un!très!grand!problème!méthodologique.!En!effet,! ils!posent! la!question!de! la!

pertinence! de! telles! études! d’association! qui! considèrent! l’autisme! comme! un! trait!

binaire! (atteint! vs! non! atteint)! et! qui! négligent! toute! l’hétérogénéité! de! ce! trouble!

complexe.!!

! Plusieurs!études!ont!tenté!de!mettre!en!évidence!une!association!entre!CNTNAP2!

et!des!traits!intermédiaires!entre!les!gènes!et!les!données!cliniques!comme!des!mesures!

d’imagerie!cérébrale!ou!de!potentiels!évoqués!cérébraux.!Un!ou!plusieurs!SNPs!est!donc!

génotypé!et!utilisé!pour!stratifier!les!individus!qui!sont!étudiés.!Ainsi,! il!a!été!rapporté!

que!chez!des!individus!de!la!population!générale,!les!porteurs!homozygotes!de!«!l’allèle!
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à! risque!»! de! rs7794745! présentaient! des! différences! anatomiques! dans! différentes!

régions!du! cerveau! comme!une! réduction!dans! la!matière! grise! et! blanche! au! sein!du!

cervelet,!du!gyrus!fusiforme,!et!du!cortex!frontal.!(Tan,!Doke!et!al.!2010).!Des!analyses!

d’imagerie!fonctionnelle!ont!aussi!montré!des!défauts!de!connectivité!à!longue!distance!

(ScottBVan! Zeeland,! Abrahams! et! al.! 2010,! Dennis,! Jahanshad! et! al.! 2011,! Clemm! von!

Hohenberg,! Wigand! et! al.! 2013)! et! des! anomalies! lors! du! traitement! linguistique!

(augmentation! de! l’activation! dans! le! gyrus! frontal! inférieur! droit! et! dans! le! cortex!

temporal!droit)!(Whalley,!O'Connell!et!al.!2011)!pour!les!porteurs!de!l’allèle!à!risque!de!

rs2710102.!Enfin,!une!analyse!de!mesure!de!potentiels!évoqués!montre!également!des!

différences! lors! de! l’écoute! et! du! traitement! linguistique! de! phrases!mais! cette! fois! ci!

avec!le!SNP!rs7794745!(Kos,!van!den!Brink!et!al.!2012).!!

Si!ces!analyses!apparaissent!attractives!du! fait!qu’elles!peuvent!potentiellement!

donner!des!indications!plus!précises!sur!le!rôle!de!CNTNAP2,!il!est!important!de!noter!

qu’elles! sont! effectuées! sur! un! nombre! relativement! faible! d’individus! (N=32B314)! et!

qu’il!serait!absolument!nécessaire!de!les!répliquer.!Il!est!important!de!noter!qu’aucune!

étude! montrant! l’absence! d’association! sur! l’analyse! des! variants! CNTNAP2! n’a! été!

publiée!à!ce! jour.!Cette!absence!de!résultats!négatifs!pour!les!études!d’associations!est!

bien!connue!et!rend!difficile!les!métaBanalyses.!!

L’une!des!perspectives!de!notre!étude!sera!d’étudier!par! l’imagerie!cérébrale! le!

cerveau!des!porteurs!et!de!non!porteurs!de!l’haplotype!à!risque!de!la!famille!PL.!Même!si!

actuellement! nous! ne! connaissons! pas! le! ou! les! variants! causaux,! il! serait! très!

intéressant! de! connaître! les! différences! anatomiques! et! fonctionnelles! associées! à! cet!

haplotype!à!risque!et!de!voir!s’il!est!similaire!à!ce!qui!a!été!décrit!dans!les!analyses!sur!

les!variants!fréquents!de!CNTNAP2.!

(
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2.3(L’expression(et(la(régulation(de(CNTNAP2(

CNTNAP2!est!le!plus!long!gène!du!génome!humain!(2.3Mb)!et!contient!24!exons!(Figure!

3)(Nakabayashi!and!Scherer!2001).!La!protéine!CNTNAP2!possède!plusieurs!domaines!

protéiques!:! 2! domaines! EGF! (epidermal! grow! factor),! 4! domaines! laminine! G,! 1!

domaine! FA5/8! de! type! C! (discoidin),! 1! domaine! «!fibrinogenBlike!»,! 1! domaine!

«!thrombospondin!NBterminalBlike»,! 1! domaine! «!4.1! binding! domain!»,! 1! domaine!

transmembranaire!et!un!1!site!de!liaison!PDZ.!

Plusieurs! mRNAs! sont! référencés! dans! GenBank! (issus! de! promoteurs!

alternatifs),! mais! seulement! deux! isoformes! sont! décrites! dans! Refseq.! Ces! deux!

isoformes!sont!très!différentes!car!la!plus!grande!contient!tous!les!domaines!protéiques!

alors!que!la!plus!petite!ne!contient!que!le!domaine!transmembranaire,!les!domaines!de!

fixation!aux!protéines!!4.1!et!aux!domaines!PDZ.!
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!

Figure(3.(La(structure(génomique(et(protéique(de(CNTNAP2.!Schéma!de!la!structure!du!

gène! CNTNPA2! et! de! ces! différentes! isoformes! répertorié! dans! GeneBank,! ainsi! que! la! description! des!

domaines!protéiques.!
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!
Figure'4.'Expression'de'CNTNAP2'chez'l’homme.'(a)!Hybridation!in!situ!de!CNTNAP2!dans!le!

cerveau!d’humain!de!19920!semaines!de!gestation!sur!coupe!sagittal!(1010L!et!427L)!et!coronale!(1056!et!

1110).! Les! données! sont! issus! de! Abrahams! et! al! (2007).! (b)! Graphique! issu! du! projet! «! human! brain!

transcriptome! »! (HBT,! http://hbatlas.org/)! montrant! l’expression! au! cours! du! temps! réalisé! sur! 1340!

échantillons! de! tissus! post9mortem! prélevés! à! partir! de! 57! individus.! (c)! Illustration! schématique! des!

niveaux!de!transcrits!CNTNAP2!sur!6!cerveau!adultes.!Les!données!sont!issues!de!la!base!de!données!Allen!

Brain!(http://www.brain9map.org/).!
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!

L’expression! de! CNTNAP2! est! essentiellement! localisée! dans! le! cerveau! mais!

aussi!dans!les!tissus!nerveux!périphériques!comme!la!moelle!épinière(Poliak,!Gollan!et!

al.! 1999).! En! 2007,! Abrahams! et2 al.! publient! leur! travaux! sur! la! comparaison!

d’expression! entre! deux! aires! cérébrales! chez! l’homme! qui! sont! le! gyrus! temporal!

supérieur! et! le! cortex! sur! des! cerveaux! de! 18,6! semaines! de! gestation! (Abrahams,!

Tentler!et!al.!2007).!Ils!ont!ainsi!défini!343!gènes!avec!des!expressions!différentes!entre!

les! deux! aires! cérébrales,! dont! 44! qui! sont! plus! exprimés! dans! le! gyrus! temporal!

supérieur!et!299!plus!exprimés!dans!le!cortex!avec!CNTNAP2.!Par!la!suite!ils!ont!observé!

par! hybridation! in2 situ2 certains! transcrits! dont! CNTNAP2! qui! était! très! fortement!

exprimé!dans! le! cortex! frontal! ainsi!que!dans!plusieurs! structures! sousBcorticales,! aux!

niveaux!du!thalamus!dorsal,!du!noyau!caudé,!du!putamen!et!de!l'amygdale!(Figure!4).!

!

Figure(5.(Interactome(de(CNTNAP2.(Représentation!des!régulations!de!CNTNAP22par!les!facteurs!

de! transcription! TCF4,! FOXP1,! FOXP2! et! STOX1,! ainsi! qu’au! niveau! traductionnel! avec! FMRP.! Puis! les!

interactions!protéineBprotéine!entre!CNTNAP2!et!KCNA1!et!KCNA2,!ZMIZ1,!EPB41L3,!CANX,!PDIA3,!CPE,!

HSPA5,!CASK,!PSD93,!PSD95,!Protéine!4.1,!CNTN2!et!MACF1.!
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!
Lorsque! par! là! suite! ils! ont! comparé! aux! rongeurs! (rat! et! souris)! au!même! stade! de!

développement,!ils!remarquent!que!l’expression!dans!le!cortex!frontal!est!spécifique!de!

l’homme.!A!la!vue!de!ces!résultats,! les!auteurs!posent!l’hypothèse!que!cette!expression!

différentielle! de! CNTNAP2! pourrait! être! un! des! éléments! qui! joue! un! rôle! dans! les!

capacités!cognitives!spécifiques!à!l’homme.!

Plus! récemment! en! 2011,! le! données! du! projet! «!human! brain! transcriptome!»!

(HBT)! montrent! que! l’expression! de! CNTNAP2! est! présente! précocement! dans! le!

développement! embryonnaire! et! semble! se!maintenir! au! cours! du! développement! de!

l’individu!même!si!l’expression!de!celleBci!semble!diminuée!dans!le!cervelet!et!striatum!

ce! qui! n’est! pas! le! cas! de! l’hippocampe,! du! néocortex,! de! l’amygdale! et! noyau! du!

médiodorsal!du!thalamus!(Kang,!Kawasawa!et!al.!2011).!

Même! si! il! est! trop! tôt! pour! faire! une! analogie! entre! les! réseaux! neuronaux!

impliqués!dans!le!chant!chez!l’oiseau!et!dans!la!parole!chez!l’homme,! il!est! intéressant!

de!noter!que!chez!le!Diamant!Mandarin!l’expression!de!CNTNAP2,!comme!pour!FOXP2,!

est! plus! intense! au! niveau! des! noyaux! de! l’arcopallium! qui! sont! associés! au! chant! et!

homologue! à! la! couche! 5! du! cortex! moteur! chez! l’homme(Panaitof,! Abrahams! et! al.!

2010,!Condro!and!White!2013).!En!particulier,!son!expression!était!plus!intense!chez!les!

mâles! en! accord! avec! le! dimorphisme! sexuel! du! chant! dans! cette! espèce(Panaitof,!

Abrahams!et!al.!2010,!Condro!and!White!2013).!!

Plusieurs!études!ont!tenté!de!caractériser!les!facteurs!de!régulation!de!CNTNAP2.!

Ici,!il!est!intéressant!de!rappeler!que!CNTNAP2!est!le!plus!grand!gène!du!génome!et!que!

l’on!peut!estimer!que!la!transcription!d’un!ARNm!prendrait!environ!20h!en!considérant!

une!vitesse!de!transcription!±!20!nucleotides!par!secondes!(Ucker!and!Yamamoto!1984).!

La! transcription! de!CNTNAP2! semble! être! régulée! par! FOXP2,! FOXP1,! TCF4! et! STOX1!
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(Figure! 4).! L’étude! de! Vernes! et2 al.! en! 2008!montre! que! FOXP2! régule! négativement!

CNTNAP2! (Vernes,! Newbury! et! al.! 2008).2Les! auteurs! décrivent! aussi! par! «!chromatin!

immunoprecipitation!»! l’un! des! site! de! fixation! de! FOXP2! au! niveau! de! l’intron! 1! de!

CNTNPA2.!De!plus!dans!le!cortex!cérébral,!Ils!observent!une!coBexpression!de!FOXP2!et!

CNTNAP2!au!niveau!des!couches!II!et!III!du!cortex.!Enfin,!Roak!et!al,!2011,!montre!que,!

comme! FOXP2,! FOXP1! régule! aussi! négativement! ! expression! de! CNTNAP22 (O'Roak,!

Deriziotis!et!al.!2011).!

En! 2012,! Van! Abel! D! et! al! (2012)! rapportent! par! «!chromatin!

immunoprecipitation!»! des! cibles! de! STOXIA! dont! CNTNAP22 (van! Abel,! Michel! et! al.!

2012).! Ils!montrent!aussi!que!CNTNAP2!a!une!expression!diminuée!dans!l'hippocampe!

des!patients!atteints!de!la!maladie!d'Alzheimer!où!l'expression!STOX1A!est!augmentée.!

Ces! résultats! suggèrent! que,! comme! FOXP1! et! FOXP2,! STOX1A! régule! négativement!

CNTNAP2.! Par! contre,! la!même! année,! Forest!et2al.!montrent! grâce! à! une!méthode! de!

«!luciferase! reporter! assay!»!que!TCF4,! qui! par! ailleurs! est!muté!dans! le! syndrome!de!

PittBHopkins! (Rosenfeld,! Leppig! et! al.! 2009),! régule! positivement! l’expression! de!

CNTNAP22(Forrest,!Chapman!et!al.!2012).!

Au! niveau! de! sa! traduction,! il! semblerait! que! les! ARNm! CNTNAP2,! comme!

beaucoup!d’autres!transcrits!de!gènes!associés!à!l’autisme!(Darnell,!Van!Driesche!et!al.!

2011),!soit!une!des!cibles!de!FMRP!(Ascano,!Mukherjee!et!al.!2012).!Il!est!donc!possible!

que!via! la! régulation!par!FMRP,! les!ARNm!de!CNTNAP2!soient! traduits!en! fonction!de!

l’activité!neuronale,!mais!ceci!reste!à!être!démontré.!

!

2.4(Les(multiples(fonctions(de(CNTNAP2((

CNTNAP2! (appelée! aussi!NrxIV!ou!Caspr2)! a! été!découverte! en!1996! chez!Drosophila!

melanogaster!pour!son!rôle!majeur!dans!l’établissement!de!la!formation!et!la!fonction!de!
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la! barrière! hématoBencéphalique(Baumgartner,! Littleton! et! al.! 1996).! Les! embryons!

mutants! sont! paralysés! et! les! études! électrophysiologiques! indiquent! qu’il! y! a! une!

rupture!de!la!barrière!hématoBencéphalique.!Les!auteurs!montrent!ainsi!le!premier!rôle!

d’interaction!celluleBcellule!de!CNTNAP2.! En!1999,!Poliak!et2al.! identifient! l’orthologue!

chez! le! rat! et! montrent! sa! localisation! au! niveau! des! nœuds! de! Ranvier! des! axones!

myélinisés! (Poliak,! Gollan! et! al.! 1999).! Alors! que! la! protéine! CNTNAP1! (ou! Caspr! ou!

Paranodin)! est! présente! aux! jonctions! paradonales! (Einheber,! Zanazzi! et! al.! 1997,!

Menegoz,!Gaspar!et!al.!1997,!Peles,!Nativ!et!al.!1997),!CNTNAP2!est!très!précisément!coB

localisée!avec!les!canaux!potassiques!aux!niveaux!des!régions!juxtaparanodales!(Figure!

6).!D’ailleurs!CNTNAP2!s’associe!directement!au!niveau!de!sa!partie!C! terminale!et!de!

son!domaine!de! fixation!PDZ!avec! les! canaux!Kv1.1,!KV1.2!et!KVbeta2.!Par! la! suite!de!

nombreux! papiers! ont! confirmé! la! localisation! de! CNTNAP2! au! niveau! des! nœuds! de!

Ranvier!et!de!sont!interaction!avec!les!canaux!potassique,!la!protéine!4.1!et!les!protéines!

d’échafaudage! PSD95! et! PSD93(Arroyo,! Xu! et! al.! 2001,! Rasband,! Park! et! al.! 2002,!

Horresh,!Poliak!et!al.!2008,!Horresh,!Bar!et!al.!2010,!Duflocq,!Chareyre!et!al.!2011).!En!

2003,!deux!équipes!montre!le!rôle!essentiel!de!l’association!entre!la!protéine!contactine!

CNTN2!(appelée!aussi!TAG1!ou!AXONIN!1)!et!CNTNAP2!pour! l’organisation!en!cluster!

des! récepteurs!potassique! au!niveau!des! régions! juxtaparanodal! des! fibres!myélinisés!

(Poliak,! Salomon! et! al.! 2003,! Traka,! Goutebroze! et! al.! 2003).! Poliak! et! al.! (2003)!

montrent!une!désorganisation!des!canaux!potassiques!aux!niveau!de!ces!régions!chez!la!

souris! invalidée! pour! CNTNAP2! (Poliak,! Salomon! et! al.! 2003).! Traka! ! et! al.! (2003)!

montrent!que!chez! la!souris! invalidée!pour!CNTN2,!CNTNAP2!ne!s'accumulent!plus!au!

niveau!des!régions!juxtaparanodes,!et!l'enrichissement!normal!des!canaux!K!+!dans!ces!

régions! est! fortement! perturbé,! à! la! fois! dans! le! système! nerveux! central! et!

périphérique.! De! plus! ils! montrent! que! CNTN2! est! exprimée! dans! les! neurones! et!
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cellules!gliales,!et!associe!en!cis!avec!CNTNAP2!au!niveau!de!l’axone!et!en!trans!avec!elle!

même!entre!la!cellule!gliale!et!le!neurone.!!

Enfin,!une!étude!récente!de!Anderson!et!al.!(2012)!nous!renseigne!sur!une!autre!

fonction!de!CNTNAP2!dans! l'assemblage!des! circuits!neuronaux.! Leur! étude!porte! sur!

l’observation! de! culture! de! neurones! corticaux! de! souris! transfectés! par! un! vecteur!

lentiviral!contenant!un!shRNA!qui!diminue! l’expression!de!CNTNAP2.!Cette!diminution!

de!CNTNAP22entraîne!une!baisse!de! l’activité!des!réseaux!neuronaux,!de! l'arborisation!

dendritique! et! du! développement! des! épines! dendritique.! Ceci! est! accompagné! d’une!

modification! morphologique! avec! une! diminution! globale! du! nombre! de! synapses!

excitatrices! et! inhibitrices.! Ces! résultats! obtenus! chez! la! souris! confirment! le! rôle!

synaptique! de! CNTNAP2! déjà! rapporté! chez! Drosophila2 melanogaster,! ou! la!

surexpression!de!NrxBIV2qui! est! l’orthologue!de!CNTNAP22 induit!une!augmentation!du!

nombre!de!boutons!synaptiques!et!des!dendrites!(Zweier,!de!Jong!et!al.!2009).!

Au!vu!de!l’ensemble!de!ces!résultats,!CNTNAP2!remplirait!donc!une!fonction!au!

niveau! de! l’organisation! des! circuits! neuronaux! en! plus! de! sa! fonction! dans!

l’organisation!de!nœud!de!Ranvier.!!
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Figure(6(:(Schéma(de(la(localisation(de(CNTNAP2(au(niveau(des(nœuds(de(Ravier(et(

à(la(synapse.(

2.5(Les(conséquences(possibles(du(dysfonctionnement(de(CNTNAP2(

Les! rôles! de! CNTNAP2! sont!multiples! puisque! cette! protéine! est! présente! à! la! fois! au!

niveau! des! nœuds! de! Ranvier! mais! aussi! au! niveau! synaptique.! En! 2011,! Olga!

Penagarikano!et!al!.!étudient!la!souris!invalidée!pour!CNTNAP2!générée!par!Poliak!et!al.!

(2003)(Poliak,! Salomon! et! al.! 2003)! et! observent! une! certaine! similitude! avec! les!

symptômes! cliniques! des! patients! porteurs! de! mutations! CNTNAP2.! Entre! autres,! les!

souris!présentent!une!épilepsie,!des!troubles!des!interactions!sociales,!des!stéréotypies!

et!de!l’hyperactivité!(Penagarikano,!Abrahams!et!al.!2011).!L’analyse!du!cerveau!montre!

des! ectopies! neuronales! au! niveau! du! corpus! callosum,! suggérant! des! anomalies! de!
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migration! de! neurones.! Dans! le! cortex! somatosensoriel,! il! y! a! un! enrichissement! de!

neurones! dans! les! couche! V! et! VI,! un! appauvrissement! dans! la! couche! II! et! une!

diminution! des! interneurones! GABAergic.! Ces! anomalies! sont! accompagnées! d’une!

diminution!du!niveau!de!synchronisation!des!neurones!dans!le!cortex!somatosensoriel.!

Ainsi,! l’absence! de! CNTNAP2! a! plusieurs! conséquences! à! la! fois! sur! la! migration!

cellulaire,! sur! le! nombre! d’interneurones! GABAergic! et! sur! la! synchronisation! des!

neurones.! On! peut! donc! supposer! que! des! anomalies! similaires! pourraient! être!

présentes!chez!les!patients.!Or!il!semble!qu’effectivement!ce!soit!le!cas.!

Chez! les! patients! d’origine! Amish! et! porteurs! d’une! mutation! homozygote,! les!

données!d’imagerie!montrent!une!augmentation!de!volume!au!niveau!du!lobe!temporal!

droit! ainsi! qu’un! amincissement! de! la! matière! grise! corticale! et! un! flou! à! la! jonction!

entre! la!matière! grise! et! la!matière! blanche! (Strauss,! Puffenberger! et! al.! 2006).! Trois!

patients! ont! subi! une! chirurgie! afin! de! contrôler! leurs! crises! d’épilepsie! qui!

malheureusement! réapparaitront! 6! à! 15! mois! après! la! chirurgie.! L’analyse! des!

prélèvements! a! permis! de!montrer! pour! les! 3! enfants,! des! anomalies! similaires! dans!

l’organisation! et! la! densité! des! neurones! au! niveau! du! cortex! et! de! l’hippocampe.! Les!

neurones!étaient!en!plus!grand!nombre!et!tassés!en!paquet!dans!des!colonnes.!Certains!

neurones! avaient! une! forme! ronde! au! lieu! de! la! forme! pyramidale! normale.! Certains!

avaient! même! deux! noyaux! et! une! organisation! dendritique! anormale,! avec! une!

orientation! inappropriée.!De! nombreux!neurones! étaient! localisés! au!mauvais! endroit!

(ectopie)! et! avaient! peuplé! la! matière! blanche! sous! corticale.! Tous! ces! éléments!

suggèrent!fortement!des!anomalies!de!la!migration!neuronale.!Chez!aucun!des!enfants,!il!

n’y!avait!d’évidence!de!néoplasme,!d’inflammation!ou!de!dysplasie!vasculaire.!!

Si! l’on! reprend! l’ensemble! de! ces! données,! ! il! semblerait! que! l’absence! de!

CNTNAP2! cause! une! altération! des! réseaux! neuronaux! glutamatergiques! et!
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GABAergiques! et! une! désynchronisation! neuronale.! Ces! anomalies! pourraient! alors!

influer!sur!la!migration!des!neurones!au!cours!du!développement!et!induire!les!ectopies!

observées! à! la! fois! chez! la! souris! et! l’homme.! Ce! problème! d’ordre! développemental!

pose! ainsi! la! question! de! la! réversibilité! de! telles! anomalies! chez! les! enfants! et! les!

adultes! porteurs! des! mutations! CNTNAP2! (Delorme,! Ey! et! al.! 2013).! Un! résultat!

encourageant! obtenu! chez! la! souris! invalidée! pour! Cntnap2! est! l’effet! positif! du!

traitement!par! le! risperidone!qui! semble!améliorer!une!partie!des! symptômes! chez! la!

souris!comme!les!comportements!stéréotypés(Penagarikano,!Abrahams!et!al.!2011).!!

!

2.6(Vers(la(confirmation(d’un(défaut(de(migration(neuronal(pour(un(sous(groupe(

de(patients(atteints(d’autisme(ou(et(dyslexie(?((

Plusieurs!fois!au!cours!de!cette!thèse,!nous!avons!croisé!le!chemin!de!CNTNAP2.!Ce!gène!

est! connu!pour! l’autisme!et!nous!montrons!qu’il! est!aussi!en!cause! très!probablement!

dans! la!dyslexie.!De!plus,!même!si!nos!résultats!ne!sont!que!préliminaires,!nous!avons!

aussi!détecté!une!association!significative!entre!des!SNPs!de!CNTNAP2!et!l’autisme!chez!

un!sousBgroupe!de!patients!des!îles!Faeroe.!!

La!piste!déjà!proposée!des!anomalies!de!migration!neuronale!dans!la!dyslexie!et!

l’autisme!pourrait!donc!se!confirmer!avec!nos!résultats!qui! impliquent!CNTNAP2!dans!

ces!deux!syndromes.!Néanmoins!au!vu!des!résultats!sur!les!altérations!produites!par!les!

mutations! CNTNAP2! au! niveau! du! cerveau! chez! l’homme! et! les! modèles! animaux,!

d’autres! pistes! subsistent,! comme! des! anomalies! de! la!myélinisation! des! axons,! de! la!

synchronisation! des! neurones.! Il! est! trop! tôt! pour! établir! sur! la! base! de! résultats!

purement! génétiques! des! hypothèses! solides! sur! les!mécanismes! physiologiques! et! le!

rôle!de!CNTNAP2.!Néanmoins,!nous!pouvons!proposer!plusieurs!pistes!pour!des!études!

ultérieures.!
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Il! faudrait! que! nous! puissions! investiguer! plus! précisément! les! porteurs! des!

allèles! à! risque! soit! par! l’analyse! de! neurones! issus! de! cellules! pluripotentes! induites!

(IPSC)!soit!par!l’analyse!en!imagerie!cérébrale.!Au!niveau!cellulaire,!il!serait!intéressant!

de!quantifier!la!quantité!de!transcrits!CNTNAP2!chez!les!porteurs!et!les!non!porteurs!de!

l’allèle!à!risque!et!aussi!de!voir!s’il!y!a!une!différence!au!niveau!de!la!morphologie!des!

neurones,! des! synapses,! des! épines! dendritiques! et! des! réseaux! neuronaux.! Une!

question!reste!à!définir!dans!quel! type!de!neurones!nous!devons!différencier! les! IPSC.!

Au! vu! des! résultats! d’expression,! nous! pourrions! commencer! par! des! neurones!

corticaux! comme! le! laboratoire! vient! de! le! faire! en! collaboration! avec! Alexandra!

Benchoua! pour! l’étude! des!mutations! SHANK32 (Boissart,! Poulet! et! al.! 2013).! Et! si! les!

résultats!sont!concluants,!nous!pourrions!utiliser!ces!cellules!pour!tester!des!molécules!

pour!restaurer!les!fonctions!altérées.!La!question!reste!ouverte!sur!la!conséquence!des!

variants! sur! les! possibles! anomalies! de! régulation! de! CNTNAP2! (plus! ou! moins! de!

transcrits!?,!epissage!aberrant!?)!!Une!autre!piste!est!aussi! celle!des!différents! facteurs!

de!transcription!qui!régulent!CNTNAP2.!L’identification!de!ces!facteurs!de!transcription!

et!de!leurs!réseaux!de!gènes!cibles!permettra!peut!être!de!mieux!interpréter!les!analyses!

génome! entier! en! ciblant! ces! réseaux! de! gènes! et! de! cibler! des! traitements! plus!

efficacement!pour!les!patients.!De!plus!une!analyse!de!séquençage!à!grande!échelle!des!

allèles!à!risque!définie!au!cours!de!nos!travaux!dans!la!famille!PL,!permettrait!de!définir!

si!cet!haplotype!à!risque!est!plus!représenté!chez!les!patients!dyslexiques!que!chez!les!

témoins,!voire!à!l’élargir!à!d’autres!pathologies!comme!les!TSA!et!la!schizophrénie.!Des!

analyses! en! imagerie! pourraient! aussi! nous! renseigner! sur! les! circuits! différemment!

activés!chez!les!porteurs!de!l’allèle!à!risque.!De!nouveau,!les!questions!restent!ouvertes!

si!c’est!une!hypoB!ou!une!hyperBactivation!?!et!dans!quelles!régions!du!cerveau!?!Enfin,!

chez!un!individu,!la!mutation!CNTNAP2!n’est!probablement!pas!le!seul!facteur!génétique!
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impliqué.!Il!serait!donc!intéressent!de!réaliser!une!étude!génétique!(puce!à!ADN,!exome!

ou!génome!entier)!des!patients!(et!de!leurs!parents!et!germains)2porteurs!de!mutations!

CNTNAP2! afin! d’identifier! d’autres! mutations.! Cette! étude! minutieuse! permettrait! de!

mieux!comprendre!l’hétérogénéité!de!ces!maladies!associées!à!CNTNAP2.!!

! !
(
(

Perspectives(générales(

L’évolution! a! modelé! nos! capacités! cognitives,! en! développant! certaines! aires! du!

cerveau! grâce! à! la! fonction! de! certains! gènes! comme! très! probablement! FOXP2! et!

CNTNAP22pour!le!langage.!La!génétique!peut!ainsi!permettre!d’identifier!des!facteurs!qui!

influencent! le! cerveau! au! cours! de! son! développement.! Néanmoins,! d’autres! facteurs!

sont! importants!comme!les!mécanismes!épigénétiques!sans!parler!des!effets!multiples!

de!l’environnement.!Il!est!important!de!rappeler!que!le!développement!du!cerveau!chez!

l’homme!ne!peut!être!réduit!au!génome!et!encore!moins!à!un!seul!gène.( !
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ABSTRACT: The genetic heterogeneity of neuro-
psychiatric disorders is high, but some pathways
emerged, notably synaptic functioning. A large number
of mutations have been described in genes such as neuro-
ligins, neurexins, and SHANK that play a role in the for-
mation and the maintenance of synapses. This review
focuses on the disorders associated with mutations in
SHANK3 and the other members of its family, SHANK1
and SHANK2. SHANKs are scaffolding proteins of the
postsynaptic density of glutamatergic synapses. SHANK3
has been described in the Phelan-McDermid syndrome
(PMS), but also in autism spectrum disorders (ASD) and
schizophrenia associated to moderate to severe intellec-
tual disability (ID) and poor language. The evolution of
patients with PMS includes symptoms of bipolar disorder

and regression. SHANK2 has been identified in patients
with ASD with mild to severe ID. SHANK1 has been asso-
ciated with high-functioning autism in male patients,
while carrier females only display anxiety and shyness.
Finally, based on neuropathological findings in animal
models and patients, a possible role of SHANK in Alzhei-
mer’s disease is discussed. Altogether, this review
describes the clinical trajectories associated with differ-
ent mutations of the SHANK genes and provides informa-
tion to further investigate the role of the SHANK genes in
neuropsychiatric disorders. VC 2013 Wiley Periodicals, Inc.

Develop Neurobiol 00: 000–000, 2013

Keywords: SHANK; neuropsychiatric disorders;
Phelan-McDermid syndrome

INTRODUCTION

The genetic landscapes of neuropsychiatric disorders
are complex and highly heterogeneous. Due to the

absence of classical Mendelian segregation, the ini-
tial genetic models for these complex traits involved
many genes with low effect. More recently, however,
the identification of apparently monogenic forms of
autism spectrum disorders (ASD) or schizophrenia
was in favor of a combination of low effect alleles
and rare mutations with medium to high penetrance.
During the last decade, many neuropsychiatric disor-
ders have been associated with genetic mutations or
genomic imbalance known as copy number varia-
tions. To date, the causative genes usually account
for less than 1% of the patients, but remarkably the
same biological pathways are emerging in different
neuropsychiatric disorders such as ASD and
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schizophrenia. Among these biological pathways,
one of the most studied is composed of synaptic
genes such as neuroligins, neurexins, and SHANK
(Jamain et al., 2003; Durand et al., 2007; Toro et al.,
2010). These proteins are crucial for synapse forma-
tion and maintenance as well as for correct excitatory
and inhibitory balance (Sudhof, 2008). In this review,
we will focus on the role of the SHANK gene family
in neuropsychiatric disorders.

There are three SHANK genes in the human
genome that are expressed in different regions of the
brain. SHANK genes code for large synaptic scaffold
proteins and bind to a variety of other proteins at the
post-synaptic density (PSD) of excitatory synapses
(Naisbitt et al., 1999) (Fig. 1). The SHANK1 gene is
located on chromosome 19q13.33, spans 55.1 kb and
contains 23 exons and two alternative promoters lead-
ing to two distinct isoforms. It is highly expressed in
mouse cerebral cortex and hippocampus (Lim et al.,
1999; Bockers et al., 2004). The SHANK2 gene is
located on chromosome 11q13.3, and spans 621.8 kb.
It contains 25 exons, three alternative promoters and
one alternative stop codon leading to four distinct iso-
forms (Du et al., 1998; Boeckers et al., 1999). In
mouse, Shank2 is broadly expressed in the brain with
a high expression in cerebellar Purkinje cells (Boeck-
ers et al., 1999; Bockers et al., 2004; Peca et al., 2011;
Schmeisser et al., 2012). The SHANK3 gene is located

on chromosome 22q13.3 and spans 55.1 kb. It con-
tains 24 exons and one alternative stop codon located
in the exon 21b leading to three distinct isoforms. It is
highly expressed in mouse thalamus and striatum and
in cerebellar granule cells (Boeckers et al., 1999;
Naisbitt et al., 1999; Durand et al., 2007; Peca et al.,
2011; Ey et al., 2012).

SHANK proteins assemble into large molecular
platforms at the PSD interconnecting proteins of the
postsynaptic membrane with the actin cytoskeleton
of the dendritic spine. SHANK2 is among the first
proteins to be expressed at the developing PSD fol-
lowed by SHANK3. Major interaction partners
include members of the NMDA receptor complex,
members of the metabotropic glutamate receptor
complex and actin-associated proteins (Fig. 1)
(Boeckers et al., 2002; Grabrucker et al., 2011; Ver-
pelli et al., 2012). The role of SHANK proteins has
been investigated in rodents. Shank1 knock-out mice
display increased anxiety, decreased vocal communi-
cation, decreased locomotion and remarkably,
enhanced working memory, but decreased long-term
memory (Hung et al., 2008; Silverman et al., 2011;
Wohr et al., 2011). Shank2 knock-out mice present
with hyperactivity, increased anxiety, repetitive
grooming, and abnormalities in vocal and social
behaviors (Schmeisser et al., 2012; Won et al., 2012).
Shank3 knock-out mice show self-injurious repetitive

Figure 1 Interaction network of the SHANK at the post-synaptic density of glutamatergic synapses.
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grooming, and deficits in social interaction and com-
munication (Bozdagi et al., 2010; Peca et al., 2011;
Wang et al., 2011; Yang et al., 2012).

In humans, the SHANK3 gene was the first to be
studied notably because of its role in Phelan-
McDermid syndrome (PMS) (see below), but more
recently, SHANK1 and SHANK2 have also been
implicated in diverse neuropsychiatric conditions.
This review summarizes the genetic and clinical find-
ings of studies investigating the role of SHANK genes
in a broad range of clinical conditions including
PMS, ASD, schizophrenia, bipolar disorders, and
Alzheimer disease (Fig. 2).

PHELAN-MCDERMID SYNDROME

The PMS is a contiguous gene syndrome, caused by a
22q13 deletion encompassing several genes such as
ACR, RABL2B, MGC70863, and SHANK3 (for
review see (Phelan and McDermid, 2012)). The first
case of 22q13 deletion syndrome has been reported
in 1985 in a child with severe intellectual disability
(ID), absence of speech and facial dysmorphism, in a
family with a pericentric inversion at chromosome 22
leading to a mosaic partial trisomy 22 in his mother
and siblings (Watt et al., 1985). Nesslinger et al.
(1994) reported additional cases and suggested that it
might be a recognizable syndrome. Phelan et al.
(2001) reported a comprehensive description of 37
cases that led to the definition of the PMS. To date,
over 600 cases have been reported leading to the
detailed clinical description of the syndrome. More
than 75% of cases with PMS display global develop-
mental delays, absent or severely delayed speech,
normal or accelerated growth, neonatal hypotonia,
and facial dysmorphism (Phelan and McDermid,
2012). ASD have been described in approximately
half of the patients. Seizures were also described in
>25% of cases, such as grand mal, focal and absence
seizures, and continuous spike and waves during
slow-wave sleep syndrome. To date, no specific elec-
troencephalogram profile was associated with PMS
(Lesca et al., 2012; Phelan and McDermid, 2012).

Deletion sizes are variable ranging from <100 kb to
>9 Mb. Except for two patients (Wilson et al., 2008),
all patients with PMS have a 22q13 deletion leading to
the haploinsufficiency of four genes: SHANK3, ACR,
RABL2B, and MGC70863. Small deletions of 140 kb
were described in several cases with a similar break-
point between exons 7 and 8 of SHANK3 (Bonaglia
et al., 2006; Durand et al., 2007). The breakpoint is
located in a short genomic region, highly rich in
guanine and with a high probability of being in a

G-quartet conformation (Durand et al., 2007). The
G-quartet structure seems to be more prone to genomic
rearrangements than the classical structure of double
helix DNA (Durand et al., 2007). The patients carrying
these small deletions present with mild ID, speech
delay, autistic features, and psychomotor epilepsy
(Flint et al., 1995; Anderlid et al., 2002).

The first evidence of SHANK3 as a main gene associ-
ated with the neuropsychiatric features of patients with
PMS was the description of a patient with a de novo
reciprocal balanced translocation t(12;22)(q24.1;q13.3)
interrupting SHANK3 in exon 21 (Bonaglia et al.,
2001). His phenotype was typical for patients with
PMS: mild ID, severe speech delay, mild hypotonia,
and minor facial dysmorphism. A (22;X) translocation
encompassing the last 2 exons of SHANK3 and part of
ACR has been observed in a patient with a PMS like
phenotype, further supporting the role of SHANK3 in
this syndrome (Misceo et al., 2011).

SHANK AND AUTISM SPECTRUM
DISORDERS

Durand et al. (2007) described three patients with
ASD, severe/profound ID, and language delay or
absence of speech carrying SHANK3 interstitial or
terminal deletion or frameshift mutation. Interestingly,
the brother of the patient carrying the 22qter deletion
had the reciprocal 22qter duplication and was diag-
nosed with Asperger syndrome, suggesting a gene
dosage effect of SHANK3. Moessner et al. subse-
quently screened 400 patients with ASD for variants in
SHANK3 and also found two families with a de novo
deletion segregating with ASD, a point mutation, and a
deletion in a proband associated to a reciprocal duplica-
tion in her sister with attention deficit and hyperactivity
disorder (ADHD) (Moessner et al., 2007). These
patients presented with ASD, moderate to severe ID,
and poor or no language. Gauthier et al. (2009)
reported a de novo splice site mutation in a patient with
autism and a functionally deleterious L68P mutation in
a patient with PDD-NOS, inherited from her father
who suffered from epilepsy. Finally, Boccuto et al.
(2013) further supported the involvement of SHANK3
in ASD with the description of a group of patients car-
rying deleterious mutations (Boccuto et al., 2013).
Such deleterious variants have also been reported in
patients with ASD and severe delayed speech develop-
ment in the Japanese population (Waga et al., 2011).

Beyond the recurrent involvement of SHANK3 in
ASD, several studies also identified deleterious muta-
tions of SHANK2 and SHANK1. Berkel et al. (2010)
described three patients with ASD and ID with
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Figure 2 Clinical features and possible trajectories of patients carrying heterozygous deleterious
mutations or copy number variations in the different SHANK genes. A: SHANK1 deletions and
mutations cause high-functioning autism in males. The T allele of SNP rs3810280 in the SHANK1
promoter has been associated with reduced working memory in patients with SCZ. Decreased level
of SHANK1 has been observed in brain of mouse models and patients with AD. B: SHANK2 muta-
tions/deletions/translocations are found in patients with ASD and mild to moderate intellectual dis-
ability. SHANK2 level is increased in brain of patients with AD. C: SHANK3 mutations/deletions/
translocations are associated with Phelan-McDermid syndrome, ASD, and SCZ with moderate to
severe ID and epilepsy in >25% of cases. Bipolar disorder and regression was described in adult
patients with Phelan-McDermid syndrome. Duplications were observed in patients with high-
functioning autism, ADHD or SCZ. SHANK3 level is decreased in both brains of mouse models of
AD and patients with AD. AD 5 Alzheimer’s disease, ADHD 5 attention deficit hyperactivity dis-
order, ASD 5 autism spectrum disorders, BPD 5 bipolar disorders, IQ 5 intellectual quotient,
SCZ 5 schizophrenia. Plain lines indicate phenotypic outcomes already associated with SHANK
genes mutations and dotted lines show candidate disorders that should be screened for SHANK
genes mutations.
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de novo heterozygous SHANK2 deletions. A group of
seven patients with ASD and ID (one of them present-
ing with ID only) were also carriers of rare nonsynon-
ymous mutations predicted as deleterious, but
inherited from an unaffected parent. Five independent
studies then reported additional de novo heterozygous
SHANK2 deletions in patients with ASD, speech, and
developmental delay, and moderate ID (Pinto et al.,
2010; Wischmeijer et al., 2011; Leblond et al., 2012;
Schluth-Bolard et al., 2013; Chilian et al., 2013). Leb-
lond et al. also observed an enrichment of mutations
affecting conserved amino acids and altering synapse
density in patients with ASD (Leblond et al., 2012).
Interestingly, two patients with SHANK2 deletion
(Leblond et al., 2012) and a patient with a transloca-
tion disrupting SHANK2 (Chilian et al., 2013) also
carried a CHRNA7 duplication and ARHGAP11B
deletion at 15q11-q13. The low probability of such a
co-occurrence suggested that an epistasis could exist
between the SHANK2 gene and genes on chromosome
15q11-q13. A third patient with a SHANK2 deletion
also carried a deletion at 15q11-q13 removing the
CYFIP1 gene that codes a partner of the fragile
X protein FMRP (Leblond et al., 2012).

The role of SHANK1 in ASD was first reported by
Sato et al. (2012). An inherited deletion of 63.8 kb,
encompassing SHANK1 and the CLEC11A gene, was
segregating in six individuals from the same family.
Interestingly, the four males presented with high-
functioning autism or broader autism phenotype, while
the two females carrying the same deletion only
displayed anxiety and shyness. These results suggested
that females were protected from the impact of
SHANK1 deletions. In an independent family, a de
novo 63.4 kb deletion encompassing SYT3 and the last
three exons of SHANK1 was identified in a male
patient with high-functioning autism. Based on these
results, SHANK1 deletions might be associated with
high-functioning autism in males. As for SHANK2,
multiple hits might be also present. A nonsense muta-
tion in the protocadherin PCDHGA11 (located on a
different chromosome than SHANK1) was observed in
the six family members carrying the SHANK1 deletion
and a deletion of the SYT3 gene was also found in the
sporadic case from the second family.

In summary, mutations of all SHANK genes were
associated with ASD, but additional studies are
warranted to better ascertain their prevalence and the
clinical trajectories of the patients.

SHANK AND SCHIZOPHRENIA

In 2010, Gauthier et al. sequenced the coding regions
of SHANK3 in 185 patients with schizophrenia

(Gauthier et al., 2010). They reported two de novo
SHANK3 mutations in two unrelated families. In one
family, three brothers were carrying a R1117X de
novo SHANK3 truncating mutations most likely due to
a germline mosaicism in the father. All three patients
have been diagnosed with schizophrenia (schizoaffec-
tive disorder in the proband) and borderline to moder-
ate ID. The older brother presented with ADHD in
childhood and had one seizure episode at 10 years old.
He was described as having a mild ID. The younger
brother had atypical chronic psychosis and a moderate
ID. None of them had dysmorphic features. In the
second family, the proband was carrying a de novo
R536W SHANK3 mutation. She had a borderline ID
(global intellectual quotient (IQ) of 73) in addition to a
schizoaffective disorder. First schizoaffective symp-
toms emerged when he was 11. She had normal
growth, no dysmorphic features, speech impairment,
and poor academic and social performance.

In 2007, Failla et al. reported a patient with a 5.4
Mb 22q13.3-qter duplication encompassing SHANK3
(Failla et al., 2007). She presented with a normal
development until 13 years old. At this age, she started
to display behavioral problems, with auditory halluci-
nations, loss of self-control and dysfunction of self-
awareness, disorientation, followed by aggressiveness
and sleep disturbances. She had a global IQ of 73 at
age 20. She also displayed psychomotor restlessness,
muscular hypotonia, and attention deficit, together
with impaired ideation, incoherent speech, irritability,
sexually related problems, unstable temper, and com-
promised general affectivity. She presented adaptive
difficulties, apathy, and poor personal hygiene leading
to the diagnosis of borderline intellectual functioning
and disorganized schizophrenia. She presented with a
facial dysmorphism, scoliosis, splayfoot with valgus
hallux, and joint hyperlaxity.

To date, there is no report of SHANK1 and
SHANK2 mutation screening in patients with schizo-
phrenia. However, Lennertz et al. (2012) analyzed 5
SHANK1 SNPs in 199 patients with schizophrenia
and 206 controls and found a significant association
between the T allele of SNP rs3810280 (p < 0.001,
resisting Bonferroni correction) located in SHANK1
promoter and reduced auditory working memory in
patients with schizophrenia, which was replicated in
77 individuals at-risk for schizophrenia (p 5 0.044).
Interestingly, a previous pharmacological study
showed effects of the antipsychotic drugs clozapine
and haloperidol, used in the treatment of schizophre-
nia, on shank1 density (Critchlow et al., 2006). These
results need replications on a larger cohort, but could
point at one low effect allele affecting SHANK1
expression.
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SHANK AND BIPOLAR DISORDER

In 1996, Sovner et al. reported a 21-year-old patient
with a ring chromosome 22 diagnosed with atypical
bipolar disorder (Sovner et al., 1996). While there is
no detailed molecular analysis, the patient phenotype
was most likely a 22q13 deletion syndrome involving
SHANK3. Following this initial publication, four
independent studies reported the development of
atypical bipolar disorder accompanied by a loss of
skills in adult patients with PMS.

The two first studies reported the same family with
two affected brothers with PMS (Verhoeven et al.,
2012; Willemsen et al., 2012). Until the age of 17,
the development of the younger brother was marked
by the severity of the ID and hyperactivity together
with temper tantrums and absence of language. At
this age, in a couple of weeks, he began to lose
weight, display sleep disturbances, but also changed
his behavior with a loss of interest in daily activities,
an increase of his social withdrawal and his repetitive
behaviors with a marked anxiety. A severe major
depressive disorder was first diagnosed followed by
an atypical bipolar disorder. The elder brother also
had a development delay but with a mild ID. At age
27, he presented with recurrent major depressive epi-
sodes and unstable pattern of mood. He was also
diagnosed with atypical bipolar disorder, but less
severe and with a later onset.

An additional case-report described four patients
with PMS and bipolar disorder (Denayer et al.,
2012). All individuals presented with severe to pro-
found ID, ASD, self-absorbing behaviors and—for
one of them—problems with social relationship, dis-
ruptive behaviors, and anxiety. The diagnosis of
bipolar disorder was based on the presence of at least
one manic episode with irritable mood, psychomotor
agitation, decreased need for sleep, and increased
babbling and talking, despite these patients otherwise
did not talk. One patient was diagnosed with ADHD.
One common feature of these patients is a loss of
skills after adolescence or in early adulthood, such as
deterioration in language, motor coordination, a
progressive rigidity of the posture with shuffling gait,
loss of the ability to do handwork and to eat with a
knife and fork, a reduced eye contact, and diminished
social interest. One patient was hospitalized after a
probable benzodiazepine overdose leading to blood
pressure fall and decreased consciousness followed
by a catatonic period. After this episode, she lost her
language, stopped interacting with others and did no
longer recognize her mother, with increased mood
swings. She stopped eating independently and also
lost continence. Another bipolar patient developed a

malignant neuroleptic syndrome during a substantial
manic episode at 27 years old, after which he lost the
ability to walk or eat independently, with a long
recovery period. At 40 years, he underwent a septic
shock and indefinitely lost language, walking, inde-
pendent eating and dressing, and continence. One of
the patients who suffered from epilepsy became
totally dependent and bedridden after a prolonged
epileptic state.

Vucurovic et al. also described a patient with a
de novo complex multiple deletion encompassing at
least six SHANK3 exons and the genes ACR,
RABL2B, and RPL23AP82 (Vucurovic et al., 2012).
At 3 years old, he displayed inattention, hyperactiv-
ity, and impulsive behavior with severe language
delay. He was diagnosed with severe ID without
autistic traits at 6 years old. He also developed a non-
specific sleep disorder. At 16 years old, he presented
a depressive episode and social isolation, followed by
psychomotor agitation and insomnia with impulsive-
ness and aggressiveness. He was hospitalized in inpa-
tient psychiatric service where total insomnia with
psychomotor agitation, anorexia, poor attention, dis-
inhibited behavior, affected instability, euphoric, and
then expensive mood with rapid depressive shifts
were notably noticed. A diagnosis of affective bipolar
disorder not otherwise specified was given. However,
an early dementia was also hypothesized because of
stereotyped behavior and regression of expressive
speech and bladder control loss at 17 years old. In
accordance with this, the protein profile observed in
his cerebrospinal fluid was reminiscent to those of
patients with Alzheimer’s type dementia.

Finally, the first geriatric case with PMS was
recently reported by Verhoeven et al. (2013). The
early development of the patient was similar to the
patients with PMS. During adulthood, she was diag-
nosed with atypical bipolar affective disorder. She
had a mood dysregulation with disinhibited behaviors
and sleep disturbances. She had an increasing toler-
ance to pain and her behavior gradually deteriorated
in her 60’s with severe sleep disturbances and gross
motor perseveration.

SHANK AND ALZHEIMER’S DISEASE

A majority of patients with SHANK3 deleterious
mutations seems to experience a significant loss of
skills during adulthood, but little is known on the
clinical trajectories of elderly individuals carrying
deleterious SHANK mutations. While there is
currently no SHANK mutation screening reported in
patients with Alzheimer’s disease (AD), three
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neurobiological studies pointed out a possible link
between SHANK and AD pathophysiology. Amyloid-
beta (Ab) oligomers are markers of AD that accumu-
late in the forebrains of patients (Hardy and Selkoe,
2002). Following this observation, a mouse model for
AD was made that overexpresses the amyloid precur-
sor protein (APP) (Quon et al., 1991). Treatment of
rat frontocortical neurons with the 1–40 Ab isoform
led to decreased synaptic levels of HOMER1B,
mGluR1, and SHANK1 (Roselli et al., 2009). A simi-
lar decrease in SHANK1 and SHANK3 was observed
in the brain of the APP transgenic mice (Pham et al.,
2010). Finally, the same authors provided support for
a decrease of SHANK1 level in the frontal cortex of
patients with AD. Independently, Gong et al. (2009)
observed an increase of SHANK2 levels in synapto-
somes isolated from middle frontal gyrus in patients
with AD as compared with controls. Remarkably, as
mentioned previously, a low level of Ab (479 mg/L)
in the cerebrospinal fluid was also detected in a
patient with bipolar disorders and carrying a
SHANK3 deletion.

Taken together, one can hypothesize that SHANK
dysregulation might be part of the molecular pathol-
ogy of AD and that patients with SHANK mutations
could evolve with an AD. Future screening of
SHANK genes in patients with AD should ascertain
whether or not mutations in SHANK genes could be
risk factors for AD.

DISCUSSION

Historically, the role of SHANK genes in neuro-
psychiatric disorders has been discovered with the
description of patients with PMS carrying deletions
that encompass SHANK3. Given the high frequency
of autism in this disorder, SHANK3 copy-number
variants and mutations were assessed in large cohorts
of patients with ASD. This strategy revealed to be
successful. The emerging neuropsychiatric phenotype
of patients with SHANK3 deletions or mutations
includes ASD, moderate to severe ID, and absence or
delay of language, but also, less frequently, mood
instability, delirium, hallucinations and, early or late
cognitive regression. Following these results,
SHANK3 mutations were also described in cases with
schizophrenia and ID and non-syndromic ID,
suggesting that haploinsufficiency of SHANK3 is a
risk factor for a broad range of neuropsychiatric
disorders.

Given the implication of SHANK3 in these disor-
ders and the existence of two other members of the
family, attention was paid on SHANK1 and SHANK2.

SHANK2 deletions and mutations have been
described in ASD and mild to moderate ID, and non-
syndromic ID, with a potential epistasis with
CHRNA7 duplication that co-occurred in independent
cases of SHANK2 deletions. Finally, SHANK1 dele-
tions have been reported in males with high-
functioning autism, while the carrier females only
display anxiety and shyness.

Altogether, a gradient of severity seems to appear
depending on which SHANK gene is mutated. Appa-
rently, mutations of SHANK3 lead to a severe pheno-
type, while mutations in SHANK2 or SHANK1 are
associated with a milder phenotype or even no
psychiatric phenotype in females. The reason why
the clinical phenotype varies from one SHANK gene
to another remains largely unknown. The different
patterns of expression in different brain regions and
at different times during the development might
partly explain the distinct phenotypic consequences.
In addition, even within one group of patients with
SHANK3 mutations, the clinical trajectories of the
patients can be very different (ID only, ASD, schizo-
phrenia, and bipolar disorder) (Fig. 2). One of the
common clinical features observed in patients with
SHANK3 mutations is the presence of ID. Why some
patients will develop ASD or later in life schizophre-
nia or bipolar disorders remains unknown. The identi-
fication of additional genetic and/or environmental
factors influencing the clinical trajectories will prob-
ably help to make a better diagnosis of these patients.

One key area of research that needs to be explored
in more details in the future concerns the dysregula-
tion of SHANK proteins in AD together with the
very frequent regression undergone by adult patients
carrying SHANK3 mutations. Patients with mutations
in a SHANK gene should therefore benefit from a
follow-up when they reach adult age to monitor
potential regression. Several genes such as MAPT on
chromosome 17q21 are already known to play a role
in both early onset psychoses and late dementias
(Shaw-Smith et al., 2006). Deletions of MAPT cause
ID, while duplication and mutations are involved in
fronto-temporal dementia (Hutton et al., 1998;
Rovelet-Lecrux et al., 2010).

In summary, since the first mutations identified in
SHANK genes, there was a spectacular increase in our
knowledge on the role of SHANK in neuropsychiatric
disorders. We have a better idea on the clinical pheno-
types associated with SHANK mutations. Mouse
models for each Shank gene were developed to char-
acterize the mechanisms involved in the synaptic and
behavior deficits. In the very near future, human
neuronal cells carrying SHANK mutations will be
derived from induced pluripotent stem cells in order to
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ascertain the synaptic deficits within the genomic
background of the patients. This tight collaborative
work between geneticists, neurobiologists, and clini-
cians should lead to a better diagnosis and to the iden-
tification of novel knowledge based treatments.

REFERENCES

Anderlid BM, Schoumans J, Anneren G, Tapia-Paez I,
Dumanski J, Blennow E, Nordenskjold M. 2002. FISH-
mapping of a 100-kb terminal 22q13 deletion. Hum
Genet 110:439–443.

Berkel S, Marshall CR, Weiss B, Howe J, Roeth R, Moog
U, Endris V, et al. 2010. Mutations in the SHANK2 syn-
aptic scaffolding gene in autism spectrum disorder and
mental retardation. Nat Genet 42:489–491.

Boccuto L, Lauri M, Sarasua SM, Skinner CD, Buccella D,
Dwivedi A, Orteschi D, et al. 2013. Prevalence of
SHANK3 variants in patients with different subtypes of
autism spectrum disorders. Eur J Hum Genet 21:310–
316.

Bockers TM, Segger-Junius M, Iglauer P, Bockmann J,
Gundelfinger ED, Kreutz MR, Richter D, et al. 2004. Dif-
ferential expression and dendritic transcript localization
of Shank family members: Identification of a dendritic
targeting element in the 30 untranslated region of Shank1
mRNA. Mol Cell Neurosci 26:182–190.

Boeckers TM, Bockmann J, Kreutz MR, Gundelfinger ED.
2002. ProSAP/Shank proteins—A family of higher order
organizing molecules of the postsynaptic density with an
emerging role in human neurological disease. J Neuro-
chem 81:903–910.

Boeckers TM, Winter C, Smalla KH, Kreutz MR,
Bockmann J, Seidenbecher C, Garner CC, et al. 1999.
Proline-rich synapse-associated proteins ProSAP1 and
ProSAP2 interact with synaptic proteins of the SAPAP/
GKAP family. Biochem Biophys Res Commun 264:
247–252.

Bonaglia MC, Giorda R, Borgatti R, Felisari G, Gagliardi
C, Selicorni A, Zuffardi O. 2001. Disruption of the
ProSAP2 gene in a t(12;22)(q24.1;q13.3) is associated
with the 22q13.3 deletion syndrome. Am J Hum Genet
69:261–268.

Bonaglia MC, Giorda R, Mani E, Aceti G, Anderlid BM,
Baroncini A, Pramparo T, et al. 2006. Identification of a
recurrent breakpoint within the SHANK3 gene in the
22q13.3 deletion syndrome. J Med Genet 43:822–828.

Bozdagi O, Sakurai T, Papapetrou D, Wang X, Dickstein
DL, Takahashi N, Kajiwara Y, et al. 2010. Haploinsuffi-
ciency of the autism-associated Shank3 gene leads to
deficits in synaptic function, social interaction, and social
communication. Mol Autism 1:1–5.

Chilian B, Abdollahpour H, Bierhals T, Haltrich I, Fekete
G, Nagel I, Rosenberger G, et al. 2013. Dysfunction of
SHANK2 and CHRNA7 in a patient with intellectual
disability and language impairment supports genetic epis-
tasis of the two loci. Clin Genet. [Epub ahead of print]

Critchlow HM, Maycox PR, Skepper JN, Krylova O. 2006.
Clozapine and haloperidol differentially regulate dendri-
tic spine formation and synaptogenesis in rat hippocam-
pal neurons. Mol Cell Neurosci 32:356–365.

Denayer A, Van Esch H, de Ravel T, Frijns JP, Van
Buggenhout G, Vogels A, Devriendt K, et al. 2012. Neu-
ropsychopathology in 7 patients with the 22q13 deletion
syndrome: Presence of bipolar disorder and progressive
loss of skills. Mol Syndromol 3:14–20.

Du Y, Weed SA, Xiong WC, Marshall TD, Parsons JT.
1998. Identification of a novel cortactin SH3 domain-
binding protein and its localization to growth cones of
cultured neurons. Mol Cell Biol 18:5838–5851.

Durand CM, Betancur C, Boeckers TM, Bockmann J,
Chaste P, Fauchereau F, Nygren G, et al. 2007. Mutations
in the gene encoding the synaptic scaffolding protein
SHANK3 are associated with autism spectrum disorders.
Nat Genet 39:25–27.

Ey E, Yang M, Katz AM, Woldeyohannes L, Silverman JL,
Leblond CS, Faure P, et al. 2012. Absence of deficits in
social behaviors and ultrasonic vocalizations in later gen-
erations of mice lacking neuroligin4. Genes Brain Behav
11:928–941.

Failla P, Romano C, Alberti A, Vasta A, Buono S, Castiglia
L, Luciano D, et al. 2007. Schizophrenia in a patient with
subtelomeric duplication of chromosome 22q. Clin Genet
71:599–601.

Flint J, Wilkie AO, Buckle VJ, Winter RM, Holland AJ,
McDermid HE. 1995. The detection of subtelomeric
chromosomal rearrangements in idiopathic mental
retardation. Nat Genet 9:132–140.

Gauthier J, Champagne N, Lafreniere RG, Xiong L,
Spiegelman D, Brustein E, Lapointe M, et al. 2010. De
novo mutations in the gene encoding the synaptic
scaffolding protein SHANK3 in patients ascertained for
schizophrenia. Proc Natl Acad Sci USA 107:7863–7868.

Gauthier J, Spiegelman D, Piton A, Lafreniere RG, Laurent S,
St-Onge J, Lapointe L, et al. 2009. Novel de novo SHANK3
mutation in autistic patients. Am J Med Genet B Neuropsy-
chiatr Genet 150B:421–424.

Gong Y, Lippa CF, Zhu J, Lin Q, Rosso AL. 2009. Disrup-
tion of glutamate receptors at Shank-postsynaptic
platform in Alzheimer’s disease. Brain Res 1292:
191–198.

Grabrucker AM, Schmeisser MJ, Schoen M, Boeckers TM.
2011. Postsynaptic ProSAP/Shank scaffolds in the cross-
hair of synaptopathies. Trends Cell Biol 21:594–603.

Hardy J, Selkoe DJ. 2002. The amyloid hypothesis of
Alzheimer’s disease: Progress and problems on the road
to therapeutics. Science 297:353–356.

Hung AY, Futai K, Sala C, Valtschanoff JG, Ryu J,
Woodworth MA, Kidd FL, et al. 2008. Smaller dendritic
spines, weaker synaptic transmission, but enhanced
spatial learning in mice lacking Shank1. J Neurosci 28:
1697–1708.

Hutton M, Lendon CL, Rizzu P, Baker M, Froelich S,
Houlden H, Pickering-Brown S, et al. 1998. Association
of missense and 50-splice-site mutations in tau with the
inherited dementia FTDP-17. Nature 393:702–705.

8 Guilmatre et al.

Developmental Neurobiology



Jamain S, Quach H, Betancur C, Rastam M, Colineaux C,
Gillberg IC, Soderstrom H, et al. 2003. Mutations of the
X-linked genes encoding neuroligins NLGN3 and
NLGN4 are associated with autism. Nat Genet 34:27–29.

Leblond CS, Heinrich J, Delorme R, Proepper C, Betancur
C, Huguet G, Konyukh M, et al. 2012. Genetic and func-
tional analyses of SHANK2 mutations suggest a multiple
hit model of autism spectrum disorders. PLoS Genet 8:
e1002521.

Lennertz L, Wagner M, Wolwer W, Schuhmacher A,
Frommann I, Berning J, Schulze-Rauschenbach S, et al.
2012. A promoter variant of SHANK1 affects auditory
working memory in schizophrenia patients and in
subjects clinically at risk for psychosis. Eur Arch Psychi-
atry Clin Neurosci 262:117–124.

Lesca G, Rudolf G, Labalme A, Hirsch E, Arzimanoglou
A, Genton P, Motte J, et al. 2012. Epileptic encephalo-
pathies of the Landau-Kleffner and continuous spike
and waves during slow-wave sleep types: Genomic dis-
section makes the link with autism. Epilepsia 53:
1526–1538.

Lim S, Naisbitt S, Yoon J, Hwang JI, Suh PG, Sheng M,
Kim E. 1999. Characterization of the Shank family of
synaptic proteins. Multiple genes, alternative splicing,
and differential expression in brain and development.
J Biol Chem 274:29510–29518.

Misceo D, Rodningen OK, Baroy T, Sorte H,
Mellembakken JR, Stromme P, Fannemel M, et al. 2011.
A translocation between Xq21.33 and 22q13.33 causes an
intragenic SHANK3 deletion in a woman with Phelan-
McDermid syndrome and hypergonadotropic hypogonad-
ism. Am J Med Genet A 155A:403–408.

Moessner R, Marshall CR, Sutcliffe JS, Skaug J, Pinto D,
Vincent J, Zwaigenbaum L, et al. 2007. Contribution of
SHANK3 mutations to autism spectrum disorder. Am J
Hum Genet 81:1289–1297.

Naisbitt S, Kim E, Tu JC, Xiao B, Sala C, Valtschanoff J,
Weinberg RJ, et al. 1999. Shank, a novel family of post-
synaptic density proteins that binds to the NMDA recep-
tor/PSD-95/GKAP complex and cortactin. Neuron 23:
569–582.

Nesslinger NJ, Gorski JL, Kurczynski TW, Shapira SK,
Siegel-Bartelt J, Dumanski JP, Cullen RF Jr., et al. 1994.
Clinical, cytogenetic, and molecular characterization of
seven patients with deletions of chromosome 22q13.3.
Am J Hum Genet 54:464–472.

Peca J, Feliciano C, Ting JT, Wang W, Wells MF,
Venkatraman TN, Lascola CD, et al. 2011. Shank3
mutant mice display autistic-like behaviours and striatal
dysfunction. Nature 472:437–442.

Pham E, Crews L, Ubhi K, Hansen L, Adame A, Cartier A,
Salmon D, et al. 2010. Progressive accumulation of
amyloid-beta oligomers in Alzheimer’s disease and in
amyloid precursor protein transgenic mice is accompa-
nied by selective alterations in synaptic scaffold proteins.
FEBS J 277:3051–3067.

Phelan K, McDermid HE. 2012. The 22q13.3 deletion
syndrome (Phelan-McDermid syndrome). Mol Syndro-
mol 2:186–201.

Phelan MC, Rogers RC, Saul RA, Stapleton GA, Sweet K,
McDermid H, Shaw SR, et al. 2001. 22q13 deletion
syndrome. Am J Med Genet 101:91–99.

Pinto D, Pagnamenta AT, Klei L, Anney R, Merico D,
Regan R, Conroy J, et al. 2010. Functional impact of
global rare copy number variation in autism spectrum
disorders. Nature 466:368–372.

Quon D, Wang Y, Catalano R, Scardina JM, Murakami K,
Cordell B. 1991. Formation of beta-amyloid protein depos-
its in brains of transgenic mice. Nature 352:239–241.

Roselli F, Hutzler P, Wegerich Y, Livrea P, Almeida OF.
2009. Disassembly of shank and homer synaptic clusters
is driven by soluble beta-amyloid(1-40) through diver-
gent NMDAR-dependent signalling pathways. PLoS One
4:e6011.

Rovelet-Lecrux A, Hannequin D, Guillin O, Legallic S,
Jurici S, Wallon D, Frebourg T, et al. 2010. Frontotempo-
ral dementia phenotype associated with MAPT gene
duplication. J Alzheimers Dis 21:897–902.

Sato D, Lionel AC, Leblond CS, Prasad A, Pinto D, Walker
S, O’Connor I, et al. 2012. SHANK1 deletions in males
with autism spectrum disorder. Am J Hum Genet 90:
879–887.

Schluth-Bolard C, Labalme A, Cordier MP, Till M, Nadeau
G, Tevissen H, Lesca G, et al. 2013. Breakpoint mapping
by next generation sequencing reveals causative gene
disruption in patients carrying apparently balanced chro-
mosome rearrangements with intellectual deficiency and/
or congenital malformations. J Med Genet 50:144–150.

Schmeisser MJ, Ey E, Wegener S, Bockmann J, Stempel
AV, Kuebler A, Janssen AL, et al. 2012. Autistic-like
behaviours and hyperactivity in mice lacking ProSAP1/
Shank2. Nature 486:256–260.

Shaw-Smith C, Pittman AM, Willatt L, Martin H, Rickman
L, Gribble S, Curley R, et al. 2006. Microdeletion encom-
passing MAPT at chromosome 17q21.3 is associated with
developmental delay and learning disability. Nat Genet
38:1032–1037.

Silverman JL, Turner SM, Barkan CL, Tolu SS, Saxena R,
Hung AY, Sheng M, et al. 2011. Sociability and motor
functions in Shank1 mutant mice. Brain Res 1380:
120–137.

Sovner R, Stone A, Fox C. 1996. Ring chromosome 22 and
mood disorders. J Intellect Disabil Res 40 (Part 1):82–86.

Sudhof TC. 2008. Neuroligins and neurexins link synaptic
function to cognitive disease. Nature 455:903–911.

Toro R, Konyukh M, Delorme R, Leblond C, Chaste P,
Fauchereau F, Coleman M, et al. 2010. Key role for gene
dosage and synaptic homeostasis in autism spectrum
disorders. Trends Genet 26:363–372.

Verhoeven WM, Egger JI, Cohen-Snuijf R, Kant SG, de
Leeuw N. 2013. Phelan-McDermid syndrome: Clinical
report of a 70-year-old woman. Am J Med Genet A
161A:158–161.

Verhoeven WM, Egger JI, Willemsen MH, de Leijer GJ,
Kleefstra T. 2012. Phelan-McDermid syndrome in two
adult brothers: Atypical bipolar disorder as its psychopa-
thological phenotype? Neuropsychiatr Dis Treat 8:
175–179.

SHANK Genes in Neuropsychiatric Disorders 9

Developmental Neurobiology



Verpelli C, Schmeisser MJ, Sala C, Boeckers TM. 2012.
Scaffold proteins at the postsynaptic density. Adv Exp
Med Biol 970:29–61.

Vucurovic K, Landais E, Delahaigue C, Eutrope J,
Schneider A, Leroy C, Kabbaj H, et al. 2012. Bipolar
affective disorder and early dementia onset in a male
patient with SHANK3 deletion. Eur J Med Genet 55:
625–629.

Waga C, Okamoto N, Ondo Y, Fukumura-Kato R, Goto Y,
Kohsaka S, Uchino S. 2011. Novel variants of the
SHANK3 gene in Japanese autistic patients with severe
delayed speech development. Psychiatr Genet 21:
208–211.

Wang X, McCoy PA, Rodriguiz RM, Pan Y, Je HS,
Roberts AC, Kim CJ, et al. 2011. Synaptic dys-
function and abnormal behaviors in mice lacking
major isoforms of Shank3. Hum Mol Genet 20:
3093–3108.

Watt JL, Olson IA, Johnston AW, Ross HS, Couzin DA,
Stephen GS. 1985. A familial pericentric inversion of
chromosome 22 with a recombinant subject illustrating a
‘pure’ partial monosomy syndrome. J Med Genet 22:
283–287.

Willemsen MH, Rensen JH, van Schrojenstein-Lantman de
Valk HM, Hamel BC, Kleefstra T. 2012. Adult pheno-

types in Angelman- and Rett-like syndromes. Mol
Syndromol 2:217–234.

Wilson HL, Crolla JA, Walker D, Artifoni L, Dallapiccola
B, Takano T, Vasudevan P, et al. 2008. Interstitial 22q13
deletions: Genes other than SHANK3 have major effects
on cognitive and language development. Eur J Hum
Genet 16:1301–1310.

Wischmeijer A, Magini P, Giorda R, Gnoli M, Ciccone R,
Cecconi L, Franzoni E, et al. 2011. Olfactory receptor-
related duplicons mediate a microdeletion at 11q13.2q13.4
associated with a syndromic phenotype. Mol Syndromol 1:
176–184.

Wohr M, Roullet FI, Hung AY, Sheng M, Crawley JN.
2011. Communication impairments in mice lacking
Shank1: Reduced levels of ultrasonic vocalizations and
scent marking behavior. PLoS One 6:e20631.

Won H, Lee HR, Gee HY, Mah W, Kim JI, Lee J, Ha S,
et al. 2012. Autistic-like social behaviour in Shank2-
mutant mice improved by restoring NMDA receptor
function. Nature 486:261–265.

Yang M, Bozdagi O, Scattoni ML, Wohr M, Roullet FI,
Katz AM, Abrams DN, et al. 2012. Reduced excitatory
neurotransmission and mild autism-relevant phenotypes
in adolescent Shank3 null mutant mice. J Neurosci 32:
6525–6541.

10 Guilmatre et al.

Developmental Neurobiology



GG14CH09-Bourgeron ARI 1 August 2013 10:21

The Genetic Landscapes of
Autism Spectrum Disorders
Guillaume Huguet,1,2,3 Elodie Ey,1,2,3

and Thomas Bourgeron1,2,3

1Human Genetics and Cognitive Functions Unit, Institut Pasteur, 75015 Paris, France;
email: thomasb@pasteur.fr
2CNRS URA 2182 (Genes, Synapses, and Cognition), Institut Pasteur, 75015 Paris, France
3Human Genetics and Cognitive Functions Unit, Université Paris Diderot,
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Abstract
The autism spectrum disorders (ASD) are characterized by impairments in
social interaction and stereotyped behaviors. For the majority of individuals
with ASD, the causes of the disorder remain unknown; however, in up to 25%
of cases, a genetic cause can be identified. Chromosomal rearrangements as
well as rare and de novo copy-number variants are present in ∼10–20% of
individuals with ASD, compared with 1–2% in the general population and/or
unaffected siblings. Rare and de novo coding-sequence mutations affecting
neuronal genes have also been identified in ∼5–10% of individuals with
ASD. Common variants such as single-nucleotide polymorphisms seem to
contribute to ASD susceptibility, but, taken individually, their effects appear
to be small. Despite a heterogeneous genetic landscape, the genes implicated
thus far—which are involved in chromatin remodeling, metabolism, mRNA
translation, and synaptic function—seem to converge in common pathways
affecting neuronal and synaptic homeostasis. Animal models developed to
study these genes should lead to a better understanding of the diversity of
the genetic landscapes of ASD.
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THE CLINICAL AND GENETIC HETEROGENEITY OF ASD
The autism spectrum disorders (ASD) are early-onset neuropsychiatric disorders characterized
by impaired social interactions, restricted interests, and repetitive behaviors (7, 63). They are
present in 0.7–1.1% of the population and are four times more common in males than in females
(39). The core symptoms of ASD rarely come in isolation, typically coexisting with other psy-
chiatric and medical conditions such as intellectual disability, epilepsy, motor control problems,
attention-deficit/hyperactivity disorder (ADHD), tics, anxiety, sleep disorders, and gastrointesti-
nal problems. A common feature in ASD is an abnormal (too high or too low) response to sensory
stimuli. In some cases, abnormality in auditory, visual, and somatosensory information processing
might even be the primary factor driving abnormal development of socialization and commu-
nication skills (73). The concept of early symptomatic syndromes eliciting neurodevelopmental
clinical examinations (ESSENCE) was recently introduced to better take into account the clinical
heterogeneity and syndromic overlap of impairing developmental symptoms in children under
the ages of 3–5 (46). Major problems in at least one ESSENCE domain in the fields of general
development, communication and language, social interrelatedness, motor coordination, atten-
tion, activity, behavior, mood, and/or sleep before age 5 often signal major problems in the same
or overlapping domains years later (46).

There is a strong genetic component to ASD susceptibility, as indicated by the recurrence risk
in families and twin studies (1, 34, 44). The recurrence risk in families with one child with ASD
was initially estimated at 5%, compared with 1% in the general population, but recent studies
investigating early signs of ASD in siblings of individuals with ASD revealed an even higher
recurrence rate (up to 20%) (91). The first twin studies described ASD as the most genetic of
neuropsychiatric disorders, with concordance rates of 82–92% in monozygotic twins compared
with 1–10% in dizygotic twins (9, 43); more recent studies, however, have indicated that the
concordance in dizygotic twins might be higher (>20%) (53). In all studies, the concordance in
monozygotic twins is not complete, indicating that epigenetic, stochastic, and/or environmental
factors are present (75, 77, 98).

As illustrated in the epigenetic landscape of Conrad Hal Waddington (126), the ASD phenotype
may result from a complex regulatory network involving genetic, epigenetic, and environmental
factors as well as stochastic fluctuations, much as a marble is guided toward the point of lowest local
elevation (Figure 1b). For each individual with a given genotype, the response to the environment
might be different. Woltereck (130) introduced the concepts of norms of reaction and phenotypic
plasticity at the beginning of the twentieth century to account for the fact that organisms can
change their characteristics in response to the environment (Figure 1c). In line with this idea,
different genotypes that increase the risk of ASD could have distinct norms of reaction across
a range of environments. Thus, any information on the genetic causes of ASD should help us
identify the best environment(s) for a given individual.

The first genetic causes of ASD were identified in monogenic disorders such as fragile X
and Rett syndromes (3, 95) and in families carrying chromosomal abnormalities (123). Later,
the identification of deleterious mutations in several candidate genes, such as those encoding
neuroligins, neurexins, and SHANKs, pointed at the synapse as a key player in ASD susceptibility,
including in individuals with an ASD but no intellectual deficiency, such as those with Asperger
syndrome (36, 62, 114). Whole-genome microarray studies then revealed submicroscopic deletions
and duplications, called copy-number variants, that affect many loci, including de novo events in
5–15% of individuals with ASD (26, 29, 47, 50, 59, 80, 96, 100, 105, 114). More recently, exome
sequencing has been used to detect deleterious de novo mutations in 3.6–8.8% of individuals with
ASD (68, 86, 88, 90, 101).
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Figure 1
Clinical and genetic diversity of ASD. (a) Core symptoms and frequent comorbidities observed in individuals with ASD. Arrows define
clinical characteristics of the individuals, and the red line defines the level of severity (low at the center and high at the periphery).
Colors represent the combination of clinical features. (b) An epigenetic landscape. As with a marble guided toward the lowest local point,
the clinical outcome of an individual with ASD is influenced by genetic factors (G), environmental factors (E), and gene-environment
interactions (G×E). Adapted from Waddington (126). (c) Norms of reaction describing how individuals with different genotypes
respond to different environments. The individual with genotype G1 does not improve regardless of the environment. The individual
with genotype G2 worsens in environment E2 compared with environment E1. Individuals with genotypes G3–G5 improve in
environment E2 compared with environment E1, but with different norms of reaction. Adapted from Woltereck (130).

In summary, beyond the unifying definition of ASD lies an extreme degree of clinical het-
erogeneity, ranging from profound to moderate impairments. Molecular genetic studies have
revealed the genetic landscape of ASDs to be highly heterogeneous, with different types of genetic
abnormalities located on almost all chromosomes with varying levels of penetrance (1, 34, 44).

DE NOVO COPY-NUMBER VARIANTS IN ASD
Microscopically visible chromosomal alterations have been reported in fewer than 5% of individ-
uals with ASD. The most frequent are located at chromosomal regions 2q37, 7q11, 15q11–13,
16p11, 22q11.2, and 22q13.3 (123). Over the past decade, important advances in the genetics of
ASD have emerged from studies of copy-number variants using whole-genome microarrays (2).
The first analysis, which used comparative genomic hybridization (CGH) on a small sample of 29
individuals with ASD, found that 8 of them (28%) had clinically relevant copy-number variants
(six deletions and two duplications) (59). The high rate of genetic alterations reported in that study
was most likely due to the inclusion of individuals who displayed other comorbidities commonly
associated with genetic abnormalities, such as facial dysmorphism. The second main study used
a denser CGH array and was not biased toward individuals with comorbidities; here, the authors
found de novo copy-number variants in 12 of 118 individuals with sporadic ASD (10%), 2 of 77
individuals with ASD who also had an affected first-degree relative (3%), and 2 of 196 controls
(1%) (105).

Numerous studies have since used CGH or single-nucleotide polymorphism (SNP) arrays
to investigate the burden of copy-number variants in large cohorts of individuals with ASD (26,
29, 47, 50, 58, 59, 80, 96, 100, 105, 114). To date, more than 3,800 individuals with ASD, 1,200
unaffected siblings, and 600 controls along with the genotypes of the parents have been analyzed.
In all studies, de novo copy-number variants appeared to be enriched in individuals with ASD
compared with their unaffected siblings or the control population. Overall, 6.6% of individuals
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with sporadic ASD had at least one rare de novo copy-number variant, compared with 4.1% in
individuals with ASD who also had an affected first-degree relative, 1.4% in unaffected siblings,
and 1.9% in controls (Figure 2a). Notably, the de novo copy-number variants are larger and affect
more genes in the individuals with ASD compared with their unaffected siblings and controls. This
enrichment does not reflect a higher risk of parents to produce these de novo variants, because
the unaffected siblings display a frequency of de novo variants similar to controls. As expected,
de novo copy-number variants are more frequent in individuals with sporadic ASD than in
individuals with ASD who also had an affected first-degree relative, indicating that the structure of
the family needs to be considered to estimate the prevalence of the de novo copy-number variants
in ASD.

Two large-scale studies determined the parental origin of the de novo copy-number variants
(58, 100). Combining the results of the two studies reveals a trend of excess maternal de novo
copy-number variants (54.5%), but the pattern does not reach statistical significance (Figure 2b).
Interestingly, compared with males, females with ASD have more de novo copy-number variants,
and their genomic imbalances are larger and affect more genes (Figure 2c).

Finally, there is a significant association between the cognitive level as measured by IQ and
the number of genes affected by de novo copy-number variants (48, 100). In a study by Girirajan
et al. (48), the median IQ crossed the threshold for intellectual disability (IQ < 70) in individuals
with 18 or more disrupted genes (Figure 2d ).

In summary, the burden of rare and de novo copy-number variants is significantly higher in
individuals with ASD compared with their unaffected siblings and the general population. The
variants are more numerous, larger, and contain more genes. The presence of dysmorphic features
and/or intellectual disability increases the chances of detecting a de novo copy-number variant.
Finally, females seem to have a greater tolerance than males for aggregating genetic alterations
without developing ASD. Yet if copy-number variants are strongly associated with ASD, especially
in sporadic cases, then they account for only a small fraction of individuals with ASD, and therefore
other types of mutations must play a role in the susceptibility to ASD, especially in familial cases.

DE NOVO CODING-SEQUENCE VARIANTS IN ASD
Investigations of de novo coding-sequence variants were previously limited to specific candidate
genes. Next-generation sequencing technologies, such as whole-exome and whole-genome se-
quencing, now allow us to estimate the contribution of de novo coding-sequence mutations to
ASD. The six exome studies published to date have sequenced more than 1,000 individuals with
ASD along with 790 unaffected siblings (57, 68, 86, 88, 90, 101). In these studies, the average
rate of de novo coding-sequence variants per individual (including missense, splicing, frameshift,
and stop-gain variants) was 0.86% in females with ASD, 0.73% in males with ASD, and 0.60%
in unaffected male and female siblings (Figure 3a). At the group level, there was no statistically
significant difference between individuals with ASD, unaffected siblings, and controls. Only when
the analysis is restricted to genes expressed in the brain does the difference reach statistical sig-
nificance ( p = 0.001), with more mutations in individuals with ASD compared with unaffected
siblings (101). At the individual level, several causative mutations have been identified, accounting
for 3.6–8.8% of individuals with ASD. Iossifov et al. (57) have estimated that 65 causative genes
have been identified by four large-scale exome sequencing studies. This calculation is based on
the number of deleterious de novo mutations identified in the different exome sequencing studies
(59 of 343 probands in Reference 57, 90 of 175 probands in Reference 86, 33 of 209 probands in
Reference 90, and 17 of 238 probands in Reference 100) and on an estimated twofold differential
rate of deleterious mutations between individuals with ASD and their siblings. As for copy-number
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Figure 2
The burden of de novo copy-number variants in ASD. (a) Frequency and size distributions of de novo copy-number variants in
individuals with ASD from simplex families, individuals with ASD from multiplex families, unaffected siblings, and controls. Data are
from References 58, 80, 96, 100, and 105. (b) Parental origin of de novo copy-number variants identified in individuals with ASD. Data
are from References 58 and 100. (c) Proportion of individuals with at least one de novo copy-number variant, along with the number of
RefSeq genes altered by genomic imbalance. Data are from Reference 100. (d ) Relationship between full-scale IQ and the number of
genes overlapping with de novo copy-number variants. Data are from References 48 and 100.
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Figure 3
The burden of de novo coding-sequence variants in ASD. (a) Distribution of de novo coding-sequence variants in individuals with ASD
and controls after stratification by sex. Data are from References 57, 86, 90, and 100. (b) Parental origin of de novo coding-sequence
variants identified in individuals with ASD. Data are from References 68 and 90. (c) Relationship between parental age and the number
of de novo coding-sequence variants in the child. Data are from Reference 68.

variants in individuals with ASD, females tend to have more de novo coding-sequence variants
compared with males. When the parental origin of the de novo mutations could be ascertained,
variants were three times more likely to come from the paternal chromosome than from the ma-
ternal one (68, 90) (Figure 3b). The age of the father at conception greatly influenced this rate
(68), with an increase of almost two mutations per year. An exponential model estimates that the
number of paternal mutations doubles every 16.5 years (Figure 3c).

One disappointing result originating from exome sequencing studies was that, with the ex-
ception of a handful of genes (CHD8, KATNAL2, SCN1A, SCN2A, DYRK1A, and POGZ), most
mutations were restricted to a single individual (57, 86, 90, 101). The absence of major genes for
ASD—that is, genes that could account for more than 1% of the cases—was already suggested by
the lack of strong linkage and association signals. Nevertheless, it is important to keep in mind
that the current methodologies used for exome sequencing do not capture all exons of the genome
(especially when they are in GC-rich sequences) and that new sequencing technologies might be
able to detect additional mutations (89). Stratifying individuals with ASD based on intermediate
phenotypes or symptoms might also detect genes with a high prevalence of mutation in a sub-
group of individuals with ASD, such as CHD8, which is recurrently mutated in individuals with
macrocephaly (89), and SHANK3, which is mutated in up to 2–3% of individuals with ASD and in-
tellectual deficiency (C.S. Leblond, C. Nava, A. Polge, J. Gauthier, G. Huguet, et al., unpublished
data).

In summary, the burden of de novo mutations affecting genes expressed in the brain is higher
in individuals with ASD compared with controls. Two-thirds of the de novo mutations are of
paternal origin, and the rate of these mutations increases with age. None of the identified genes
account for more than 1% of the individuals with ASD, and the current predictions estimate that
more than 500–1,000 genes could be associated with ASD (57, 101).
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RECURRENT DE NOVO AND INHERITED COPY-NUMBER
VARIANTS IN ASD
Among the copy-number variants recurrently identified in individuals with ASD, many are associ-
ated with clinically well-defined genetic syndromes, such as Smith-Magenis syndrome, Williams-
Beuren syndrome, Sotos syndrome, Prader-Willi and Angelman syndromes, 15q13.3 microdele-
tion/duplication syndrome, and 17q21.31 deletion syndrome (123). The majority of these loci are
flanked by segmental duplications, which greatly increase the risk of deletion or duplication events.
Remarkably, these copy-number variants can be either de novo or inherited from unaffected par-
ents. Three loci on chromosomal regions 7q11, 15q11.2–13.3, and 16p11.2 have been strongly
associated with ASD (11, 70, 100, 113, 129). For each of these loci, the variant was inherited in
at least one instance, and the extent to which the loci were inherited (versus de novo occurrence)
ranged from 5.6% to 100% (48). One striking property of these loci is that they are associated with
highly contrasting clinical outcomes depending on whether the region was deleted or duplicated.

On chromosomal region 7q11.23 (Figure 4a), deletions are associated with Williams-Beuren
syndrome, a rare neurodevelopmental disorder affecting 1 out of 10,000 newborns that is char-
acterized by facial dysmorphism, short stature, intellectual disability, and a specific cognitive
profile with strengths in verbal short-term memory and language but strong difficulties in visuo-
spatial tasks. The same chromosomal region, when duplicated, is associated with ASD, ADHD,
intellectual disability, language impairment, and epilepsy (31, 100, 110). In one study, the dele-
tions were mostly de novo, but two-thirds of the duplications were inherited (118). The critical
region of 1.5–1.8 Mb contains approximately 30 genes. The haploinsufficiency of the elastin-
encoding gene is responsible for the cardiovascular problems of individuals with Williams-Beuren
syndrome, but the genes causing the cognitive defects remain to be identified. Several genes ex-
pressed in the brain are compelling candidates (e.g., TRIM50, FKBP6, FZD9, STX1A, LIMK1, and
EIF4H). Among these genes, three encode proteins that directly participate in synaptic function
(Figure 5). STX1A forms a complex with SNAP25 and VAMP2 (also known as synaptobrevin)
and is involved in synaptic vesicle exocytosis. LIMK1 codes for a serine protein kinase and regulates
dendritic spine morphology by remodeling the actin skeleton. EIF4H is a translation initiation
factor that regulates translation at the synapse together with the fragile X protein FMRP, the
elongation factor EIF4E, and CYFIP1, three proteins that are mutated in individuals with ASD
(87) (Figure 5).

On chromosomal region 15q11.1–13.3 (Figure 4b), a cluster of low-copy repeats greatly in-
creases the risk of complex genomic rearrangements at five distinct breakpoints (low-copy repeat
sequences), BP1–BP5 (113). Paternal deletions between BP1 and BP3 (type I) and BP2 and BP3
(type II) cause Prader-Willi syndrome in 1 out of 15,000–30,000 live births, whereas maternal
deletions of the same region cause Angelman syndrome in 1 out of 12,000–20,000 live births (78).
Individuals with these syndromes can also fulfill a diagnosis of ASD. In a survey of 150 individuals
with Prader-Willi syndrome and 104 individuals with Angelman syndrome, the rate of ASD was
25.3% in the former group and 1.9% in the latter (120). Maternal duplications of the 15q11.1–13.3
region are one of the major genetic causes of ASD, accounting for approximately 1% of individ-
uals with ASD (28, 29, 32). Several genes in the BP2–BP3 deleted region are subject to parental
imprinting, and uniparental disomy of this region of chromosome 15 is therefore also a cause of
Prader-Willi and Angelman syndromes. The UBE3A gene is responsible for Angelman syndrome
(66, 81, 112) and codes for a ubiquitin ligase that is expressed exclusively from the maternal alleles
in neurons (132) (Figure 5).

Interestingly, individuals carrying deletions between BP1 and BP3 usually have a more se-
vere phenotype than individuals with deletions between BP2 and BP3 (20, 54). In the small
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BP1–BP2 region (500 kb), four genes are involved in brain function: CYFIP1, NIPA1, NIPA2,
and TUBGCP5. CYFIP1 encodes a protein that interacts with FMRP, the protein responsible for
fragile X syndrome, to repress synaptic translation (84, 103). NIPA2 was recently identified as
encoding a magnesium transporter, and TUBGCP5 encodes a member of the cytoskeleton tubulin
complex. Both deletions and duplications that are restricted to BP1–BP2 are associated with delays
in cognitive and speech development, ASD, ADHD, and schizophrenia (17, 119). However, the
BP1–BP2 copy-number variants are not fully penetrant; they are observed in 0.8% of individuals
with ASD (0.4% deletions and 0.4% duplications) and in 0.38% of the general population (0.25%
deletions and 0.13% duplications) (19).

Finally, the BP4–BP5 region contains six genes (MTMR15, MTMR10, TRPM1, KLF13,
OTUD7A, and CHRNA7) and one microRNA (hsamir211). In this interval, a complex set of
internal rearrangements is observed owing to the presence of additional proximal and distal low-
copy repeat sequences (P and D, respectively). The deletions of CHRNA7 coding for the nicotinic
α7 receptors are associated with a broad range of developmental delays, intellectual disability, de-
pression, bipolar disorder, ASD, ADHD, and epilepsy (14, 35, 55, 56, 82, 92, 106, 107, 111, 117).
Duplications of CHRNA7 are also associated with a risk of cognitive deficits and neurobehavioral
abnormalities, but with an apparently lower penetrance compared with the deletions (35, 55, 107).

On chromosomal region 16p11.2 (Figure 4c), several segmental duplications increase the
risk of genomic rearrangements. A recurrent deletion of a ∼600-kb region containing 29 genes
(BP4–BP5) is observed in 1 out of 2,000 individuals from the general population and reaches 0.5%
in ASD (11, 12, 16, 42, 49, 70, 129). There is a shift in the IQ distribution for carriers of this
deletion (mean verbal IQ = 74 and mean nonverbal IQ = 83), and a majority of these individuals
require speech therapy (61). More than 80% of individuals carrying the deletion exhibit psychiatric
disorders, including ASD, which is present in 15% of the pediatric carriers (61). Interestingly, the
deletion is associated with obesity and macrocephaly, whereas the duplication is associated with
anorexia and microcephaly (61). Obesity is a major comorbidity present in 50% of the deletion
carriers by the age of 7, but it does not correlate with IQ or any other behavioral trait (61). Seizures
are present in 24% of carriers and occur independently of other symptoms. Among the 29 genes,
17 are compelling candidates for ASD (69, 71). Overexpression of each of the 17 human transcripts
in zebrafish embryos identified KCTD13 as the sole gene capable of inducing microcephaly when
the transcript was overexpressed (similar to a 16p11.2 duplication) and macrocephaly when it was
suppressed (similar to a 16p11.2 deletion) (51). KCTD13 encodes PDIP1, which interacts with
PCNA27 and thus might have a role in regulating the cell cycle during neurogenesis.

In summary, recurrent chromosomal rearrangements are associated with ASD. The striking
observation that deletions and duplications lead to different clinical outcomes indicates that a fine
balance of correct gene dosage is necessary for human brain function and development. Further
studies are warranted to identify the causative genes (or, most likely, the combination of causative
genes) that increase the risk of ASD in individuals carrying these genomic rearrangements.

MULTIPLE HITS IN ASD
Given that de novo mutations account for only a small fraction of individuals with ASD (<15%),
inherited variants are expected to play a major role in genetic susceptibility to ASD. In addition,
inherited risk and protective alleles might contribute to the incomplete penetrance and variable
expressivity observed in individuals carrying de novo deleterious mutations. Several studies have
demonstrated the presence of more than one deleterious mutation (multiple hits) in individuals
with ASD (48, 49, 74). In a large-scale study of 2,312 children known to carry a copy-number
variant associated with intellectual disability and congenital abnormalities, 10% carried a second

www.annualreviews.org • The Genetic Landscapes of Autism Spectrum Disorders 199

A
nn

u.
 R

ev
. G

en
om

. H
um

an
 G

en
et

. 2
01

3.
14

:1
91

-2
13

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 In
st

itu
t P

as
te

ur
 - 

Pa
ris

 - 
B

ib
lio

th
eq

ue
 C

en
tra

le
 o

n 
10

/2
1/

13
. F

or
 p

er
so

na
l u

se
 o

nl
y.



GG14CH09-Bourgeron ARI 1 August 2013 10:21

large copy-number variant in addition to the primary genetic lesion (48). Children who carried
two large copy-number variants of unknown clinical significance were eight times more likely than
controls to have developmental delays. Among affected children, inherited copy-number variants
tended to co-occur with a second-site large copy-number variant. No parental bias was observed
for the primary de novo or inherited site, but 72% of the second-site copy-number variants were
inherited from the mother (48).

Other studies have supported a multiple-hits model. In 42 carriers of a 16p11.2 microdeletion,
10 carried an additional large copy-number variant, a significantly higher proportion compared
with controls conditioned for a large first hit (10 of 42 cases, 21 of 471 controls; p = 0.000057,
odds ratio = 6.6) (49). The clinical features of individuals with two mutations were distinct from
and/or more severe than those of individuals carrying only the co-occurring mutation. Another
study showed that three individuals with ASD who carried a de novo SHANK2 deletion were
also carriers of a second hit at the 15q11 locus (74). Two were carrying copy-number variants
between BP4 and BP5, including CHRNA7 and ARHGAP11B; the third was carrying a deletion
between BP1 and BP2 that removed the CYFIP1, NIPA1, NIPA2, and TUBGCP5 genes. Finally,
Sato et al. (102) identified a SHANK1 deletion on chromosome 19 that cosegregated with high-
functioning autism in males but not in females. A stop mutation of the protocadherin gamma
11–encoding gene (PCDHGA11) was identified in all individuals, suggesting that, similarly to
individuals with SHANK2 mutations, additional hits increase the risk of ASD in individuals with
SHANK1 mutations. Because of the small sample, it is not possible to confirm whether genetic
interaction between SHANK1, SHANK2, and other synaptic genes is necessary to develop ASD.
Nevertheless, these results should prompt researchers to identify putative modifier genes even in
individuals carrying de novo mutations.

As in other complex genetic disorders, the causative role of the inherited variants is difficult
to ascertain. Interestingly, combined genetic and functional studies of several synaptic genes have
repeatedly shown an enrichment of deleterious inherited variants in individuals with ASD. For
example, inherited variants of NLGN3, NLGN4X, SHANK2, SHANK3, and NRXN1 decrease
synaptic density in vitro (6, 15, 21, 25, 36, 37, 74). Why these variants have a phenotypic impact in
the affected individuals and not in the parents is unknown. Several recessive cases of ASD have been
reported, but mostly in individuals with metabolic disorders (reviewed in 27) or in consanguineous
families (83, 135). In a cohort of 933 cases and 869 controls, Lim et al. (76) recently identified a
twofold increase of deleterious mutations affecting the two copies of autosomal genes that normally
display low rates of loss-of-function variation (≤5% frequency). On the X chromosome, a similar
1.5-fold increase in rare hemizygous knockouts was observed in males with ASD. Taken together,
3% of autosomal recessive mutations contribute to ASD and another 2% of X-linked mutations
could be associated with ASD in males.

To identify candidate genomic regions containing recessive variations, Casey et al. (22)
used homozygous haplotype mapping of 1,402 trios genotyped for 1 million SNPs. They deter-
mined that regions of homozygous haplotypes were significantly enriched in regions previously
reported for ASD, suggesting the presence of unidentified recessive mutations. Another study

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

Figure 5
Biological pathways of proteins mutated in ASD or other disorders. These proteins are involved in many functions, including the
organization of the postsynaptic density, cytoskeleton dynamics, cellular signaling cascades, epigenetic regulation of transcription, and
release of neurotransmitters. Proteins associated with ASD are in red, those associated with other psychiatric disorders are in purple,
and those associated with intellectual disability are in blue. Panel a illustrates the pre- and postsynapse; panel b illustrates the synapse
and gene transcription regulation in the nucleus.

200 Huguet · Ey · Bourgeron

A
nn

u.
 R

ev
. G

en
om

. H
um

an
 G

en
et

. 2
01

3.
14

:1
91

-2
13

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 In
st

itu
t P

as
te

ur
 - 

Pa
ris

 - 
B

ib
lio

th
eq

ue
 C

en
tra

le
 o

n 
10

/2
1/

13
. F

or
 p

er
so

na
l u

se
 o

nl
y.



GG14CH09-Bourgeron ARI 1 August 2013 10:21

β-
Ca

te
ni

n

β-
Ca

te
ni

n

β-
Ca

te
ni

n

β-
Ca

te
ni

n
CH

D8
CH

D8CH
D8CH

D8
CH

D8

G
RB

2
G

AB
2

SH
P2

SO
S

SH
C

S6
K1

40
S

M
e

CR
EB

BD
N

F, 
cF

osBD
N

F

Ac
tiv

e
tr

an
sc

ri
pt

io
n

β-
Ca

te
ni

nCH
D

8
H

1

P

β-
Ca

te
ni

n

β-
Ca

te
ni

n

β-
Ca

te
ni

n

Po
st

sy
na

ps
e

N
U

C
LE

U
S

SO
M

A

Sy
na

pt
ic

cl
ef

t

RE

M
ito

ch
on

dr
io

n

Li
pi

n-
1

PG
C-

1α
PP

AR
γ

An
gi

og
en

es
is

M
ito

ch
on

dr
ia

/m
et

ab
ol

ism
Li

pi
d 

sy
nt

he
sis

M
e

M
eC

P2

Ch
ro

m
at

in
 co

m
pa

ct
io

n
Tr

an
sc

ri
pt

io
na

l s
ile

nc
in

g

M
eC

P2

M
e

M
e

M
e

M
e

M
e

Ac

Ac

Ac

HDAC

H
D

AC

M
eC

P2
M

eC
P2

RS
K2

m
TO

R

el
F4

G
Au

to
ph

ag
y

m
TO

R

G
D

I-α

G
D

I-α

Co
!l

in

M
AP

T

AK
T

RS
K2

O
PH

N
1

M
EG

AP

O
CR

L1

AR
F1

G
TP

as
e

Rh
o

G
TP

as
e

FG
D

1

A
RH

G
EF

6

PA
K3

RO
CK

LI
M

K1

Neuroligin

N
M

D
A

G
RI

N
2a

G
RI

N
2b

AM
PA

Ca
M

KI
I

D
LG

D
LG

Sy
nG

A
P

G
KA

P

H
O

M
ER

m
G

lu
R

D
LG

CH
RN

A7
SC

N
A1

/2

Neuroligin

G
TP

A
ss

em
bl

y 
of

 e
nd

oc
yt

ot
ic

 v
es

ic
le

s

G
A

Ps
G

EF
s

Ac
tin

 p
ol

ym
er

iz
at

io
n

AP
1S

2

IQ
SE

C2

A
RF

1-
G

EF

G
RI

A3 CA
SK

D
LG

Neurexin

Neurexin

G
D

P

TS
C2

Ad
he

si
on

/m
ig

ra
tio

n
Pr

ot
ei

n 
tr

a"
ck

in
g

N
AP

G

RA
F1

RT
P8

01
TS

C1

PD
K1

/2

PI
P2

PT
EN

RA
S

G
TP

G
D

P

H
RA

S,
 K

RA
S

S6
K1

ER
K

BR
AF

SH
O

C

SP
RE

D

M
A

PK
3

ER
K1

N
SF

AM
PA

D
LG

D
LG

BD
N

F

RA
S

N
F1

BD
N

F

CT
N

N
A

3

D
O

CK
8

ApoeR2

VLDLRRE
LN

D
AB

1 CR
KL

D
O

C2
A

SN
AP

ST
X1

A

Sy
nG

A
P

CT
N

N
D

2

W
N

T Frizzleds

TrKB

D
VL

2

Rh
o

G
TP

as
e

G
TP

D
KK

1

G
SK

3
A

PC

β-
Ca

te
ni

n

AX
IN

1

PA
K1

PA
K2

Rh
oA

/B

Va
v2D

LG
2

m
iR

-1
34

FG
D

3

AR
H

G
D

IG cd
c4

2

G
D

I1

JN
K

N
D

E1

D
IS

C1

RA
C1

Ar
p2

/3

BA
IA

P2

N
-W

AS
P

RA
B

ST
XB

P1
O

PH
N

1

RA
B3

9B
RA

B3
-G

AP

PR
SS

12

G
D

P

RA
BG

D
P

RA
B

G
TP

Ra
bp

hi
lin

 3
A

RA
B

G
TP

N
eu

ro
tr

yp
si

n
IL

RA
PL

1

?

RA
B

G
TP

RA
B-

G
EF

CA
SK

DCC

S6
K1

Ra
pt

or

el
F4

E
5’

 c
ap

3’
 A

A
A

A
A

m
RN

A

el
F4

E

5’ ca
p3’ A

AAAA

m
RN

A

el
F4

G
4A

4B
PA

BP

48
S

Rh
eb

m
TO

R Ri
ct

or

CY
FI

P

M
nK

FM
RP

CY
FI

P

U
PS

 p
ro

te
ol

ys
is

H
U

W
E1

U
BE

2A
U

BR
1

CU
L4

B

U
BE

3A

FM
RP

FM
RP

N
uc

le
us

N
uc

le
us

Po
st

sy
na

ps
e

Pr
es

yn
ap

se

Sy
na

pt
ic

 c
le

ftSY
N

1 Ve
sic

le
 re

se
rv

e 
po

ol

RT
K

CO
M

T

KI
AA

12
12

D
IS

C1

N
F1

N
M

D
A

G
RI

N
2a

G
RI

N
2b

Sy
nG

A
P

TrKB

SP
TA

N
1

FL
N

A

M
YH

11

Contactin CNTNAP

Contactin CNTNAP

M
A

PK

D
LG

PR
RT

2

FK
BP

12

SH
A

N
Ks

SH
A

N
Ks

SH
A

N
Ks

SH
A

N
Ks

SH
A

N
Ks

SH
A

N
Ks

SH
A

N
Ks

SH
A

N
Ks

el
F4

H

PI
KE

SA
PA

P3
αC

aM
KI

I

Ca
M

KI
I

D
LG

M
AP

1B
Ar

c/
Ar

g3
.1

Ar
c

Sy
na

ps
in

G
lu

R1
D

LG

PI
3K

SH
A

N
Ks

D
LG

A
P

PI
KE

Tr
KB

CACNA
CACNA

RA
S

PI
P3

H
19

, B
D

N
F

SG
K,

 F
KB

P5
D

LX
5/

6,
 ID

1–
3

CR
H

, F
XY

D
1

G
TL

2 

Pr
es

yn
ap

se

A
X

O
N

D
en

dr
ite

G
lu

ta
m

at
e 

ve
sic

le
s

Ac
tin

 sk
el

et
on

M
ic

ro
tu

bu
le

PG
C-

1α
N

uc
le

ar
re

ce
pt

or
s

YY
1

AR
H

G
EF

9

a b

FM
R1

/C
YF

IP

m
TO

R
Tr

an
sl

at
io

n

Tr
an

sl
at

io
n 

O
FF

Tr
an

sl
at

io
n 

O
N

H1
H1

H1
H1

H1

M
EK

1/
2

m
TO

R

www.annualreviews.org • The Genetic Landscapes of Autism Spectrum Disorders 201

A
nn

u.
 R

ev
. G

en
om

. H
um

an
 G

en
et

. 2
01

3.
14

:1
91

-2
13

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 In
st

itu
t P

as
te

ur
 - 

Pa
ris

 - 
B

ib
lio

th
eq

ue
 C

en
tra

le
 o

n 
10

/2
1/

13
. F

or
 p

er
so

na
l u

se
 o

nl
y.



GG14CH09-Bourgeron ARI 1 August 2013 10:21

identified both a copy-number variant and a coding-sequence variant in an individual with a
maternally inherited DIAPH3 deletion and a paternally inherited DIAPH3 P614T deleterious
mutation affecting the number of cellular filopodia in vitro (124). Studies are currently under
way to determine whether copy-number variants could unmask mutations of the remaining allele
in other individuals with ASD.

These results indicate that recessive cases of ASD exist and that others will certainly be reported
in the future. However, it remains striking that the analysis of the copy-number variants could
not detect a larger number of individuals carrying recessive mutations (e.g., two deletions of the
same gene), suggesting that this mode of inheritance is not preponderant in ASD. Mutations
affecting neuronal genes on both alleles might be associated with more severe syndromes than
ASD, as observed in homozygous mutations of CNTNAP2 or NRXN1 that cause an autosomal
recessive Pitt-Hopkins-like syndrome characterized by severe intellectual deficiency, epilepsy, and
breathing anomalies (136).

In summary, the presence of multiple hits at different loci might be the rule rather than the
exception in ASD. One challenge is to identify the combination of susceptibility genes that either
additively or in interaction (epistasis) cause the disease. Identification of protective alleles could
also shed light on new targets for treatments.

COMMON VARIANTS IN ASD
Owing to the absence of classical Mendelian inheritance, autism was first thought to be a polygenic
trait involving many common variants, each with a small effect. Model-free linkage studies, such
as affected sib-pair analyses, were therefore performed and followed by genome-wide association
studies (GWAS). However, these approaches identified only a limited number of loci, and the
results were rarely replicated (4, 114, 127, 128). The lack of significant results obtained through
GWAS—which test each SNP individually—has thus raised the question of the role of common
variants in ASD susceptibility. To better understand the missing heritability of complex traits in
humans (79), Visscher’s group (133) introduced a new method that considers all genotyped SNPs
simultaneously to estimate the proportion of variance for a trait explained by these common vari-
ants. For height and IQ, this method revealed that a large proportion of heritability was captured
by SNPs, even though only few significant single-SNP signals have been obtained by GWAS (30,
133). Klei et al. (67) recently used this quantitative genetics approach to estimate the heritability
of ASD in a large sample of more than 2,000 families with ASD and 3,600 controls. They found
substantial additive genetic effects of SNPs on ASD liability, explaining more than 60% of the
variance for individuals with ASD originating from multiplex families and approximately 40% for
those from simplex families. The advantage of this method is that it shows that SNPs can actually
capture a relatively large fraction of ASD heritability; the disadvantage is that it does not provide
information on the genes involved.

Alternative methodologies have been used to aggregate the variants of interest (e.g., genes in
a given biological pathway) and generate a predictive score for ASD diagnosis (109, 134). The
first results obtained by such methodologies are encouraging because they correctly predicted
ASD diagnosis in 56–85% of the cases (109). However, as for any association studies, these initial
positive results need to be confirmed in large cohorts of individuals before the “predictive scores”
are used in diagnostic tests.

In summary, common variants such as SNPs play a role in ASD susceptibility, but individually
they are associated with very small effects and are widely distributed across the genome. The rele-
vance of the “predictive scores” based on common SNPs for current diagnosis must be confirmed
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in large samples. In the future, however, a better ascertainment of the genetic background of each
individual might be of great importance in better predicting clinical outcomes.

GENETIC PATHWAYS ASSOCIATED WITH ASD
Several databases provide functional annotation of genes associated with ASD. For this review, we
used two databases that are updated regularly: AutismKB (http://autismkb.cbi.pku.edu.cn) and
SFARI Gene (https://gene.sfari.org). A total of 197 genes are included in both databases, and 481
are additionally included in either one or the other (255 in AutismKB and 226 in SFARI Gene). The
main difference between the two databases concerns the selection of the genes. AutismKB usually
selects genes from linkage analyses, copy-number variant studies, and GWAS, whereas SFARI
Gene usually selects genes from copy-number variant studies, sequencing analyses of large cohorts,
and case reports. Figure 6 illustrates the findings for 203 genes with de novo mutations identified in
individuals with ASD. A preliminary functional annotation clustering analysis using GeneMANIA
(http://www.genemania.org) and DAVID (http://david.abcc.ncifcrf.gov) indicates that 36%
of the proteins have at least one interaction (direct or indirect) with another protein, 61% are
expressed in the brain, and 14% are known to be involved in synaptic function.

Monogenic forms of ASD include genetic diseases such as tuberous sclerosis (associated
with TSC1 and TSC2), neurofibromatosis (associated with NF1), Rett syndrome (associated with
MECP2), and Cowden syndrome (associated with PTEN). FMR1, the gene mutated in fragile X
syndrome, is the single gene whose mutation is most commonly observed in ASD, accounting for
∼2% of cases. Rare mutations have also been identified in synaptic genes, including NLGN3 and
NLGN4X (62); SHANK1, SHANK2, and SHANK3 (36, 74, 102); NRXN1 (114); and CNTNAP2
(5, 10). More recently, studies of mutations in CHD8, which is associated with chromatin remod-
eling (89, 90), and TMLHE, which catalyzes carnitine biosynthesis (23, 85), confirmed that the
biological functions associated with ASD go beyond those involved directly in synaptic function
and affect a wide range of cellular processes.

Several pathway analyses have been performed using either genetic or transcriptome data to
gain insight into the biological functions associated with ASD. Pinto et al. (96) analyzed the burden
of copy-number variants in 996 individuals with ASD and found an enrichment of genomic re-
arrangements disrupting genes involved in cellular proliferation, cellular projection and motility,
and GTPase/Ras signaling. Iossifov et al. (57) analyzed the exome sequencing data of 343 fami-
lies with ASD and observed that de novo mutations were enriched in genes coding for proteins
associated with the fragile X FMRP protein pathway. Voineagu et al. (122) analyzed genes that
are differentially expressed between two brain regions (frontal and temporal lobes) in individuals
with ASD and controls. Interestingly, the typical regional differences between the gene expres-
sion profiles of the frontal and temporal lobes were attenuated in individuals with ASD. A first
network module was related to interneurons and to genes involved in synaptic function, and was
downregulated in brains from individuals with ASD compared with those from controls; a second
module was enriched for genes related to immunity and microglia activation, and was upregulated
in brains from individuals with ASD compared with those from controls.

Based on these genetic results and studies of animal models (see below), two pathways are
emerging (18). The first pathway was suggested by reports of aberrant mRNA translation of
synaptic proteins (64). The evidence supporting this theory includes the identification of muta-
tions affecting several proteins (TSC1, TSC2, NF1, and PTEN) that normally inhibit translation
through the PI3K-mTOR signaling pathway as well as mutations affecting proteins directly in-
volved in inhibiting mRNA translation at the synapse (FMRP, CYFIP1, and EIF4E) (Figure 5).
The second pathway concerns the excitation/inhibition balance. Several genes associated with
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Figure 6
Circos plot of de novo mutations in ASD. All coding-sequence variants and copy-number variants present in AutismKB (updated July
2011) and SFARI Gene (updated September 2012) are shown. A GeneMANIA network analysis (center) highlights proteins with
synaptic function.
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ASD, such as NLGN, NRXN, and SHANK, appear to be involved in the formation of excitatory
and inhibitory synapses. In addition, genes associated with epilepsy, such as SCN1A, which encodes
a voltage-gated sodium channel, were also found to be mutated in individuals with ASD. These two
pathways—mRNA translation and the excitation/inhibition balance—are potential drug targets,
and clinical trials are ongoing to determine whether targeting them could improve the symptoms
of individuals with ASD (60).

In summary, the genes associated with ASD are numerous and involved in multiple cellular
functions, including chromatin remodeling, metabolism, mRNA translation, and synaptic func-
tion. The downstream consequences of the mutations, however, might converge to a defect in
neuronal/synaptic homeostasis (97, 116) (Figure 5).

MOUSE MODELS OF ASD
A large number of mouse models have been developed that have construct validity for the pathways
highlighted by genetic studies: PTEN, UBE3A, FMR1, MECP2, mTOR, TSC, and cell adhe-
sion molecules and scaffolding proteins localized specifically at the synapse (40) (Figure 7). The
behavioral characterization of these models supports the involvement of these genes in the core
symptoms of ASD (40). The mice usually display abnormalities in social interactions (caged and
free interactions, same-sex and cross-sex interactions), communication (ultrasonic vocalizations,
scent marking), and repetitive behaviors (self-grooming, jumping, marble burying) (108). Inter-
estingly, models carrying mutations in Mecp2, Cntnap2, Shank2, and Shank3 display abnormalities
in all three domains, suggesting that these genes play a major role in circuits involved in both social
communication and repetitive behaviors (93, 94, 104, 131). Fmr1, Shank2, and Cntnap2 knockout
mice also display hyperactivity, a common feature in individuals with ASD (38, 104, 131).

At the cellular or network level, both decreases and increases of synaptic density have been
observed. For example, a reduction of dendrites was observed in Rett syndrome and tuberous
sclerosis, in contrast to the high density of dendrites reported in fragile X syndrome (8). Similarly,
some mutations appeared to increase glutamate currents, whereas others reduced them (104), and
the same has been observed for inhibitory currents (115). Interestingly, several genes associated
with ASD are modulated by neuronal activity, suggesting that they may mediate experience-
dependent circuit modifications (116).

Recent studies have also shown dramatic improvements in synaptic function and behavior even
in adult mice, suggesting that, at least in some cases, the causative gene does not play a pivotal
role in brain development but may instead be required to maintain full neurological function once
development is complete (13, 52). One pioneer experiment was performed by Bird’s group (52),
who created a mouse in which the endogenous Mecp2 gene was silenced but could be conditionally
activated. Using this tool, they demonstrated that activation of Mecp2 in ∼70% of neurons in both
immature and mature adult animals reversed many morphological defects in the motor cortex,
including defects in neuronal size and dendritic complexity, and led to significant improvements in
respiratory and sensory-motor functions, including breathing patterns, grip strength, and balance
beam and rotarod performance (52). More recently, Derecki et al. (33) used transplantation of
wild-type bone marrow to introduce wild-type microglial cells in the Rett mouse model and were
able to arrest disease development: Life span was increased, breathing patterns were normalized,
apneas were reduced, body weight was increased to near that of wild type, and locomotor activity
was improved. Finally, Nlgn3 knockout mice exhibit ectopic synapse formation and perturbed
mGluR-dependent synaptic plasticity, a hallmark of fragile X syndrome. These phenotypes were
rescued by reexpression of Nlgn3 in juvenile mice, again highlighting the possibility of reverting
neuronal circuit alterations in autism after the completion of development (13).
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Figure 7
Behavioral characterization of mouse models of ASD: methods and results. (a) The main behavioral tests used to evaluate the
equivalents of the three core ASD symptoms in mouse models: social interactions (caged and free interactions, same-sex and cross-sex
interactions), communication (ultrasonic vocalizations, scent marking), and repetitive behaviors (self-grooming, jumping, marble
burying). (b) Recapitulation of presence or absence of deficits in the equivalents of the three core ASD symptoms (S, social interactions;
C, communication; R, repetitive behaviors) in mouse models of ASD.

Finally, even in genetically homogeneous mouse strains, phenotypic variability can still be
observed. For instance, Nlgn4 knockout and Nlgn3-R451C mice that initially displayed deficits in
social interactions and/or ultrasonic communication (63, 114) did not show such deficits in later
studies (24, 41). This variability is not surprising because individuals with ASD who carry identical
mutations also display different clinical outcomes [e.g., individuals with NLGN4X mutations may
or may not display intellectual disability (62, 72)]. The next step to better understand this variability
is to study the role of epigenetic and environmental factors and to create new mouse models
carrying two or more mutations in different genes. These models would be closer to the clinical
reality of individuals carrying multiple mutations.
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In summary, mouse models carrying mutations in pathways associated with ASD can display
abnormalities in social interactions, communication, and repetitive behaviors. The phenotypic
variability highlighted in the different models is reminiscent of the clinical heterogeneity observed
in individuals with ASD. The idea that ASD phenotypes are stable and insensitive to treatment
is now challenged. Cellular and animal models, together with knowledge-based synaptic clinical
trials, should hopefully tell us which affected genes/pathways can be efficiently recovered.

PROSPECTS FOR THE GENETICS OF ASD
In the past decade, important discoveries have been made in the genetics of ASD with the identi-
fication of a large number of causative genes that converge in common pathways, such as synap-
tic mRNA translation and dendrite/synapse formation. However, many questions remain unan-
swered. For example, the role of the inherited variants remains difficult to ascertain even though
they certainly contribute to a large fraction of genetic ASD susceptibility. The excess of males in
ASD remains largely unexplained; females seem to buffer deleterious copy-number variants and
coding-sequence variants more effectively than males (who, in a way by definition, are carriers of
a first hit: the complete absence of one X chromosome).

But, besides genetics, one of the main challenges in the field of ASD concerns the phenotypes
associated with each causative gene or combination of susceptibility genes. The clinical out-
comes associated with the causative genes exceed the boundaries of ASD because the same genes
associated with ASD (e.g., NRXN1, SHANK3, and CNTNAP2) are also associated with other neu-
ropsychiatric disorders, such as schizophrenia and bipolar disorder (45, 65, 99, 121, 125). This
pleiotropy raises the questions of the role each gene plays in the development and function of the
human brain and the extent to which different combinations of susceptibility alleles could pre-
dict clinical outcomes. Collaborative work involving clinicians, geneticists, and neurobiologists
is therefore necessary to better understand the diversity of individuals with ASD and to improve
their diagnosis, care, and integration.
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Analysis of the chromosome X exome in patients with
autism spectrum disorders identified novel candidate
genes, including TMLHE

C Nava1,2,3,4, F Lamari5,28, D Héron4,6,7,8,28, C Mignot4,6,7,8, A Rastetter1,2,3, B Keren9, D Cohen10,11, A Faudet4, D Bouteiller1,2,3,12,
M Gilleron5, A Jacquette4,7,8, S Whalen4, A Afenjar4,6,7,8,13, D Périsse10,14, C Laurent1,2,10, C Dupuits1,15, C Gautier1,2, M Gérard16,
G Huguet17,18,19, S Caillet4,15, B Leheup20, M Leboyer21,22,23,24, C Gillberg25, R Delorme26, T Bourgeron17,18,19, A Brice1,2,3,4 and
C Depienne1,2,3,27

The striking excess of affected males in autism spectrum disorders (ASD) suggests that genes located on chromosome X
contribute to the etiology of these disorders. To identify new X-linked genes associated with ASD, we analyzed the entire
chromosome X exome by next-generation sequencing in 12 unrelated families with two affected males. Thirty-six possibly
deleterious variants in 33 candidate genes were found, including PHF8 and HUWE1, previously implicated in intellectual disability
(ID). A nonsense mutation in TMLHE, which encodes the e-N-trimethyllysine hydroxylase catalyzing the first step of carnitine
biosynthesis, was identified in two brothers with autism and ID. By screening the TMLHE coding sequence in 501 male patients with
ASD, we identified two additional missense substitutions not found in controls and not reported in databases. Functional analyses
confirmed that the mutations were associated with a loss-of-function and led to an increase in trimethyllysine, the precursor of
carnitine biosynthesis, in the plasma of patients. This study supports the hypothesis that rare variants on the X chromosome are
involved in the etiology of ASD and contribute to the sex-ratio disequilibrium.
Translational Psychiatry (2012) 2, e179; doi:10.1038/tp.2012.102; published online 23 October 2012

Introduction

Autism spectrum disorders (ASD) constitute a common but
heterogeneous group of neurodevelopmental disorders char-
acterized by impairment of social interactions and commu-
nication, stereotyped behaviors and restricted interests.
Although they are probably the most heritable of psychiatric
conditions, with a concordance rate of B80–90% in mono-
zygotic twins versus B10–20% in dizygotic twins, few genes
have been reliably associated with ASD.1–3 Recent studies
have highlighted the vast heterogeneity and complexity of the

genetics of these disorders. All mutations or copy number
variants (CNVs) associated so far with ASD have been rare,
with minor allele frequencies o1%. A few de novo or inherited
CNVs, some of which are recurrent, such as duplications of
the 15q11-q13 or 7q11.23 and deletions of 16p11.2 regions,
were shown to confer a highly penetrant risk of autism.4–7

More recently, de novo mutations in various highly inter-
connected genes were shown to contribute to ASD, suggest-
ing that abnormalities in different genes could converge to
alter common pathways.8–10 Abnormalities in at least two
pathways were repeatedly related to ASD: the first includes
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Pitié-Salpêtrière, Paris, France
Correspondence: Dr C Depienne, or Professor A Brice, INSERM U975 (Cricm), Institut du cerveau et de la moelle épinière, Hôpital Pitié-Salpêtrière, Paris 75 013,
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mutations in TSC1/TSC2, NF1 or PTEN in the mTOR
(mammalian target of rapamycin) pathway; the second is
illustrated by mutations in NLGN3–4, SHANK1–3 and
NRXN1, all of which encode synaptic proteins.11–13

A striking feature of ASD is the excess of affected males,
with a sex-ratio disequilibrium of 4:1 that reaches 10:1 in
patients with normal cognitive abilities.14 This suggests that
genes located on sex chromosomes contribute to the etiology
of ASD or that the penetrance of autistic traits depends on sex
determinants such as hormones. In favor of the first
hypothesis, mutations in NLGN4X and NLGN3 on chromo-
some X have been identified in a few families with ASD.15

Additionally, the analysis of all or selected genes located on
the X chromosome successfully identified new candidate
genes for intellectual disability (ID),16 ASD and schizophre-
nia.17 Interestingly, the risk of recurrence of ASD is
significantly increased in families with two affected sibs,
reaching 32% and more when both affected subjects are
males.18 This suggests that highly penetrant forms of ASD
with autosomal recessive or X-linked inheritance have been
overlooked.

To test the hypothesis that yet undiscovered X-linked genes
are associated with highly penetrant forms of ASD, we
selected 12 unrelated families with at least two affected
males compatible with X-linked inheritance and analyzed all of
the coding regions on the X chromosome.

Material and methods

Patients. The entire exome of chromosome X was
sequenced in 12 families with two affected males with ASD
or ID compatible with X-linked inheritance, recruited from the
‘Centre de Référence Déficiences Intellectuelles de causes
rares’ (Pitié-Salpêtrière Hospital; Supplementary Figure S1).
Index cases were evaluated by specialized geneticists and
pediatric neurologists and/or child psychiatrists. Patients
were assessed with the Autism Diagnostic Interview-
Revised. Nine index cases had autism with ID and three
had Asperger syndrome or high-functioning autism based on
DSM IV-TR (Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition, Text Revision) criteria. Clinical
features of the index cases and the affected relatives are
detailed in Supplementary Clinical Table. Normal results
were previously obtained by karyotyping, searches for fragile-
X syndrome, microarray analysis (CytoSNP-12, Illumina,
San Diego, CA, USA) and sequencing of NLGN3–4X and
SHANK3 when appropriate, as well as metabolic screen-
ing (including at least creatine and guanidinoacetate
analysis).

For TMLHE screening, a cohort of 161 patients (134 patients
with autism and ID and 27 patients with Asperger syndrome)
recruited at the Pitié-Salpêtrière Hospital (Centre de référence
Déficiences Intellectuelles de causes rares or Centre référent
diagnostic autisme, Paris, France) and 340 patients from the
PARIS (Paris Autism Research International sib pair) study
(including 194 patients with autism and ID and 59 patients with
Asperger syndrome) were included, for a total of 501 unrelated
male patients with ASD. In addition, 765 healthy male controls
from North Africa (n¼ 320), Europe (n¼ 350) and Lebanon
(n¼ 95) were included to test the new variants.

The analysis of microrearrangements in TMLHE included
178 additional patients with ASD from the PARIS studies
previously included in Autism Genome Project (AGP, http://
www.autismgenome.org/)7 and 896 healthy male individuals.
The control groups included 371 European male subjects from
La Pitié-Salpêtrière hospital, 142 from other European
laboratories and 383 control individuals from the Study on
Addiction Genetics and Environment (n¼ 371) and HapMap
CEPH Utah (n¼ 12) series.7 Raw intensities and genotypes
were obtained from NHGRI-dbGaP (http://www.ncbi.nlm.nih.
gov/projects/gap/cgi-bin/study.cgi?study_id=phs000092.v1.p1).
The sub-set of control data set used in the specific
CNV analyses in this paper is composed of control
samples that passed all quality control filters (Log R ratios
s.d.¼ 0.27; B allele frequency s.d.¼ 0.13; Call Rate 40.99).
Informed written consent was obtained from each individual
or his/her parents before blood sampling. All experiments
were performed in accordance with French guidelines and
rules.

Next-generation sequencing. Next-generation sequencing
was performed at Integragen SA (Evry, France). Regions of
the X chromosome corresponding to coding and 30–50

untranslated region (UTR) sequences were captured from
genomic DNA using a custom Agilent SureSelect Target
Enrichment methodology (Agilent, Santa Clara, CA, USA)
with the biotinylated oligonucleotide probe library, followed by
paired-end 75 b massively parallel sequencing on Illumina
GAIIx (Illumina). For detailed explanations of the process, see
Gnirke et al.19 Sequence capture, enrichment and elution were
performed precisely according to the manufacturer’s instruc-
tions and protocols. Briefly, 3mg of each genomic DNA was
fragmented by sonication to yield fragments of 150–200 bp and
then purified. Paired-end adapter oligonucleotides from Illumina
were ligated on repaired A-tailed fragments, then purified and
enriched by six PCR cycles. Then 500 ng of these purified
libraries were hybridized to the SureSelect oligo probe
capture library for 24 h. After hybridization, washing and
elution, the eluted fraction was PCR-amplified for 10–12
cycles, purified and quantified by quantitative PCR to obtain
sufficient DNA template for downstream applications. Each
eluted-enriched DNA sample was sequenced on an Illumina
GAIIx as paired-end 75 b reads. Image analysis and base
calling was performed using Real Time Analysis Pipeline
version 1.9 (Illumina) with default parameters.

Bioinformatics analysis. Sequencing data was analyzed
according to the Illumina pipeline (CASAVA1.7) and aligned
with the Human reference genome (Hg19) using the
ELANDv2 algorithm. Variant annotation (RefSeq gene
annotation) identification of known polymorphisms (refer-
enced in dbSNP or 1000 Genome) and analysis of the
position and consequences of the variants (for example,
exonic, intronic, silent and nonsense), was determined with
an in-house pipeline from the positions included in the bait
coordinates. The frequencies (in the homozygous or hetero-
zygous state) were determined from all exomes sequenced
at Integragen and from exome results provided by HapMap.
Results per sample were obtained in tabulated text files, and
coverage/depth statistical analyses were performed for each
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bait. The 13,464 single nucleotide polymorphisms (SNPs)
and 1532 indels in the 12 male index cases included 1467
SNPs (10.9%) and 590 indels (38.5%) predicted to be at the
heterozygous state. Eleven of these variants were tested by
Sanger sequencing and proved to be false-positives. Further
analysis focused, therefore, on variants predicted to be
hemizygous. A total of 171 hemizygous variants were tested
and confirmed by Sanger sequencing. The strategy used
for selecting potentially pathogenic variants is detailed in
Figure 1. They: (i) were located in chromosome X regions
common to the two affected sibs (4331 SNPs and 299 indels
in 11 families); (ii) had with a minor allele frequency o1%
in dbSNP135 (http://www.ncbi.nlm.nih.gov/projects/SNP/),
Exome variant server (http://evs.gs.washington.edu/EVS/)
and 29 other exomes; (iii) were found in genes expressed in
brain according to the Unigene (http://www.ncbi.nlm.nih.gov/
unigene) or Uniprot (http://www.uniprot.org/) databases; and
(iv) were predicted to have an impact on the gene or the
protein (nonsense variants, missense variants, predicted at
least once in silico to be deleterious, and synonymous,
intronic or 5–30UTR variants with possible effects on splice
sites or promoters using Alamutv2.1/AlamutHT). For variants
present in at least two index cases, only those segregating in
all the affected members of all families were retained.
Mutation interpretation and amino-acid conservation in
orthologs and paralogs were assessed using the Ala-
mutv2.1/AlamutHT softwares (Interactive Biosoftware,
Rouen, France). Prediction of pathogenicity was assessed
using PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/),
SIFT (scale-invariant feature transform) (http://sift.bii.a-
star.edu.sg/), Mutpred (http://mutpred.mutdb.org/) and
SNPs&GO (http://snps-and-go.biocomp.unibo.it/snps-and-go/).
Frequencies were compared with the Fisher’s exact test.

High-density SNP arrays. Index cases and affected rela-
tives were screened using Illumina cytoSNP-12 arrays to
search for CNVs and identify regions on the X chromosome
shared by the affected sibs. Illumina microarray experiments
were automated and performed at the P3S platform (Pitié-
Salpêtrière Hospital), according to the manufacturer’s speci-
fications (Illumina, San Diego, CA, USA). Image acquisition
was performed using a BeadArray Reader (Illumina). Image
data analysis and automated genotype calling was per-
formed using GenomeStudiov2011.1 (Illumina). Genomic
positions were based on the UCSC and Ensembl Genome
Browsers. Genotypes on chromosome X were analyzed in
affected relatives of each family to identify shared X regions
(with the exception of family 12 for which SNP microarray
data were unavailable for the affected uncle). Shared regions
were defined as identical genotypes spanning at least 2 Mb.

For the analysis of TMLHE microrearrangements, control
individuals (n¼ 525) and ASD cases (n¼ 356) were geno-
typed using Illumina Human 1M-single BeadChip arrays.
Samples were processed using the manufacturer’s recom-
mended protocol, and BeadChips were scanned on the
Illumina BeadArray Reader using default settings. Analysis
and intra-chip normalization were performed using Illumina’s
BeadStudio software v.3.3.7, with a GenCall cutoff of 0.1. The
quality-control criteria were selected: the Array with call
rate 495%; standard deviation for log R ratio values in the

autosomes o0.35; and standard deviation of the B Allele
frequency values (that is, allelic ratios within the 0.25–0.75
ranges) 40.13. For the samples that passed the above SNP
and intensity quality-control filters, we used the QuantiSNP20

and visualizator SnipPeep CNV calling algorithms. The required
data for CNV analysis, that is, within-sample normalized
fluorescence (that is, X and Y normalized values), between-
sample normalized fluorescence (that is, Log R ratios
and B allele frequency values) and genotypes for each sample,
were exported directly from Illumina’s Beadstudio software.
We excluded CNVs when they failed stringent quality
control criteria: o5 consecutive probes covering 1 kb of
sequence were merged using outside probe boundaries (that
is, union of the CNVs) and low confidence score log Bayes
factor o15.

Sanger sequencing. Specific primer pairs were designed to
amplify 182 variants detected by next-generation sequen-
cing. In addition, eight primer pairs were designed to amplify
the coding exons and adjacent intron–exon boundaries of the
TMLHE gene. Primer sequences are provided in supple-
mental data. Forward and reverse sequence reactions were
performed with the Big Dye Terminator Cycle Sequencing
Ready Reaction Kit (Applied Biosystems, Life Technologies
Corporation, Carlsbad, CA, USA) using the same primers.
G50-purified sequence products were run on an ABI 3730
automated sequencer (Applied Biosystems) and data were
analyzed with Seqscape v2.6 software (Applied Biosystems).
The mutation nomenclature is based on the TMLHE cDNA
reference sequence (NM_018196.3).

Quantitative multiplex PCR and long-range PCR. The
presence of a deletion of exon 2 in TMLHE was tested in the
501 patients with ASD and 371 male control individuals by
quantitative multiplex PCR. One hundred and seventy-eight
patients with ASD were also screened using Illumina Human
1 M-single BeadChip arrays with the same results. Two
primer pairs were used in the quantitative multiplex assay:
one specific of exon 2 of TMLHE (final concentration: 0.5 mM)
and one amplifying exon 2 of GPR128 (final concentration:
0.08 mM). PCR conditions were as follows: 96 1C 5 min, 20
cycles: 94 1C 30 s, 60 1C" 0.5 1C/cycle 30 s, 72 1C 40 s, and
15 cycles: 94 1C 30 s, 50 1C 30 s, 72 1C 40 s, followed by
7 min at 72 1C. PCR products were quantified on a Caliper
LabChip system (Caliper Life Sciences, Hopkinton, MA,
USA). In addition, the presence of the deletion of exon 2 in
TMLHE was confirmed by long-range PCR using the
SequalPrep Long PCR kit (Invitrogen, Life Technologies
Corporation, Carlsbad, CA, USA) according to the manufac-
turer’s recommendations. The PCR conditions were as
follows: 2 min at 94 1C, 10 cycles: 94 1C 10 s, 58 1C 30 s,
68 1C 18 min (1 min kb" 1), 25 cycles: of 94 1C 10 s, 58 1C
30 s, 68 1C 18 min (1 min kb" 1)þ 20 s/cycle, followed by
5 min at 72 1C. Frequencies were compared with the Fisher’s
exact test.

Cell culture and mRNA experiments. Lymphoblasts from
the two affected brothers and the mother of family 9 were
isolated from peripheral blood cells using standard proce-
dures. Fibroblasts were taken from skin cells of the affected
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brothers. Lymphoblastic cells and fibroblasts were pre-
treated, or not, overnight with 10 mg ml" 1 emetin, an inhibitor
of nonsense-mediated decay.

Total RNA from lymphoblasts and fibroblasts was isolated
using the Qiagen RNeasy Mini kit (Invitrogen). cDNAs were
synthesized from 1mg of total RNA using the SuperScript III
First-Strand Kit (Invitrogen). The reverse-transcribed TMLHE
cDNA was amplified and sequenced using specific primers
located in exons 2 (forward) and 4 (reverse). The PCR
products were run on 2% agarose gels. TMLHE mRNA was
quantified using the Qiagen QuantiTect primer assays for
TMLHE (forward and reverse primers located in exons 7 and 8
of TMLHE). PPIA was used as the control gene. Each sample
was run in triplicate on a Lightcycler 480 (Roche, Applied
Sciences, Penzberg, Germany). Forty-five two-step cycles
(15 s at 95 1C and 30 s at 60 1C) were performed and analyzed
using Lightcycler 480 software release 1.5.0. Relative
abundance was calculated using the formula r¼ 2"DDCt,
where DDCt¼ (Ct Gene tested "Ct control genes) TMLHE –
(Ct Gene tested "Ct control genes) PPIA.

Chromatography and mass spectrometry. A mixture of
internal standard solution was prepared by dissolving
30 mM of carnitine-(N-methyl-d3) (Cambridge Isotopes Lab,
Andover, MA, USA) and 15 mM of e-N-trimethyl-(13C3)-L-
Lysine (Sigma-Aldrich, St Louis, MO, USA) in methanol. In
all, 20 ml of internal standard mixture was added to 30 ml of
plasma or urine after mixing, 100 ml of methanol was added
and mixed with vortex for protein precipitation. The mixture
was incubated in ice for 15 min and centrifuged at 15000 g for
10 minutes at þ 4 1C. The supernatant was transferred into
the vials and 5 ml were injected into tandem LCMS/MS
system. Calibration curves were performed by serial dilution
of stock solution containing 46.8 mM of l-carnitine and 20 mM

of e-N-trimethyllysine (Sigma-Aldrich) in methanol. An
Acquity UPLC (ultra performance liquid chromatography)
chromatographic system equipped with a BEH C18 RP
column (1.7 m, 50 mm$ 2) maintained at 45 1C was coupled
to a TQD (tandem quadrupole detector) MS/MS system

(Waters, Guyancourt, France) and used as an LCMS/MS
(liquid chromatography–mass spectrometry/mass spectrometry)
system for trimethyllysine (TML) and carnitine measurement.
The mobile phases were: eluent A, ultrapure water; eluent B,
acetonitrile. The elution gradient was as follows: flow rate
0.8 ml min" 1, 0–1 min, 0% A; 1–1.2, 0–100% A; 1.2–2 min,
100%; 2–2.2, 100–0% A; 2.2–5, column equilibration with
100% B. The detector was used in multiple-reaction
monitoring to detect the transition of a specific precursor to
daughter ions 189.1/84.1 and 162.2/103.1 for N6-trimethylly-
sine and carnitine, respectively.

Dietary assessment. In order to determine prospective and
retrospective dietary intakes, the patient and their parents
had an interview with a dietician. A dietary questionnaire
listing all the food and beverages consumed by the patient for
a period of 3 days was completed by the parents. Nutritional
intakes were estimated with the DSMS software. Carnitine
intakes were calculated based on the reference table of the
Linus Pauling Institute Oregon State University.

Results

Chromosome X exome sequencing. The coding regions
of all genes on chromosome X, including 50–30 UTRs, were
sequenced in 12 index cases using next-generation sequen-
cing (pedigrees are shown in Supplementary Figure S1). A
mean number of 1000 SNPs (829–1459) and 78 indels (56–
113; Table 1 and Supplementary Table SA and SB) were
identified per patient. In parallel, chromosome X regions
common to the affected sibs, ranging from 15 to 109 Mb,
were identified in 11 families using Illumina cytoSNP-12
arrays (Supplementary Figure S2). The mean numbers of
SNPs and indels located in shared X regions were 394
(77–828) and 27 (7–77) per patient, respectively. Further
analysis focused on variants that were (i) absent or rare in
databases (minor allele frequency o1%), (ii) located in
genes expressed in brain and (iii) predicted to be deleterious
(Figure 1). Thirty-eight possibly deleterious variants

Table 1 Summary of all SNPs and indels detected by exome analysis of chromosome X in the index cases of families 1–12 and those located in chromosome X
regions shared by families 1–11

Family Nb SNPs
(novel)

Nb indels
(novel)

Linked
regions (Mb)

SNPs in linked regions Indels in linked regions

Total Nonsense
(novel)

Missense
(novel)

Synonymous
(novel)

Non-coding
(novel)

Total Exons
(novel)

Non-coding
(novel)

Family 1 1233 (54) 108 (45) 109 828 1 (0) 122 (3) 137 (3) 568 (23) 77 5 (1) 72 (30)
Family 2 1039 (40) 82 (37) 37 369 1 (0) 59 (3) 48 (1) 261 (8) 19 0 19 (6)
Family 3 871 (16) 56 (22) 33 251 1 (0) 36 (0) 40 (1) 174 (2) 15 0 15 (9)
Family 4 861 (27) 67 (23) 57 340 1 (0) 72 (4) 58 (1) 209 (2) 21 2 (1) 19 (8)
Family 5 892 (30) 81 (34) 76 412 1 (0) 57 (1) 66 (0) 288 (15) 36 2 (1) 34 (14)
Family 6 989 (33) 83 (37) 27 319 0 54 (2) 46 (2) 219 (7) 28 3 (2) 25 (14)
Family 7 829 (18) 66 (27) 36 200 1 (0) 37 (1) 41 (0) 121 (2) 14 2 (1) 12 (6)
Family 8 1459 (63) 113 (60) 42 614 1 (0) 71 (3) 101 (1) 441 (22) 42 4 (3) 38 (24)
Family 9 1098 (35) 82 (33) 81 656 1 (1) 93 (2) 90 (2) 472 (21) 23 1 (0) 22 (7)
Family 10 835 (31) 63 (24) 15 77 0 6 (0) 10 (1) 61 (2) 7 0 7 (1)
Family 11 905 (24) 73 (32) 53 265 3 (0) 38 (1) 38 (1) 186 (6) 17 1 (1) 16 (5)
Family 12 986 (24) 68 (19) Unknown

Abbreviation: SNP, single-nucleotide polymorphism.
Linked regions and the total number of SNPs and indels in linked regions are indicated in bold.
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(mean number per family: 3.2 range: 0–9), all confirmed by
Sanger sequencing, were detected (Table 2). Analysis of
matched control populations excluded two variants that
had a frequency X1%. The variants were present in 15/22
asymptomatic male relatives. Altogether, these results
identified 36 rare, possibly deleterious variants in 33 different
genes in 9 families.

In two families, the variants were in genes previously
implicated in ID.21–24 Both variants, c.2904_2906del/
p.Ser969del in PHF8 and c.2849 T4A/p.Val950Asp in
HUWE1, affect amino-acids that were highly conserved
during evolution and were not found in a large control
population or reported in Hapmap, 1000 Genomes and the
Exome Variant Server (Figure 2). Although, mutations in
PHF8 causing a loss-of-function were previously identified in
patients with ID and cleft lip/palate,21–23 the p.Ser969del
variant segregated with high-functioning autism without other
clinical features in family 8. In the index case of family 4,
p.Val950Asp in HUWE1 was predicted to be deleterious by
SIFT, Polyphen-2 and Mutpred algorithms. Surprisingly, this
variant was not found in the proband’s brother, who was less
severely affected, and turned out to have occurred de novo in
the proband. We hypothesized that Val950Asp in HUWE1
contributed to a genetically complex disorder by increasing
the severity of the phenotype. Alternatively, the phenotype of
the brother could have had a different etiology. These results
illustrate the complexity of inheritance in ASD, in which a
combination of rare inherited and de novo events can
contribute to the disorder.6–10

Among the remaining variants, a nonsense mutation
(c.229C4T/p.Arg77X) in TMLHE, encoding e-N-trimethylly-
sine hydroxylase, the enzyme catalyzing the first step of
carnitine biosynthesis from TML, segregated with autism and
moderate ID in family 9 (Figures 3a and b). The p.Arg77X
mutation was absent from 508 healthy male controls and
databases.

This study identified several additional rare variants that
might contribute to ASD such as c.521C4A/p.Ala174Asp
(family 1) in ODZ1, which encodes teneurin-1, a transmem-
brane protein expressed in the developing central nervous
system that might have a role in neuronal connectivity.25 In
addition, 11 variants located in introns or UTRs of
genes expressed in the brain and predicted to have a
possible effect on gene expression were found in five families.
Five of these genes are involved in axon guidance
(PLXNA3, PLXNB3, KAL1) or neurotransmission (SYN1,
GABRE), four regulate transcription, splicing or translation
(TXLNG, TSPYL2, AFF2, involved in brain development, and
RBM3, involved in RNA processing, regulation of translation
and production of miRNA);26 the remaining genes are
involved in ubiquitination (KLHL13) or in protein transport
(BCAP31).

Finally, no rare variants meeting the criteria defined in
Material and methods were found in three families (families 3,
7 and 10), suggesting that genetic factors in these families are
possibly located in unexplored regions of the X chromosome,
on autosomes, or were present with a frequency X1%.

Screening of TMLHE and functional consequences of
mutations. To investigate the effect of the p.Arg77X

mutation at the mRNA level, we performed quantitative
reverse transcriptase–PCR analysis in lymphoblasts and
fibroblasts from the two affected brothers of family 9 and their
mother. The mutated mRNA was significantly downregulated
in the cells of the affected sibs. Pretreatment of the cells
with emetin restored the mRNA levels, indicating that
this downregulation corresponded to the degradation of the
mutated mRNA by nonsense-mediated decay (Figure 3e).
Interestingly, two mRNA isoforms were detectable in the

Figure 1 Strategy used for the selection of rare and possibly deleterious
variants. Data from NGS and single nucleotide polymorphism (SNP) arrays were
combined to conserve only variants located in X regions shared by the affected sibs
(families 1–11). Further filters included a minor allele frequency (MAF) o1%,
expression of the corresponding genes in brain and in silico predictions compatible
with an effect of the variant on the gene or the protein (nonsense variants, missense
variants with at least one prediction in silico by SIFT (scale-invariant feature
transform) or Polyphen-2 that it is deleterious and synonymous, intronic or 5–30UTR
variants with possible effects on splice sites or promoters using Alamutv2.1/
AlamutHT). For variants present in at least two index cases, only those that
segregated in all affected members of all families were conserved. For one family
(family 12), microarray data were unavailable for the affected uncle; segregation of
variants found in the index case was performed at a later time.
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patients and their heterozygous mother, one with a pre-
mature termination codon in exon 3 and one missing exon 3,
which restored the reading frame (Figure 3c). Exon 3
skipping could have resulted from nonsense-associated
altered splicing, a mechanism alternative to nonsense-
mediated decay.27

To confirm that mutations in TMLHE are associated
with ASD, we screened its coding sequence in 501 male

probands with ASD. Two missense substitutions (c.730G4C/
p.Asp244His and c.1107G4T/p.Glu369Asp) were found
in two additional unrelated patients with ASD but not in
330 controls and not reported in databases. Aspartic
acid 244 and glutamic acid 369 are highly conserved in
other species (Figure 3d). Aspartic acid 244 is predicted
to bind the 2-oxoglutarate cofactor and constitutes one
of the three key residues of the catalytic core,28 suggesting

Family8
m=c.2904_2906del/ p.Ser969del
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Figure 2 Identification of variants in PHF8 and HUWE1 in families 8 and 4. (a) Pedigree of family 8 and segregation analysis of the p.Ser969del variant in PHF8. The arrow
indicates the index case. (b) Sequence electropherograms showing the presence of the p.Ser969del variant at the hemizygous state in the two affected brothers and at the
heterozygous state in their mother. (c) Alignment of the region flanking the variant in orthologous proteins, showing the high conservation of Serine 969. (d) Pedigree of family
4 and haplotypes reconstructed from eight informative single nucleotide polymorphisms (SNPs) adjacent to HUWE1 (genotypes of these SNPs were obtained from Illumina
cytoSNP-12 arrays analysis), showing that the same maternal haplotype was transmitted to the affected brothers with and without the p.Val950Asp mutation. The arrow
indicates the index case. (e) Sequence electropherograms showing the presence of p.Val950Asp in the index case and its absence in the affected brother and in the mother.
These results are consistent with the de novo occurrence of p.Val950Asp in the index case. (f) Alignment of the region flanking the variant in orthologous proteins, showing the
high conservation of valine 950.
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a complete loss-of-function of the protein with this
substitution.

To further analyze the consequences of the TMLHE
mutations, we assayed carnitine and TML, the precursor of
carnitine biosynthesis, in plasma and urine from the brothers
with the p.Arg77X mutation and the patient with the
p.Asp244His variant for whom biological samples were
available. Carnitine was slightly but not significantly
decreased in the plasma of the patients; the values remained
in the normal range (Figure 3f). By contrast, mass spectro-
metry revealed a significant 2–3-fold increase in the TML
precursor in the plasma of all the three patients with the
Arg77X and Asp244His mutations compared with controls
(Figure 3g). Carnitine intake, estimated from a 3-day dietary
recall questionnaire, was normal in all patients (estimated at
55, 80 and 96 mg j" 1, respectively).

Very few variants in TMLHE predicted to have deleterious
effects are present in genetic databases (HapMap, 1000
Genomes); in particular, no nonsense mutations have been
identified and only 18 non-synonymous variants have been
reported on 48700 X chromosomes in the Exome Variant
Server. Furthermore, non-synonymous variants are far more
frequent in females than in males (n¼ 22/3381 versus n¼ 3/
1998, if we exclude the Asn235Thr variant specific of the
African population), indicating that variations in TMLHE are
not well tolerated and are liable to be pathogenic. Mutations in
TMLHE were found in patients with autism and ID but not in
patients with Asperger syndrome. If we exclude patients with
Asperger syndrome, the difference between point mutations
in TMLHE in male patients with autism and mental retardation
and male individuals from Exome variant server is significant
(P¼ 0.05).

Interestingly, Celestino-Soper et al.29 have recently
reported that the deletion of exon 2 of TMLHE is a CNV
present in B1/350 males and associated with ASD with a low
penetrance. To compare the frequency of this CNV in healthy
individuals and patients with ASD, we specifically assessed its
presence in 896 unrelated healthy male controls and 691
patients with ASD by quantitative multiplex assay or Illumina
Human 1M-single BeadChip arrays (see Material and
methods). This study revealed the presence of one deletion
of exon 2 of TMLHE in a single subject out of 896 male
controls, whereas it was present in 3 out of 691 male patients
with ASD (P¼ 0.3). Interestingly, one of the three patients
with the deletion of exon 2 had an affected brother who did
not carry the deletion. In addition, a duplication encom-
passing exon 1 of TMLHE, absent from 525 healthy controls,
was detected by Illumina Human 1M-single BeadChip
arrays in an additional patient with ASD (P¼ 0.4). Altogether,
these results suggest that deficits in TMLHE could be
rarer than previously reported. These deficits seem to be
more frequent in patients with ASD, suggesting that they
constitute susceptibility factors for autism, although the
difference did not reach significance for microrearrange-
ments in TMLHE.

Discussion

This study focused on rare variants on chromosome X in
multiplex families with ASD compatible with X-linked

inheritance. Altogether, this study identified 36 possibly
deleterious variants in 33 genes, including PHF8, HUWE1
and TMLHE. Variants in genes common to at least two
families were exceptional, confirming that ASD is genetically
highly heterogeneous.

The X chromosome contains the largest number of genes
expressed in the brain.30 For this reason, mutations causing
monogenic forms of ID have been identified in numerous
genes on chromosome X.31 Interestingly, almost all genes
involved in ASD, such as NLGN3/4X on chromosome X or
SHANK3 on chromosome 22qter, are also mutated in patients
with ID without autistic features.11,31 In this study, variants in
two genes were previously implicated in ID: PHF8, which
encodes a histone lysine demethylase that regulates rRNA
synthesis32 and retinoic acid-induced neuronal differentia-
tion,33 and HUWE1, which encodes an E3 ubiquitin-protein
ligase that controls neural differentiation and proliferation by
catalyzing the polyubiquitination and degradation of the N-
Myc oncoprotein.34,35 Missense mutations and microduplica-
tions encompassing HUWE1 were identified in a few large
families with moderate-to-severe ID,24 whereas nonsense,
truncating and one missense mutations in PHF8 were
previously reported in patients with ID and cleft lip/palate.21–23

Interestingly, in a previous report, two brothers with a
deletion encompassing PHF8 and two nearby genes
(FAM120C and WNK3) also had autistic features.36 In our
study, both variants alter highly conserved amino acids
in the proteins and are predicted to be deleterious; the
p.Ser969del variant in PHF8 segregated in the two affected
brothers from family 8 and the p.Val950Asp in HUWE1
occurred de novo in the index case of family 4 who is more
severely affected than his brother. The p.Glu441Lys in
PPP1R3F was also present in the two affected brothers of
family 4 but was inherited from their unaffected maternal
grandfather. Interestingly, another missense variant
(p.Phe245Leu) in PPP1R3F was reported in a patient with
Asperger syndrome.17 This observation suggests that the
variants identified in family 4 act as risk factors for ASD when
associated with other deleterious variants on the X chromo-
some or autosomes. Further studies are needed to confirm
the roles of these genes in ASD.

Among the variants detected in this study, there was a single
nonsense mutation in TMLHE that segregated with ASD in the
two affected brothers of family 9. TMLHE is located at the far
end of the long arm of chromosome X (Xq28) and encodes e-
N-trimethyllysine hydroxylase, the enzyme that catalyzes the
first of the four steps of endogenous carnitine biosynthesis.
Screening of additional male patients with ASD identified two
missense variants predicted to be deleterious in unrelated
sporadic patients. The p.Arg77X and p.Asp244His mutations
were associated with a significant increase of TML, the
substrate of TMLHE and precursor of carnitine biosynthesis,
in the plasma of the patients, confirming that they lead to loss
of TMLHE function and deficit of endogenous carnitine
biosynthesis. However, although carnitine was mildly
decreased, it remained in the normal range in the plasma
and urine of the patients. This result is not surprising as, in
humans, the carnitine pool mainly comes from food intake. A
small pool (B25%) of carnitine is also synthesized in liver,
kidney and brain, but the precise role of endogenous
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Figure 3 Identification of TMLHE mutations in three families. (a) Pedigrees and segregation analysis of the TMLHE mutations in families 9, PED-804 and AU-205. The
arrows indicate the index cases. (b) Sequence electropherograms of the mutations at the hemizygous state in the index cases (835–03 in family 9, 804–03 and 205–03) and
the affected brother of family 9 (835–04), and at the heterozygous state in the mothers (835–02, 804–02 and 205–02). (c) Analysis of TMLHE mRNA in lymphoblasts from
members of family 9 and schematic representations of the splicing isoforms detected in subjects with the p.Arg77X mutation in exon 3. Reverse transcriptase–PCR products
using primer pairs in exons 2 and 4, run on 2% agarose gels, showed two mRNA isoforms in the index case (835–03), his affected brother (835–04) and his mother (835–02)
and a single isoform in a control subject (c). Sequence analysis confirmed that the long isoform contains the premature termination codon in exon 3 and that exon 3 was
skipped in the short isoform, probably as a consequence of nonsense-associated alternative splicing. (d) Alignment of the region flanking the two missense variants in
orthologous proteins showing the conservation of the altered amino acids. (e) Quantification of TMLHE mRNA expression in fibroblasts (F) and lymphoblasts (L) from members
of family 9 by quantitative real-time PCR, using primer pairs in exons 7 and 8. TMLHE mRNA was expressed 10 times less in patients compared with healthy controls (green
bars). Overnight treatment with 10mg ml" 1 emetin (blue bars), an inhibitor of nonsense-mediated decay, restored the expression of the TMLHE mRNA. (f) Assay of free
carnitine by UPLC (ultra performance liquid chromatography) chromatographic and TQD (tandem quadrupole detector) mass spectrometry in the plasma of patients. (g) Assay
of trimethyllysine (TML) by UPLC chromatographic and TQD mass spectrometry showing a 2–3-fold increase in the plasma of patients.
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synthesis in these tissues remains unknown.28 Carnitine is an
essential metabolite in all animal species as well as in
numerous microorganisms and plants. In mammalian cells,
carnitine is present as free carnitine and acylcarnitines,
including acetylcarnitine.37,38 The main role of carnitine is to
transport activated long-chain fatty acids across the inner
mitochondrial membrane for b-oxidation. But additional neuro-
protective, neuromodulatory and neurotrophic roles have also
been suggested.39–42 In particular, carnitine is an antioxidant
and that might protect mitochondria from oxidative stress.

Another recent study supports the observation that the loss-
of-function of TMLHE is associated with ASD. The deletion of
exon 2 of TMLHE, originally identified in ASD male patients,43

was shown to be a CNV that is present in male controls at a
frequency of B1/350. The first coding exon of TMLHE, exon
2, encodes the signal peptide necessary to address the
protein to mitochondria. Deletion of this exon causes enzyme
deficiency and impairs endogenous carnitine biosynthesis, as
observed for p.Arg77X and p.Asp244His mutations. Remark-
ably, 6 out of 7 sib pairs with ASD were concordant for the
deletion of exon 2, whereas the frequency of this CNV was
only slightly, not significantly, increased in sporadic ASD
patient. The authors concluded that the deletion of exon 2 of
TMLHE is a risk factor for nondysmorphic ASD, with a
penetrance estimated at 2–4%.29 In this study, the deletion of
exon 2 of TMLHE was present in three male patients with ASD
out of 691 and only in one male control out of 896, indicating
that this CNV could even be rarer than B1/350. Although
CNVs altering TMLHE tend to be more frequent in patients
with ASD than in controls, the difference of frequencies
between patients and controls was not significant. Yet, this
finding is concordant with the results of the previous study in
which significance between patients and controls was not
achieved either.29 Interestingly, in our case, the only sib pair
with ASD was discordant for the deletion of exon 2 of TMLHE
and all the other patients were sporadic cases. However,
association studies are not appropriate for rare variants,
especially in the case of a high genetic heterogeneity such as
in ASD. The arguments suggesting that a loss-of-function of
TMLHE could contribute to autism are: (i) the demonstration
that mutations have functional biological impact; (ii) the
segregation of the mutations with the disorder in the families;
and (iii) the identification of different rare functional mutations
in the same gene in unrelated individuals.44 Taking these
arguments into account, our results confirm that the deficiency
of TMLHE likely contributes to ASD, probably in association
with other genetic or non-genetic abnormalities, and rein-
forces the view that point mutations could also be identified in
patients with ASD. The penetrance of the point mutations
remains to be determined but might be higher than previously
anticipated for deletion of exon 2.

The mechanism by which TMLHE deficiency leads to ASD
remains unclear. The increase in TML could be toxic at some
stage during brain development or interfere with the establish-
ment of normal neuronal networks. Alternatively, the defi-
ciency of carnitine itself or one of the three intermediates of
endogenous carnitine biosynthesis (HTML, TMABA or
g-BB, Supplementary Figure S4) might be deleterious for brain
development, alone or combined with a deficit in carnitine
intake. To test the hypothesis that patients with p.Arg77X and

p.Asp244His had a deficiency of carnitine intake in addition of
the TMLHE mutation, we assessed their dietary intake over
several days. The calculated carnitine intake was normal in all
the three patients but reflects only current carnitine intake; a
lack of carnitine during specific antenatal or neonatal periods
cannot be ruled out. A retrospective questionnaire revealed
that patient PED-804–03 (with the p.Asp244His mutation)
refused to eat meat around 12 months of age. However,
young children frequently refuse meat, particularly those with
ASD. Interestingly, low levels of carnitine and acetylcarnitines
and altered brain fatty acid metabolism were reported in
subjects with ASD.45–47 However, if a systemic carnitine
deficiency constitutes a risk factor for ASD, infants with low
meat intake would have a higher risk of developing ASD. This
is unlikely as the prevalence of autism is not notably increased
in vegetarians or populations with low meat intake. In addition,
carnitine and related metabolites are often abnormal in
patients without ASD. These arguments suggest that low
levels of carnitine and acetylcarnitines in ASD patients could
reflect a more complex deficit. Further studies are, therefore,
needed to decipher the real role of carnitine and TMLHE
deficiency in ASD.

Recent studies have emphasized the role of carnitine in
promoting social interactions in animal models. Desert
(Schistocerca gregaria) and migratory locusts (Locusta
Migratoria) reversibly change between two phenotypes
(solitarious and gregarious) that differ in bodily appearance,
physiology, brain size and organization, and behavior. At low
population density, locusts in the solitarious phase avoid their
congeners; when the population increases, locusts become
gregarious and aggregate in migratory swarms. The genomes
of the two forms of locust are equivalent. The transformation is
driven only by epigenetic regulation.48 Interestingly, carnitine
was recently shown to constitute a key regulatory metabolite
in the phase transition in the migratory locust.49 Remarkably,
the only other metabolite that is known to regulate phase
transition in desert locusts is serotonin.50 The link between
carnitine and serotonin is unclear, but carnitine has been
proposed to act as a neuromodulator in the animal central
nervous system; in addition, acylcarnitines could promote the
biosynthesis and release of neurotransmitters, including
dopamine and melatonin.51 Although these results were
obtained in species very distant from humans, they support
the hypothesis that carnitine has a conserved role in
socialization during evolution and offers potentially novel
insights into the complex role of carnitine and its derivatives
acetylcarnitine and acylcarnitines in the brain.

Finally, TMLHE could also have other yet unknown
functions. An isoform has been reported in which exon 2 is
spliced out and an alternative start codon in exon 3 is used.42

This isoform lacks the mitochondrial targeting signal and
probably localizes in another cellular compartment. Contrary
to the deletion of exon 2, which affects only the mitochondrial
isoform,29 the mutations reported in this study are predicted to
affect other isoforms as well. Interestingly, the TMLHE protein
was reported to interact with nuclear complex p130/RBL2 that
regulates gene expression, supporting the hypothesis that
TMLHE has another cellular localization and function.52 The
mechanism by which the TMLHE deficiency leads to ASD
remains to be further characterized.
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Altogether, our results confirm that a TMLHE deficiency is
associated with ASD and support the hypothesis that rare
variants on the X chromosome are involved in the etiology of
ASD and contribute to the sex-ratio disequilibrium character-
istic of these disorders.
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SHANK1 Deletions in Males
with Autism Spectrum Disorder
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Recent studies have highlighted the involvement of rare (<1% frequency) copy-number variations and point mutations in the genetic

etiology of autism spectrum disorder (ASD); these variants particularly affect genes involved in the neuronal synaptic complex. The

SHANK gene family consists of three members (SHANK1, SHANK2, and SHANK3), which encode scaffolding proteins required for the

proper formation and function of neuronal synapses. Although SHANK2 and SHANK3 mutations have been implicated in ASD and

intellectual disability, the involvement of SHANK1 is unknown. Here, we assess microarray data from 1,158 Canadian and 456 European

individuals with ASD to discover microdeletions at the SHANK1 locus on chromosome 19. We identify a hemizygous SHANK1 deletion

that segregates in a four-generation family in which male carriers—but not female carriers—have ASD with higher functioning. A de

novo SHANK1 deletion was also detected in an unrelatedmale individual with ASD with higher functioning, and no equivalent SHANK1

mutations were found in >15,000 controls (p ¼ 0.009). The discovery of apparent reduced penetrance of ASD in females bearing in-

herited autosomal SHANK1 deletions provides a possible contributory model for the male gender bias in autism. The data are also infor-

mative for clinical-genetics interpretations of both inherited and sporadic forms of ASD involving SHANK1.

Autism is the prototypic form of a group of conditions,
also known as ‘‘autism spectrum disorders’’ (ASDs [MIM
209850]), that share common characteristics (impairments
in socialization and communication and a pattern of repet-
itive interests and behaviors) but differ in developmental
course, symptom pattern, and cognitive and language
abilities. Other ASD subtypes include Asperger disorder
(which has less severe language and cognitive deficits)
and pervasive developmental disorder not otherwise spec-
ified (PDD-NOS; subthreshold symptoms and/or later
onset). Subclinical forms of ASD are often characterized
as the broader autism phenotype (BAP).1 Twin and family
studies provide evidence of the importance of complex
genetic factors in the development of both sporadic and
inherited forms of idiopathic autism. An enigma in ASD
is the 4:1 male to female gender bias, which might rise to
11:1 when Asperger disorder is considered.2

Rare copy-number variations (CNVs) and sequence-level
mutations have been identified as etiologic factors
in ASD.3–5 De novo CNVs are observed in 5%–10% of
ASD cases.6–10 A relative enrichment of CNVs disrupting
synaptic complex genes11,12 is observed, and NLGN3
(MIM 300336), NLGN4 (MIM 300427),13 NRXN1 (MIM
600565),14 NRXN3 (MIM 600567),15 SHANK2 (MIM
603290),9,16,17 and SHANK3 (MIM 606230)18–20 have
been identified as highly penetrant susceptibility loci for
ASD and intellectual disability (ID). The SHANK gene
family,21,22 which also includes SHANK1 (MIM 604999),
encodes scaffolding proteins that localize to postsynaptic
sites of excitatory synapses in the brain.
We describe seven individuals with deletions involving

SHANK1. Four male cases have ASD with higher function-
ing or the BAP and are from amultigenerational family (see
family 1 in Figure 1) that carries inherited gene deletions,
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an unrelated fifth ASD male case has a de novo deletion at
the same locus (see family 2 in Figure S1, available online),
and two female individuals from family 1 (Figure 1) have
the SHANK1 deletion but no ASD or BAP.
The ASD dataset examined in this study was composed

of 1,158 unrelated Canadian individuals (898 males and
260 females) and 456 unrelated European individuals
(362 males and 94 females). All individuals with ASD
were diagnosed by expert clinicians on the basis of the
Autism Diagnostic Interview-Revised (ADI-R) and/or the
Autism Diagnostic Observation Schedule (ADOS).23

Canadian cases were recruited from five different sites:
The Hospital for Sick Children, Toronto, Ontario; McMas-
ter University, Hamilton, Ontario; Memorial University
of Newfoundland, St. John’s, Newfoundland; University
of Alberta, Edmonton, Alberta; and the Montreal Chil-
dren’s Hospital of the McGill University Health Centre,
Montreal, Quebec. The European ASD subjects were re-
cruited by the PARIS (Paris Autism Research International
Sibpair) study and several other sites at specialized clin-
ical centers dispersed in France, Sweden, Germany,
Finland, and the UK. In Sweden, for some cases, the
Diagnostic Interview for Social and Communication
Disorders (DISCO-10) was applied instead of the ADI-R.
The ID dataset consisted of 185 mostly French Canadians
(98 males and 87 females) and 155 German nonsyn-
dromic ID cases (93 males and 62 females). Further
descriptions of these datasets and the assessment proce-
dures used are available elsewhere.16,24 Approval was
obtained from the research ethics boards at The Hospital
for Sick Children (Toronto) and McMaster University for

the study, and informed written consent was obtained
from all participants.
For the assessment of the presence of CNVs on a

genome-wide scale, DNA from the Canadian ASD dataset
was genotyped at The Centre for Applied Genomics, Tor-
onto with one of three high-resolution microarray plat-
forms: Affymetrix GeneChip SNP 6.0, Illumina Infinium
1M single SNP, or Agilent SurePrint G3 Human CGH
(comparative genomic hybridization) 1x1M. The probe
coverage of these platforms at the SHANK1 region is
shown in Figure S2. CNVs were analyzed with published
methods.9,25,26 Briefly, CNV calling was performed with
a multialgorithm approach that used at least two different
algorithms for the three array platforms: Affymetrix 6.0
(Birdsuite, iPattern, and Genotyping Console), Illumina
1M (PennCNV, QuantiSNP, and iPattern), and Agilent
CGH 1x1M (DNA Analytics and CBS from DNAcopy
package). Subsequent analyses focused on those CNVs
spanning five or more array probes and detected by at least
two algorithms. Independent validation of the deletion
at the SHANK1 locus in family 1 was performed with
SYBR-Green-based real-time quantitative PCR (qPCR), for
which two independent primer pairs were placed at the
SHANK1 locus and the FOXP2 (MIM 605317) locus as
a negative (diploid) control (Figure S3). All primers used
in qPCR validation and breakpoint mapping are listed in
Table S1.
Using the Illumina Human 1M-Duo BeadChip, we geno-

typed DNA from the European ASD dataset at the Centre
National de Génotypage at the Institut Pasteur. CNVs
were analyzed with previously published methods.9
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Figure 1. Pedigree of Family 1
Pedigree of a multigenerational family carrying a rare CNV that deletes one copy of SHANK1. Individuals with ASD and BAP are indicated
by filled symbols and striped symbols, respectively. The proband is indicated by an arrow. ‘‘WT’’ indicates individuals that have the
typical copy number of two at the SHANK1 locus, and ‘‘NA’’ indicates the unavailability of DNA.
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Validation of the array CNV calls was performed with
qPCR in a similar way as described above; two independent
primer pairs were placed at the SHANK1 locus and at the
exon 18 locus of SHANK1 as a negative (diploid) control
(Figure S3).

We initially identified a hemizygous microdeletion in
chromosomal region 19q13.33 in ASD proband III-5
from the Canadian cohort (see family 1 in Table 1 and
Figure 1). The deletion, which was determined to be
63.8 kb, eliminated exons 1–20 of SHANK1 and the

Table 1. Clinical Description of Individuals Carrying SHANK1 Deletion

Clinical Details

Diagnosis IQa Languageb Adaptive Behaviorc Brain Imaging

Family 1d

III-5 (male) ASDe: Asperger disorder
(ADI-R and ADOS-4)
and anxiety

Leiter-R: brief
NVIQ ¼ 83
(13th % ile; LA)

OWLS: TL ¼ 68
(2nd % ile; delay)

VABS-I: ABC ¼ 52
(<1st % ile), COM ¼ 43
(<1st % ile), DLS ¼ 63
(1st % ile), and SOC ¼ 65
(1st % ile); he currently
takes olanzapine and
paroxetine for the
anxiety disorder

–

I-1 (male) BAP: shy, reserved,
and reluctant to
approach people;
amassed a large stamp
collection; deceased

– – – –

IV-1 (male) ASD: Asperger disorder
(ADI-R; SRS: 68T/mild
to moderate)

WASI: VIQ ¼ 114
(82nd % ile; HA)
and PIQ ¼ 86
(18th % ile; LA)

OWLS: TL ¼ 93, RL ¼ 82
(12th % ile), and EL ¼ 107
(68th % ile)

VABS-II: ABC ¼ 85
(16th % ile), COM ¼ 92
(30th % ile), DLS ¼ 85
(16th % ile), and SOC ¼ 85
(16th % ile)

–

PPVT: RV ¼ 97 (42nd % ile)

IV-3 (male) ASD: Asperger disorder
(ADI-R and ADOS-3)

WPPSI: FSIQ ¼ 89
(23rd % ile; LA),
VIQ ¼ 89 (23rd % ile),
and PIQ ¼ 91
(27th % ile)

OWLS: TL ¼ 80 (9th % ile),
RL ¼ 78 (7th % ile),
and EL ¼ 86 (18th % ile)

VABS-II: ABC ¼ 86
(18th % ile), COM ¼ 91
(27th % ile), DLS ¼ 89
(23rd % ile), SOC ¼ 85
(16th % ile), and
MOT ¼ 91 (27th % ile)

–

PPVT: RV ¼ 91 (27th % ile)

II-4 (female) non-ASD and non-BAP;
anxiety and shyness

– – – –

III-2 (female) non-ASD and non-BAP;
social anxiety disorder
and generalized anxiety
disorder; shy as a child

– PPVT: RV ¼ 111 (77th % ile) – –

Family 2f

II-1 (male) ASD with higher
functioning
(ADI-R; CARS:
mild autism)

WISC: FSIQ ¼ 115
(84th % ile; HA),
VIQ ¼ 120 (93rd % ile),
and PIQ ¼ 100
(50th % ile) (VIQ > PIQ)

– – PET: mild
hyperfusion
temporal left

Refer to pedigrees in Figure 1 (family 1) and Figure S1 (family 2). The following abbreviations are used: IQ, intelligence quotient; ASD, autism spectrum disorder; %
ile, percentile; and PET, positron emission tomography.
aIQ was measured with an age-appropriate Weschler scale (WPPSI, Wechsler Preschool and Primary Scale of Intelligence; WISC, Wechsler Intelligence Scale for
Children; or WASI, Wechsler Abbreviated Scale of Intelligence). Standard scores and percentiles are presented for full-scale IQ (FSIQ), verbal IQ (VIQ), and/or
performance IQ (PIQ). FSIQ is not a valid estimate of IQ when significant discrepancy exists between VIQ and PIQ. Leiter International Performance Scale-Revised
(Leiter-R) is a measure of nonverbal IQ (NVIQ) only. Percentile classifications are the following: very superior (VS; >98th % ile), superior (S; 91st–97th %
ile), high average (HA; 75th–90th % ile), average (A; 25th–74th % ile), low average (LA; 9th–24th % ile), borderline (B; 2nd–8th % ile), and extremely low
(EL; <2nd % ile).
bLanguage was measured with the Oral and Written Language Scales (OWLS). Standard scores and percentiles are presented for total language (TL), receptive
language (RL), and/or expressive language (EL). Language was rated as nonverbal, average, or delayed (%16th % ile). The Peabody Picture Vocabulary Test
(PPVT-4th edition) measured receptive vocabulary (RV).
cAdaptive Behavior was measured with the Vineland Adaptive Behavior Scales (VABS). Standard score and percentiles are presented for adaptive behavior
composite (ABC), communication (COM), daily living skills (DLS), socialization (SOC), and motor (MOT; only for children 7 years old or younger).
dLanguage details for IV-2 (female) in family 1 are the following: (OWLS) RL = 87 (19th % ile) and EL = 108 (70th % ile) and (PPVT) RV = 103 (58th % ile).
eThe autism-spectrum diagnosis is based on the Autism Diagnostic Interview-Revised (ADI-R) and the Autism Diagnostic Observation Schedule (ADOS; one of four
possible modules is administered on the basis of age and language level). In some cases, the Social Responsiveness Scale (SRS) was administered, and reported
T-scores represent average skills (%59T), mild to moderate concerns (60T–75T), or a severe range (76T or higher). Also, the diagnosis for II-1 in family 2 was based
on the Childhood Autism Rating Scale (CARS).
fII-3 (female) in family 2 was diagnosed with ASD (ADI-R; CARS: mild autism). Her WIPPSI IQ details are the following: PIQ = 99 (50th% ile) and VIQ = nonfunctional
language.
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neighboring CLEC11A (MIM 604713), which codes for
a growth factor for primitive hematopoietic progenitor
cells (Figure 2). Subsequent genotyping in family 1
revealed that the deletion was also present in males I-1,
IV-1, and IV-3 as well as in females II-4 and III-2 (Figure 1).
At 16 years of age, proband III-5 was first assessed by

a child psychiatrist and was initially given a clinical diag-
nosis of PDD-NOS. Starting at an early age, there was
evidence of impairment in social communication, but
there were not enough repetitive stereotyped behaviors
for a diagnosis of autism or Asperger disorder. The ADI-R
and the ADOS were completed when the proband was 25
years old. The ADI-R indicated that the parents first
became concerned when their son was 12–24 months
old, a period during which III-5 engaged in repetitive
play and speech. He spoke in single words at 24 months
of age and spoke in phrases by 36 months of age. He has
never lost language or other skills. He has no history of
echolalia, pronoun reversal, or neologisms. His eye contact
has always been poor, and he has persistently lacked social
smiling, facial affect, joint attention, and empathy. His
interests during childhood and adolescence included video
games, movies, and sports cards. He graduated from high
school, and now, at age 32, he lives independently and
works in a sheltered workshop. When III-5 was 25 years
old, the ADI-R and ADOS diagnosed him with autism
according to the cut-offs, but his current best-estimate
diagnoses are that of Asperger disorder (in view of the
normal language development) and a separate anxiety
disorder; anxiety disorders are common comorbid condi-
tions but are not considered part of the ASD clinical
spectrum.
An extensive battery of questionnaires and tests were

administered to III-5’s parents, and both scored in the
typical range. His mother (II-4) has exhibited anxiety and
shyness for most of her life but would not be considered
to have ASD or BAP. His 40-year-old sister (III-2) is married
with one son (IV-1) with Asperger disorder, a neurotypical
daughter (IV-2), and a son (IV-3) with ASD. III-2 completed
university andworked as a school teacher for years. She has

a diagnosis of social anxiety and a generalized anxiety
disorder for which she has taken antianxiety medication.
Assessment by interview and questionnaire indicated
that she was typical for all measures and did not show
evidence of ASD or the BAP.
III-5’s maternal grandfather (I-1) passed away when he

was 95 years old. Little is known about his childhood
other than that he had difficulty in school. Throughout
his adult life, he had been quiet and withdrawn. He did
not develop close relationships. He was a truck driver
and spent most of his time away from home. There was
no history of psychiatric illness. He was an avid stamp
collector but did not use this interest to engage in social
interactions. His children were interviewed so that a
diagnosis of ASD could be determined; based on this
interview, our clinical impression is that he most likely
had, at the very least, the BAP or, possibly, high-func-
tioning ASD, which could not be determined under the
circumstances.
IV-1 was clinically diagnosed with Asperger disorder

when he was 8 years old. He was born by cesarean section
10 days late. Early developmental milestones were within
normal limits. When he was 3 years old, his parents
detected developmental differences by noting that he
was not interested in other children and was preoccupied
with objects. He had an encyclopedic knowledge of cars.
He would approach other children but tended to play
beside them and became upset with changes in routine.
He exhibited difficulties with eye contact and under-
standing social cues and rules.
Additional assessments were conducted when he was

10 years old. He met all the cut-offs for an autistic disorder
on the ADI-R except for the nonverbal total. The ADOS
scores were below the cut-off for a diagnosis of ASD
because of his strengths in the communication domain.
Descriptive gestures were present but were vague and
infrequent, accounting for his communication score of
1 (the cut-off is 2). Impairments in reciprocal social inter-
action continued to be evident. His score on the perfor-
mance intelligence quotient (IQ) component (score ¼ 86)

19q13.3319q13.33

5’ 3’ 5’5’3’ 3’

SYT3 SHANK1 CLEC11A

63.8 kb deletion (inherited)

63.4 kb deletion (de novo)
4 ASD-BAP 

1 ASD 

Centromeric Telomeric

55,810,000 55,900,000

case (family 2)

cases (family 1)

Figure 2. Rare Deletions at SHANK1 Locus in the Two ASD-Affected Families
Chromosomal position of rare deletions of SHANK1 and adjacent genes in ASD. The accurate coordinates for family 1 were mapped by
sequencing across the breakpoints and are Chr 19: 55,872,189–55,935,995 (hg18). The de novo deletion of family 2 was detected by
microarray and has coordinates Chr 19: 55,808,307–55,871,709 (hg18).
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of psychometric testing was significantly lower than his
score on the verbal IQ subtests (score ¼ 114). IV-1 qualified
for a diagnosis of Asperger disorder.
Individual IV-3 was first evaluated when he was 3 years

old. When he was 18 months old, his parents became con-
cerned because he was not talking. He developed single
words at 24 months. He communicated by leading his
parents by the hand and exhibited repetitive behaviors.
He did not offer comfort or empathy and did not initiate
social interaction, although he would play with his
parents. Certain noises such as the washing machine or
the toilet flushing would bother him; he became upset if
his mother had her hair down or a jacket unzipped.
Assessment when he was 5 years and 8 months old indi-

cated that he was positive on the ADI-R for autism and for
ASD on the ADOS. He had made good progress in social
interaction and language. His expressive language con-
sisted of short sentences and phrases and some echoed
speech and mild articulation difficulties. His IQ and
expressive and receptive language scores were in the low-
average range, leading to a best-estimate diagnosis of
Asperger disorder.
In separate microarray experiments examining 456 ASD-

affected individuals from Europe, we identified a 63.4 kb
hemizygous CNV in individual F2-II-1 from family 2; this
CNV deleted the last three exons of SHANK1 and the entire
centromeric synaptotagmin-3 (SYT3 [MIM 600327]) gene,
which plays a role in Ca2þ-dependent exocytosis of
secretory vesicles (Table 1, Figure 2). Haplotype analysis
revealed that the deletion resided on the chromosome
originating from the mother (who was shown to carry
two copies of SHANK1), so it was presumed to be a de
novo event (Figure S1). The deletion was not in F2-II-3.
Male individual F2-II-1 (Table 1 and Figure S1) was the

first child born to a 20-year-old mother. He has a younger
maternal half-sister (F2-II-3) with autism and mild ID. F2-
II-1 was born two months before term. Developmental
abnormalities were identified during his first year. He did
not babble, made no eye contact, and refused to be
touched. He started to walk at two years of age, but his
motor coordination was poor. He started to talk at 2.5 years
of age, which astonished the parents because until then, he
had been extremely quiet. He developed a formal, pedantic
style of speech with abnormal prosody. He was uninter-
ested in other children. He repeated routines and rituals
and accumulated facts on certain subjects such as
astronomy. When upset, he flapped his hands or moved
his body in a stereotypic fashion. Lately, he has had
periods of depression. His IQ is in the normal range and
shows that he has good verbal ability. The best estimate
diagnosis for F2-II-1 is autism with higher functioning.
No deletion equivalent to those described in families 1

or 2 was observed in 15,122 control individuals. These
controls included 2,026 healthy individuals from the
Children’s Hospital of Philadelphia,27 2,493 controls geno-
typed at the University of Washington,28 and 10,603
population-based controls8,9,25 whose microarray data

were analyzed by our group. This latter dataset included
1,123 controls from northern Germany,29 1,234 Canadian
controls from Ottawa,30 1,120 population controls from
Ontario,31 1,056 HapMap samples,32 4,783 controls from
the Wellcome Trust Case Control Consortium,33 and
1,287 controls recruited by the Study of Addiction:
Genetics and Environment consortium.34 Control individ-
uals were predominantly of European ancestry, which was
comparable to the ancestry of the ASD subjects. We also
examined the Database of Genomic Variants35,36 for
previously reported CNVs at the SHANK1 locus. One
study37 reported an unvalidated 109.1 kb deletion encom-
passing the entire SHANK1 gene in a Japanese female
HapMap individual (NA18942). We obtained this DNA
sample and performed qPCR by using two independent
primer pairs at the SHANK1 locus; we were unable to
confirm the deletion, indicating that it was a false-positive
call (Figure S3).

The frequency of deletions at the SHANK1 locus is sig-
nificantly higher in ASD cases than in controls (2/1,614
cases versus 0/15,122 controls; Fisher’s Exact test two-
tailed p ¼ 0.009). No other obvious potentially etiologic
CNV was observed in any of the individuals with ASD in
families 1 or 2 (Tables S2 and S3). Therefore, at this resolu-
tion of analysis, the rare deletions of common segments of
SHANK1 were the only common events observed between
the two unrelated ASD families.
To test for potential damaging sequence-level mutations

in SHANK1, we used Sanger sequencing to examine all 23
exons and splice sites in 509 unrelated ASD (384 male
and 125 female) and 340 ID (191 males and 149 females)
individuals. The rationale for SHANK1 mutation screening
of ASD and ID cases arises from our previous observation of
rare truncating nonsense and/or frameshift mutations in
SHANK216 and SHANK318,19,38 in both of these disorders.
We used Primer3 software v.0.4.0 to design PCR primers.
We performed PCRs by using standard conditions, and
we purified and sequenced products directly by using the
BigDye Terminator sequencing (Applied Biosystems, Foster
City, CA, USA). Variant detection was performed with Seq-
Scape software from Applied Biosystems. We validated
variants detected in the cases but not previously reported
in the Single Nucleotide Polymorphism Database (dbSNP)
build 130 by resequencing samples from the proband,
both parents, and the siblings when available. All primers
used for Sanger sequencing of SHANK1 and PCDHGA11 are
listed in Table S4.
We detected 26 rare missense variants in 23 ASD and

seven ID cases, which were not found in dbSNP build
130 or in 285 control individuals from the Ontario general
population (Table S5 and Figures S4 and S5). However, only
two of these missense variants (c.877 G>A [p.Asp293Asn]
in families 5 and 6 and c.2207 G>A [p.Arg736Gln] in
family 9) are predicted to be damaging on the basis of their
alteration of highly conserved residues within the ANK
and PDZ domains, respectively. Although they occur in
males with ASD, both variants are also found in non-ASD
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(or BAP) fathers. No significant mutation was found on the
nondeleted allele of proband III-5.
We also conducted whole-exome sequencing in individ-

uals III-5 and IV-3 from family 1 to search for potential
mutations in other genes (Table S6). We performed target
enrichment by utilizing the Agilent SureSelect 50Mb
Human All Exon kit (Agilent Technologies, Santa Clara,
CA, USA), and we conducted paired-end sequencing on
a Life Technologies SOLiD5500XL (Life Technologies,
Foster City, CA, USA) platform. Protocols for sequencing
and target capture followed specifications from the manu-
facturers.
A nonsense mutation (Tyr313*) predicted to introduce

a stop codon in the PCDHGA11 prodocadherin gene in
chromosomal region 5q31.3 was identified. PCDHGA11
is a member of the protocadherin gamma gene cluster
thought to have an important role in establishing connec-
tions in the brain.39 The nonsense variant in PCDHGA11
(MIM 606298) was validated by Sanger sequencing. The
mutation was found to segregate precisely with the
SHANK1 deletion. Because SHANK1 and PCDHGA11 reside
on different autosomes, we tested for translocation or
transposition and ruled out such linkage (Figure S6). It is
possible that the Tyr313* mutation in PCDHGA11 works
in concert with the SHANK1 deletion to modify (positively
or negatively) the extent of the phenotype or that they are
just randomly cosegregating (a 1/262,144 chance). We
have not detected CNVs or sequence-level mutations in
PCDHGA11 in family 2 or in any other ASD subject exam-
ined. We have also tentatively ruled out the role of the X
chromosome in family 1 given that different X chromo-
somes were observed in ASD males (by comparing SNP
genotypes), and no pathogenic CNV, mutation, or genetic
linkage was observed at the X chromosome (Figure S7). The
PCDHGA11 and SHANK1 loci at 5q31.3 and 19q13.33,
respectively, represented two of five chromosomal regions
in which maximal linkage was detected (Figure S7). No
other obvious damaging sequence mutations or CNVs
were found in genes in the other three putative linkage
regions.
We provide here a description of hemizygous deletions

of SHANK1 in ASD. Such findings have, perhaps, been
anticipated given that mutations leading to haploinsuffi-
ciency of SHANK2 and SHANK3 have been previously
described in ASD. The striking segregation of ASD in only
male SHANK1-deletion carriers in family 1 represents, to
our knowledge, the first example of autosomal sex-limited
expression in ASD.40 Our finding of an unrelated ASD-
affected male carrying an independent de novo deletion
of SHANK1 supports our interpretation that the SHANK1
CNV segregating in family 1 is indeed the primary etiologic
event leading to ASD. Additional case reports of other
multigenerational families will be required for substanti-
ating our findings of gender-influenced autosomal pene-
trance differences at the SHANK1 locus in ASD.

Our data indicate that SHANK1 deletions are associated
with ASD with higher functioning in males. Insofar as all

affected males have an IQ in the typical range and have
good verbal ability (with a lack of clinically significant
language delay), they would also qualify for a diagnosis
of Asperger disorder. The one other male (individual I-1)
had a diagnosis of the BAP (although this diagnosis was
based only on retrospective reports, which preclude the
potential for an ASD diagnosis). The female carriers do
not show evidence of ASD or the BAP but have suffered
from anxiety, which is considered to be an unrelated
phenotype to ASD (Table 1). It is surprising that, compared
to other studies of inherited CNVs,3 this pedigree
shows little variability in clinical features among affected
individuals.
We note that the neuronal genes PCDHGA11 and SYT3

could also contribute to aspects of the ASD phenotype in
families 1 and 2, respectively. Moreover, subtler muta-
tions,41,42 or combinations of mutations,17 might also be
involved. The latter possibility might be particularly rele-
vant given early findings that suggest potential multigenic
effects including SHANK2 in ASD risk.17 Paternal silencing
or imprinting of SHANK1, as well as potential transmission
distortion with respect to cosegregation of SHANK1 and
PCDHGA11, also needs to be considered, but at least for
the former, there is insufficient evidence for this.43

Consistent with our findings in humans, Shank1-null
murines have deficits in several elements of social com-
munication and developmental milestones.44 They also
exhibit increased anxiety-related behavior and impaired
memory.45 Shank2 and Shank3 offer immature excitatory
synapses with unique properties that facilitate synapto-
genesis. Shank1 has the important, but perhaps less
critical, structural role of ‘‘consolidating’’ novel synaptic
contacts via capping Shank2 and Shank3.22,46 Mutations
in SHANK1 might be predicted generally to have less of
an impact on synapsemorphology and stability and, there-
fore, a less severe phenotype than do similar alterations in
SHANK2 or SHANK3. Given that SHANK2 and SHANK3
mutations are observed in ID16,38 and schizophrenia
(MIM 181500),47 it is possible that SHANK1 mutations
will also be similarly found in other brain disorders.
There are currently three prevailing theories explaining

the gender bias in autism. The ‘‘extreme brain’’ theory
proposes that autistic behaviors are an exaggeration of
typical male personality traits.48 A second theory suggests
that given the established genetic basis of autism, it is
possible that the sex bias lies in the sex chromosomes.
Rare mutations in some X-linked genes such as NLGN3
and NLGN413 and the PTCHD1 locus (MIM 300828)49

have been shown to confer risk to idiopathic ASD in
male carriers. A third theory50 posits a sex-specific
multiple-threshold model in which females need to carry
more genetic liability than males in order to develop
ASD. Some protective factor must exist to account for
that higher threshold. Our discovery of rare autosomal
SHANK1 deletions associated with ASD or the BAP that is
limited to males provides further evidence of the existence
of this protective factor and has significant implications
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for elucidating the molecular basis of sex bias in ASD.
These results will also have immediate relevance for
clinical genetic testing in ASD.

Supplemental Data

Supplemental Data include seven figures and six tables and can be

found with this article online at http://www.cell.com/AJHG.
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Abstract

Autism spectrum disorders (ASD) are a heterogeneous group of neurodevelopmental disorders with a complex inheritance
pattern. While many rare variants in synaptic proteins have been identified in patients with ASD, little is known about their
effects at the synapse and their interactions with other genetic variations. Here, following the discovery of two de novo
SHANK2 deletions by the Autism Genome Project, we identified a novel 421 kb de novo SHANK2 deletion in a patient with
autism. We then sequenced SHANK2 in 455 patients with ASD and 431 controls and integrated these results with those
reported by Berkel et al. 2010 (n = 396 patients and n = 659 controls). We observed a significant enrichment of variants
affecting conserved amino acids in 29 of 851 (3.4%) patients and in 16 of 1,090 (1.5%) controls (P = 0.004, OR = 2.37, 95%
CI = 1.23–4.70). In neuronal cell cultures, the variants identified in patients were associated with a reduced synaptic density
at dendrites compared to the variants only detected in controls (P = 0.0013). Interestingly, the three patients with de novo
SHANK2 deletions also carried inherited CNVs at 15q11–q13 previously associated with neuropsychiatric disorders. In two
cases, the nicotinic receptor CHRNA7 was duplicated and in one case the synaptic translation repressor CYFIP1 was deleted.
These results strengthen the role of synaptic gene dysfunction in ASD but also highlight the presence of putative modifier
genes, which is in keeping with the ‘‘multiple hit model’’ for ASD. A better knowledge of these genetic interactions will be
necessary to understand the complex inheritance pattern of ASD.
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Introduction

Autism spectrum disorders (ASD) are characterized by
impairments in reciprocal social communication and stereotyped
behaviors [1]. The prevalence of ASD is about 1/100, but closer
to 1/300 for typical autism [2]. ASD are more common in males
than females, with a 4:1 ratio. Previously, twin and family studies
have conclusively described ASD as the most ‘‘genetic’’ of
neuropsychiatric disorders, with concordance rates of 82–92% in
monozygotic twins versus 1–10% in dizygotic twins [3], but a
recent study finds evidence for a more substantial environmental
component [4]. In the absence of Mendelian inheritance
patterns, ASD were first considered to be polygenic, i.e., a
disorder caused by multiple genetic risk factors, each of weak
effect. More recently, an alternative model was proposed that
considered ASD as a group of disorders caused by heterogeneous
genetic risk factors influencing common neuronal pathways
[5,6]. It was supported by the identification of apparently
monogenic forms of ASD, each affecting a limited number of
patients (1–2% for the most replicated genes) [7–14]. In this
model, eventually a single highly penetrant mutation would be
sufficient to produce ASD. However, the occurrence of two or
more deleterious copy number variants (CNV) or mutations in a
subset of patients also suggested that independent loci could act
in concert to induce the development of ASD [9,13–16]. In line
with these findings, the recent observation that patients with a
deletion at 16p12.1 were more likely to carry an additional large
CNV agrees with a ‘‘two-hit model’’ for developmental disorders
[17].

The genetic causes of ASD are diverse [18], but the main
category of genes associated with the disorder is related to the
development and function of neuronal circuits [6,19]. Mutations
of genes coding for synaptic cell adhesion molecules and
scaffolding proteins, such as neuroligins (NLGN), neurexins
(NRXN) and SHANK, have been recurrently reported in patients
with ASD [7–10,13,14,20]. These proteins play a crucial role in
the formation and stabilization of synapses [21], as well as in
synaptic homeostasis [22]. SHANK2 and SHANK3 code for
scaffolding proteins located in the postsynaptic density (PSD) of
glutamatergic synapses. Deletions of ProSAP2/SHANK3 at chro-
mosome 22q13 are one of the major genetic abnormalities in
neurodevelopmental disorders [20], and mutations of ProSAP2/
SHANK3 have been identified in patients with ASD, intellectual
disability (ID) and schizophrenia [7,23–25]. Mutations of
ProSAP1/SHANK2 have also recently been reported in both,
ASD and ID [9,26]. The difference in clinical outcome of
mutation carriers has been attributed to the presence of still
uncharacterized additional genetic, epigenetic and/or environ-
mental factors [27].

In order to better understand the role of the NRXN-NLGN-
SHANK pathway in ASD, we first aimed to describe SHANK2
isoform expression in different tissues of healthy individuals. To
investigate the role of this pathway in ASD, we screened for
SHANK2 CNVs and coding mutations in a large sample of patients
with ASD and controls. We provide genetic and functional
evidence that SHANK2 is associated with ASD, and that its
mutations affect the number of synapses. Additionally, we report
the co-occurrence of SHANK2 de novo deletions and inherited
CNVs altering neuronal genes, suggesting that epistasis between
specific loci in the genome could modulate the risk for ASD.

Results

SHANK2 isoforms are differentially expressed in human
tissues

In order to characterize all isoforms of SHANK2, we scanned
genomic databases for specific Expressed Sequence Tags (ESTs)
and spliced isoforms. The human SHANK2 gene (NM_012309.3)
spans 621.8 kb and contains 25 exons (Figure 1). The longest
SHANK2 isoform (SHANK2E, AB208025) contains ankyrin (ANK)
repeats at the N-terminus, followed by a Src homology 3 (SH3)
domain, a PSD95/DLG/ZO1 (PDZ) domain, a proline-rich
region and a sterile alpha motif (SAM) domain at its C-terminus
region. All these domains are involved in protein-protein
interactions that bridge glutamate receptors, scaffolding proteins
and intracellular effectors to the actin cytoskeleton [28,29]. Two
additional isoforms, ProSAP1A (AB208026) and ProSAP1
(AB208027), originating from distinct promoters, were previously
detected in the rat [30,31]. Finally, the shortest isoform
(AF141901), also originally described in the rat, results in
premature termination of the transcription before the SAM
domain due to an alternative 39 end in exon 22 [32] (Figure 1A).
To validate these SHANK2 isoforms in humans, we used specific
RT-PCRs and sequencing (Figure 1B). Almost all tissues tested
(brain, liver, placenta, kidney, lung, pancreas and lymphoblastoid
cell lines) expressed SHANK2 mRNA, except heart and skeletal
muscle, for which no expression was detected. We observed inter-
individual differences in the relative amount of SHANK2 mRNA
that were confirmed by using independent RT-PCRs and primers
(not shown). Such differences have been previously reported for
other synaptic genes such as NLGN1-4Y, PCHD11X/Y, and
SHANK3 [7,8,33] and might be the consequence of polymor-
phisms located in specific regulatory sequences and/or activity
dependent expression of this family of post-synaptic proteins [34].
Notably, exons 19, 20 and 23 were found to be expressed only in
brain in all individuals tested (Figure 1C). Such brain specific
splicing has been already observed for exon 18 in SHANK3 [7],
which is similar to exon 19 and 20 in SHANK2. These ‘brain-
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specific exons’ code for a region in SHANK2/3 located between
the PDZ and the proline rich domains. Finally, in contrast to
previous results [26], we detected the longest SHANK2E isoform in
all independent samples of human brain, with high expression in
the cerebellum (Figure 1, Figure S1). This Shank2E isoform was
also expressed in the cerebellum and in the liver of rat embryo at
E19 (Figure S1).

A de novo deletion of SHANK2 in a patient with ASD
Berkel et al. 2010 recently identified two independent de novo

SHANK2 deletions in two patients, one with ID and another one
with ASD [26]. In addition, whole genome analysis performed by
the Autism Genome Project (AGP) using Illumina 1M single
nucleotide polymorphism (SNP) arrays detected one additional de
novo SHANK2 deletion in a patient (6319_3) with ASD [9] (the
second patient described by the AGP, 5237_3, is patient SK0217-
003 reported in Berkel et al. 2010 [26]). Recently, a 3.4 Mb de
novo deletion including SHANK2 was observed in a female patient
with speech and developmental delay [35]. To follow up on these
results, we genotyped an independent sample of 260 patients with
ASD using Illumina 1M Duo SNP arrays (Table S1). In this
sample, we detected a 421.2 kb deletion within SHANK2 in patient
AU038_3 with autism and moderate ID (see patient section in
Materials and Methods, and Table S2). The deletion covered
twelve exons (E5–E16) and altered all SHANK2 isoforms
(Figure 2A). No other deleterious variants in the remaining copy
of SHANK2 were detected by sequencing. The parents did not
carry the deletion, indicating a de novo event. The deletion was
validated by quantitative PCR analysis using DNA from an
independent blood sample from all members of the family and
SNP analysis indicated that the deletion originated on the
maternal chromosome (Figure S2). SHANK2 deletions were absent
in more than 5000 controls [9,26] and not listed in the Database of
Genomic Variants (DGV; http://projects.tcag.ca/variation/).

SHANK2 coding variants affecting conserved amino acids
are enriched in patients with ASD

To probe for additional mutations, we first sequenced all exons
of the longest SHANK2E isoform in 230 patients with ASD and
230 controls. We then sequenced an additional sample of 225

patients and 201 controls (Table S1) for the ProSAP1A isoform that
corresponds to the major SHANK2 isoform in the brain. Since we
screened all SHANK2 isoforms, we used a nomenclature including
the SHANK2E isoform that differed from Berkel et al. 2010 [26].
Within the 9 coding exons specific to SHANK2E, we identified
R174C (rs7926203) listed in dbSNP in 2 independent patients with
ASD and R185Q in one patient with ASD. For this isoform, no
variant was identified in the control sample. Within the ProsSAP1A
isoform, we identified 24 non-synonymous variations. When these
results are integrated with those obtained by Berkel et al. 2010, a
total of 40 variants of ProsSAP1A including 3 already reported in
dbSNP were identified (Figure 2B, Table 1, Figure S3). Only two
variants (Y967C and R569H) with MAF.1% are detected and
there is no enrichment of rare variants of SHANK2 (MAF,1%) in
patients with ASD compared with controls. Because variants
affecting conserved amino acids in the SHANK proteins are most
likely to have a functional effect, we tested whether there was an
enrichment of these variants in patients compared to controls. The
alignment of the SHANK protein sequences and the conservation
of the variants are indicated in the Table S5. In both mutation
screening studies, the first performed by Berkel et al. 2010 and the
second presented here, we observed an enrichment of variants
affecting conserved amino acids in patients compared with
controls (Figure 2C, Table S5 and Table S7). Overall, 12 of 15
(80%) of the variants identified only in the patient sample affected
conserved amino acids compared with only 6 of 17 (35.3%) in
controls (Fisher’s exact test 1-sided, P = 0.013, OR = 6.83, 95%
IC = 1.19–53.40). Because several independent patients carried
these variants (Table 1), the enrichment is even more significant
when the number of carriers was considered. The variants
affecting conserved amino acids were observed in 29 of 851
(3.4%) patients and in 16 of 1090 (1.5%) controls (Fisher’s exact
test 1-sided, P = 0.004, OR = 2.37, 95% CI = 1.23–4.70). A total of
8 variants were identified in patients and controls. Among these 8
variants, 2 affected conserved amino acids (R818H and S557N).
The variant S557N was observed in 9 of 851 (1.06%) independent
families with ASD and in 3 of 1090 (0.28%) controls (Fisher’s
Exact Test one sided, P = 0.029, OR = 3.87; 95% CI = 0.96–
22.29). It affects a conserved serine with a high probability of being
phosphorylated and located in the SH3 domain of all SHANK
proteins. This domain binds to GRIP and b-PIX, two proteins
linking SHANK to glutamate AMPA receptors and actin skeleton,
respectively [36]. In our initial mutation screen, R818H was
observed in 5 of 230 patients with ASD and 0 of 230 controls. In
order to determine if R818H was more frequent in the patients
with ASD, we screened an additional sample of 3020 individuals
with ASD, 1783 controls from European descent, and the Human
Genome Diversity Panel (HGDP) control dataset (Table S3 and
S4). R818H was virtually absent outside Europe and had the
highest allelic frequency (2.37%) in Finland, but overall its
frequency was not higher in patients with ASD compared with
controls (ASD 32/3250 (1.0%); controls 27/2030 (1.33%); Fisher’s
exact test 2-sided, P = 0.28) (Table S3).

Finally, and unexpectedly, during this additional mutation
screening, we detected a variation (IVS22+1G.T) altering the
consensus donor splice site of exon 22 in a Swedish control,
SWE_Q56_508 (Figure 3A). This variant was predicted to disrupt
all SHANK2 isoforms by deleting the proline rich and the SAM
domain, except for the shortest isoform AF141901, where the
mutation is located in the open reading frame (ORF) and should
lead to a G263V change. This variant was not observed in 1786
patients or 1407 controls, and is not listed in dbSNP. This control
female was part of a previous epidemiological study [37] and had
been extensively examined for anthropometrics and cardiovascu-

Author Summary

Autism spectrum disorders (ASD) are a heterogeneous
group of neurodevelopmental disorders with a complex
inheritance pattern. While mutations in several genes have
been identified in patients with ASD, little is known about
their effects on neuronal function and their interaction
with other genetic variations. Using a combination of
genetic and functional approaches, we identified novel
SHANK2 mutations including a de novo loss of one copy of
the SHANK2 gene in a patient with autism and several
mutations observed in patients that reduced neuronal cell
contacts in vitro. Further genomic analysis of three patients
carrying de novo SHANK2 deletions identified additional
rare genomic imbalances previously associated with
neuropsychiatric disorders. Taken together, these results
strengthen the role of synaptic gene dysfunction in ASD
but also highlight the presence of putative modifier genes,
which is in keeping with the ‘‘multiple hit model’’ for ASD.
A better knowledge of these genetic interactions will be
necessary to understand the complex inheritance pattern
of ASD.
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Figure 1. Genomic structure, isoforms, and expression of human SHANK2. A. Genomic structure of the human SHANK2 gene. Transcription
of SHANK2 produces four main mRNA from three distinct promoters: SHANK2E (AB208025), ProSAP1A (AB208026), ProSAP1 (AB208027) and AF141901.
There are three translation starts: in exon 2 for SHANK2E, in exon1b for ProSAP1A, and in exon1c for ProSAP1 and AF141901; and two independent stop
codons: in exon 22b for AF141901 and in exon 25 for SHANK2E, ProSAP1A and ProSAP1. Conserved domains of protein interaction or protein binding
site are represented in color: ANK (red), SH3 (orange), PDZ (blue) and SAM (green), H (pink), D, (dark blue) and C (purple). Black stars identify the
alternative spliced exons (‘brain-specific exons’ in turquoise: 19, 20 and 23). B. RT-PCRs of SHANK2 isoforms on RNA from different human control
tissues (Clontech), and different brain regions of four controls (2 males and 2 females). The amplified regions specific to each isoform of SHANK2 are
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lar risk factors such as blood pressure and levels of all major
hormones. In addition, she was ascertained for axis I psychiatric
disorders and personality traits using the Temperament and
Character Inventory (TCI) [38] and the Karolinska Scales of
Personality (KSP) [39]. Notably, despite the predicted deleterious
effect of the mutation, this subject had no major somatic or
psychiatric health problems. Regarding personality traits, none of
her scores for TCI items were different from those found in the
general population. KSP assessment showed that her scores for
neuroticism (51.3), nonconformity/aggressiveness (56.7), and
psychoticism (50.5) were not different from the general population
(mean 6 SD = 50610). However, she displayed a high score (61.4)
for the extraversion factor, and for one of its subscales, monotony
avoidance [40].

Several SHANK2 variants identified in patients alter
synapse density in cultured neurons

In order to establish the functional impact of SHANK2 variations,
we performed expression studies in primary neuronal cell cultures
after over-expression of wild-type vs. mutant ProSAP1A/Shank2A
cDNA (Figure 4). All the variants (n = 16) identified by our first
screen of 230 patients and 230 controls were tested: 5 were identified
only in patients (V717F, A729T, G1170R, D1535N and L1722P), 6
were detected in patients and controls (S557N, R569H, K780Q,
R818H, Y967C and P1586L) and 5 were only found in controls
(L629P, A822T, V823M, R1290W and Q1308R). All variants were
predicted as damaging by Polyphen2 DIV except Q1308R identified
only in controls and predicted as benign [41]. In the patient sample,
5/5 variants affected conserved amino acids in the SHANK proteins
compared with only 2/6 in the group of variants identified in
patients and controls, and 2/5 in the control group. All mutation
sites were introduced into the rat ProSAP1A cDNA and confirmed by
sequencing. The effect of the Shank2 variants was further investigated
in cultured hippocampal neurons. Upon transfection, Western blot
analysis revealed that the different GFP-Shank2 fusion proteins were
expressed with the expected size (Figure S4). Results from
quantification showed that none of the variants affected the cluster
formation of Shank2 protein along the dendrites, the number or the
general branching pattern of dendrites (Figure S4). In contrast, 8
variants identified in patients or in patients and control group
reduced significantly the density of Shank2 positive synapses per
10 mm dendrite length compared with wild-type GFP-Shank2
(Figure 4). None of the variants identified in controls only were
shown to have a significant effect. After Bonferonni correction for the
16 tests, 4 variants significantly affected synapse density. Among
these variants, A729T, G1170R and L1722P were identified only in
patients and S557N was observed more frequently in patients than in
controls. As expected, the majority of the variants leading to reduced
synaptic density altered conserved amino acids present in SHANK
proteins (7/8), and the majority of variants not changing synaptic
density affected amino acids present only in SHANK2 (7/8). The 4
strongly associated (after Bonferroni correction) variants affecting
synaptic density modified conserved amino acids in other SHANK
proteins. Because the significant threshold of 0.05 is arbitrary, we
additionally tested for the quantitative effect of the variant on
synaptic density as a continuous trait (Figure S4) and found that

variants identified in patients were associated with a significant
decrease of synapse density in vitro compared with those shared by
patients and controls (Student’s t test 2-sided P = 0.022) or those only
detected in the controls (Student’s t test 2-sided P = 0.0013). As
expected, variants affecting conserved amino acids were associated
with a higher reduction of synapse density in vitro (Student’s t test 2-
sided P = 0.014).

Additional CNVs affect neuronal genes in patients with
de novo SHANK2 deletions and in the control carrying the
SHANK2 splice mutation

To test if additional CNVs may modulate the impact of SHANK2
mutations in the development of ASD, we analyzed the CNVs of
patient AU038_3 and the two patients (5237_3 and 6319_3)
carrying SHANK2 de novo deletions previously identified by Pinto
et al. [9] (Figure 5 and Table S6). In addition to our CNV study
group of 260 patients with ASD and 290 controls, we used the CNV
dataset from the AGP, which includes 996 patients with ASD and
1287 controls genotyped with the Illumina 1M SNP array [9].
Remarkably, all three patients with SHANK2 de novo deletions also
carried rare inherited genetic imbalances at chromosome 15q11–
q13 (Figure 6), a region associated with Angelman syndrome,
Prader-Willi syndrome and other neuropsychiatric disorders,
including ASD [42–61]. This region is characterized by recurrent
deletions/duplications with breakpoints generally located within
five segmental duplications named BP1 to BP5, which act as
hotspots of non-allelic homologous recombination. In the BP5
region, patients AU038_3 and 5237_3 carried the same 496 kb
duplication of the nicotinic receptor CHRNA7 gene (29.8–30.3 Mb,
hg 18; maternally inherited in patient AU038_3 and paternally
inherited in patient 5237_3). This small CHRNA7 duplication was
present in 13 of 1257 patients with ASD (1.03%) compared with 9 of
1577 controls (0.57%) (Fisher’s exact test, 2-sided P = 0.19).

These duplications are considered of uncertain clinical signif-
icance since they were previously detected at similar frequencies in
patients with epilepsy (6 of 647, 0.93%), in controls (19 of 3699,
0.51%) [50], and in subjects referred for chromosomal microarray
analysis (55 of 8832, 0.62%) [51]. In contrast, larger 15q13.3
deletions (,1.5 Mb) between BP4 and BP5, encompassing the
CHRNA7 locus have been associated with disorders such as ID,
epilepsy, schizophrenia, and ASD [43,46–48,50,52–54,57–59]. In
the BP4 region, the same two patients AU038_3 and 5237_3 also
carried two independent deletions of the rhoGAP ARHGAP11B
gene. Loss of ARHGAP11B was detected in 8 of 1257 patients with
ASD (0.64%) and in 4 of 1577 controls (0.25%) (Fisher’s exact test,
2-sided P = 0.15). Patient 5237_3 carried a large deletion
(235.2 kb) of the full gene, transmitted by the mother. Patient
AU038_3 carried a smaller deletion of 49.8 kb of the first two
exons, transmitted by the mother. Both deletions overlap the
segmental duplications of BP4 and have been reported to
accompany the majority of microduplications involving CHRNA7
[51]. However, in patient 5237_3, the two CNVs are present on
distinct parental chromosomes since the CHRNA7 duplication and
the ARHGAP11B deletion are paternally and maternally inherited,
respectively. Finally, the third patient, 6319_3, carried a
paternally-inherited BP1-BP2 deletion of 468 kb, removing

indicated by gray boxes. C. Alternative splicing of human SHANK2; exons 19, 20 and 23 are specific to the brain. ANK, ankyrin; SH3, Src homology 3;
PDZ, PSD95/DLG/ZO1; SAM, sterile alpha motif; He, heart; Li, liver; B, brain; SM, skeletal muscle; Pl, placenta; K, kidney; Lu, lung; Pa, pancreas; FC,
frontal cortex; Hi, hippocampus; TC, temporal cortex; T, thalamus; OC, occipital cortex; Ce, cerebellum; Cx, whole cortex; BLCL, B lymphoblastoid cell
lines; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; BSR, brain specific region; H, homer binding site; D, dynamin binding site; C, cortactin
binding site. The ages of the two males and the two females studied were 74, 42, 55, and 36 years with a post-mortem interval of 10, 21, 24, and 2 h,
respectively.
doi:10.1371/journal.pgen.1002521.g001
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NIPA1, NIPA2, CYFIP1, and TUBGCP5. This deletion was
observed in 4 of 1257 patients with ASD (0.32%) and in 4 of
1577 controls (0.25%) (Fisher’s exact test, 2-sided P = 0.74). The
BP1-BP2 deletion is associated with phenotypic variability and has
been reported in individuals with neurodevelopmental disorders
[20], schizophrenia [53,60], ASD [44–46,49], and epilepsy [61].

In a recent screen for large CNVs (.400 kb) performed on 15,767
children with ID and various congenital defects, and 8,329
unaffected adult controls [20], deletions affecting CYFIP1, NIPA1,
NIPA2 and TUBGCP5 were associated with neurodevelopmental
disorder (P = 4.7361026), epilepsy (P = 1.4861023) and autism
(P = 1.9961022).

Figure 2. SHANK2 mutations in patients with ASD. A. A heterozygous deletion of SHANK2 was identified with the Illumina Human 1M-Duo SNP
array in a patient with autism (AU038_3). The deletion spans 421 kb on chromosome 11q13.3, covers twelve exons of the human SHANK2 and is not
present in the parents. Each dot shows Log R Ratio (LRR; in red) and B allele frequency (BAF; in green). QuantiSNP score is represented with a blue line
and indicates the deletion size. B. Location of the CNV and sequence variants (from this study and Berkel et al. 2010) along the SHANK2 protein: in red
the variations specific to ASD, in orange the variations shared by ASD and controls and in green the variations specific to controls [26]. The
breakpoints of the SHANK2 deletion in AU038_3 are represented with a dotted line on the protein. Stars indicate the variants affecting conserved
amino acids. C. A total of 40 variants were identified and variants affecting conserved amino acids in other SHANK proteins are enriched in patients
with ASD (nconserved = 12 and nnon-conserved = 3) compared with controls (nconserved = 6 and nnon-conserved = 11) (Fisher’s exact test 1-sided, P = 0.013,
OR = 6.83, 95% IC = 1.19–53.40). D. The percentage of carriers of SHANK2 variants in patients with ASD and Controls. Variants affecting a conserved
amino acid among the SHANK proteins are enriched in patients with ASD (nconserved = 29 and nnon-conserved = 822) compared with controls
(nconserved = 16 and nnon-conserved = 1074) (Fisher’s exact test 1-sided, P = 0.004, OR = 2.37, 95% CI = 1.23–4.70). Open squares and filled squares
represent the non-conserved and conserved amino acids, respectively. ANK, Ankyrin repeat domain; SH3, Src homology 3 domain; PDZ, postsynaptic
density 95/Discs large/zona occludens-1 homology domain; SAM, sterile alpha motif domain; BSR, brain specific region; H, homer binding site; D,
dynamin binding site; C, cortactin binding site. The proline-rich region is represented as a horizontal gray line.
doi:10.1371/journal.pgen.1002521.g002
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Table 1. ProSAP1A/SHANK2 variations identified in 851 patients with ASD and 1,090 controls.

Detected variants
Conservation in
SHANK proteinsd Frequency Study

Exon Nucleotide/dbSNPa Amino acid
ASD
(n = 851)

Controls
(n = 1090)

ASD only E11 G70344397A R405W Yes (S1 & S3) 1 0 Berkel et al. 2010

E11 G70344284A R443C Yes (S3) 1 0 This study

E13 G70322214A P587S No 1 0 Berkel et al. 2010

E14 C70222501A R598L Yes (S3) 1 0 This study

E17 C70026597A V717Fb Yes (S1 & S3) 1 0 This study

E17 C70026561T A729Tb Yes (S3) 1 0 This study

E22 G70014059A R841X Yes (S3) 1 0 Berkel et al. 2010

E24 C70010562T E1162K No 1 0 This study

E24 C70010538T G1170Rb Yes (S1 & S3) 1 0 This study

E24 C70009920T V1376I No 1 0 This study

E24 dup(AACGGT)
70009882–70009887

dup(LP)
1387–1388

Yes (S1 & S3; S1) 1 0 Berkel et al. 2010

E24 G70009529A T1506M Yes (S1 & S3) 1 0 Berkel et al. 2010

E24 C70009443T D1535Nb Yes (S1 & S3) 1 0 This study

E25 A69997007G L1722Pb Yes (S1 & S3) 1 0 This study

E25 C69996987T A1729T Yes (S3) 1 0 Berkel et al. 2010

ASD & Controls E11 G70344381A T410M No 1 2 This study & Berkel et al. 2010

E13 C70322303T S557N Yes (S1 & S3) 9 3 This study & Berkel et al. 2010

E13 C70322267T R569H No 17 28 This study & Berkel et al. 2010

E21 T70016189G rs55968949 K780Q No 4 4 This study & Berkel et al. 2010

E22 C70014127T rs117843717 R818Hb,c Yes (S3) 8 7 This study & Berkel et al. 2010

E24 T70011146C rs62622853 Y967C No 27 38 This study & Berkel et al. 2010

E24 G70009289A P1586L No 4 1 This study & Berkel et al. 2010

E25 C69997021T M1717I No 2 2 This study & Berkel et al. 2010

Controls only E11 G70344367A R415W Yes (S3) 0 1 Berkel et al. 2010

E11 C70344316T D432N No 0 1 Berkel et al. 2010

E11 T70344253C M453V No 0 1 This study

E12 T70330877C E514G No 0 1 Berkel et al. 2010

E15 A70185399G L629P Yes (S1 & S3) 0 1 This study

E21 G70016140T T796N Yes (S3) 0 1 Berkel et al. 2010

E21 G70016126T P801T Yes (S1 & S3) 0 1 Berkel et al. 2010

E22 C70014116T A822T No 0 1 This study

E22 C70014113T V823M No 0 1 This study

E22 G70014106A T825M No 0 1 Berkel et al. 2010

E24 G70010178A R1290W No 0 1 This study

E24 T70010123C Q1308R Yes (S3) 0 1 This study

E24 G70009947C P1367A Yes (S1 & S3) 0 1 This study

E24 A70009759G A1429S No 0 2 Berkel et al. 2010

E24 G70009680T P1456T No 0 1 Berkel et al. 2010

E25 A69997181G I1664T No 0 2 Berkel et al. 2010

E25 C69997086T D1696N No 0 1 Berkel et al. 2010

Total variants 87 (10.2%) 104 (9.5%) Fisher’s exact test 1-sided,
P = 0.34, OR = 1.08,
95% CI = 0.79–1.47

Total variants with
MAF,1%

43 (5.1%) 38 (3.5%) Fisher’s exact test 1-sided,
P = 0.06, OR = 1.47,
95% CI = 0.92–2.37

Total conserved
variants

29 (3.4%) 16 (1.5%) Fisher’s exact test 1-sided,
P = 0.004, OR = 2.37,
95% CI = 1.23–4.70
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Several additional CNVs also altered compelling candidate genes
for susceptibility to ASD. In patient AU038_3 we detected a
previously unreported paternally inherited intronic duplication of
CAMSAP1L on chromosome 1q32.1, coding for a calmodulin
regulated spectrin-associated protein highly expressed in the brain.
Patient 5237_3 carried a de novo deletion altering the coding
sequence of the tyrosine phosphatase DUSP22 on chromosome
6p25.3 and a maternally inherited intronic duplication of NLGN1 on
chromosome 3q26.3 [9]. These CNVs were observed at similar
frequencies in patients with ASD compared with controls. DUSP22
deletions were observed in 8 of 1257 patients with ASD (0.64%) and
in 14 of 1577 controls (0.89%), while NLGN1 intronic duplications
were observed in 60 of 1257 patients with ASD (4.77%) and in 62
of 1577 controls (3.93%). Finally, patient 6319_3 carried an
unreported maternally inherited intronic deletion of contactin
CNTN4, a gene on chromosome 3p26.3 associated with ASD [62],
as well as a paternally inherited deletion within the protocadherin
PCDHA1-10 gene cluster on chromosome 5q31.3. Interestingly, this

deletion removes the first exon of both PCDH8 and PCDH9 and was
significantly less frequent in patients with ASD compared with
controls (ASD: 62 of 1257; controls: 132 of 1577; Fisher’s exact test,
2-sided P = 0.0003; OR = 0.57; 95% CI = 0.41–0.78).

We also analyzed the genome of the Swedish control
SWE_Q56_508 carrying the SHANK2 splice mutation using the
Human Omni2.5 BeadChip array from Illumina (Figure 3B). Two
close duplications on 2p25.3 were detected, altering four genes,
LOC391343, SNTG2, PXDN and MYT1L. The inheritance of these
two duplications could not be investigated, because DNA samples
from the parents were not available. However, 2 of 1577 controls
also carried of the same close duplications, suggesting that these
CNVs are located on the same chromosome. Among the affected
genes, syntrophin-c2 (SNTG2) and myelin transcription factor 1-
like (MYT1L) are expressed in the brain. Alterations of SNTG2 and
MYT1L have been previously reported in patients with ASD
[20,63,64] and schizophrenia [65], respectively. SNTG2 is a
scaffolding protein interacting with the NLGN3/4X proteins [66]

aNucleotide positions are according to NM 012309.3 from NCBI36/hg18 on the positive DNA strand; The patients with ASD and the controls used for this analysis came
from this study (455 ASD & 431 controls) and from the study of Berkel et al. 2010 (396 ASD & 659 controls);

bA screening of V717F, A729T, R818H, G1170R, D1535N and L1722P was performed in 948 subjects from the Human Genome Diversity Panel (V717F = 0/948; A729T = 0/
948; R818H = 5/948; G1170R = 0/948; D1535N = 0/948; L1722P = 0/948);

cA screen of R818H was performed in additional patients and controls (ASD 32/3250 (1.0%); controls 27/2030 (1.33%); Fisher’s exact test 2-sided, P = 0.28). Fisher’s exact
test was used for statistical analysis;

d‘‘Yes’’ indicates if amino acid is conserved in SHANK1 (S1), SHANK3 (S3) or both (S1 & S3); MAF, Minor Allele Frequency.
doi:10.1371/journal.pgen.1002521.t001

Table 1. Cont.

Figure 3. Genetic alterations identified in the control subject SWE_Q56_508. A. SHANK2 splice mutation (IVS22+1G.T) detected in a
Swedish female control, SWE_Q56_508. The mutation altered the donor splicing site of exon 22 and led to a premature stop in all SHANK2 isoforms
except for the AF1411901 isoform, where it altered the protein sequence (G263V). B. CNVs in the same individual altering LOC339822, SNTG2, PXDN
and MYT1L. The two close duplications span 264 kb and 245 kb on chromosome 2 and altered LOC339822 and SNTG2, and PXDN and MYT1L,
respectively. Dots show the B allele frequency (BAF; in green), Log R ratio (LRR; in red), and QuantiSNP score (in blue). Lower panel: all CNVs listed in
the Database of Genomic Variants (DGV) are represented: loss (in red), gain (in blue), gain or loss (in brown). H, homer binding site; D, dynamin
binding site; C, cortactin binding site.
doi:10.1371/journal.pgen.1002521.g003
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and a component of the dystrophin glycoprotein complex [67].
MYT1L is a myelin transcription factor required to convert mouse
embryonic and postnatal fibroblasts into functional neurons [68].

Discussion

Deleterious SHANK2 variations are enriched in patients
with ASD, but also observed in controls

The identification of mutations in synaptic proteins such as
NRXN1, NLGN3/4X and SHANK2/3 has demonstrated that a

synaptic defect might be at the origin of ASD [5,6]. Here we
confirm the presence of SHANK2 de novo deletions in individuals
with ASD, with a prevalence of 0.38% (1/260) in our cohort of
ASD patients analyzed with the Illumina 1M SNP array. This
frequency is similar to the one reported previously by the AGP in a
larger sample of 996 patients with ASD (0.2%) [9]. SHANK2
deletions altering exons were not detected in controls, in
agreement with previous findings [9,26]. As reported for SHANK3
[7], no other coding variations were detected in the remaining
SHANK2 allele of the deletion carriers, suggesting that, in some

Figure 4. Characterization of the functional impact of SHANK2 mutations in cultured neuronal cells. A. The colocalization of ProSAP1A/
SHANK2-EGFP (postsynaptic marker) and Bassoon (presynaptic marker) indicated that the mutations did not disturb the formation of SHANK2 clusters
at excitatory synapses along the dendrites. B. The quantification of synapse density was performed on 20 transfected hippocampal neurons per
construct from at least three independent experiments. The majority of the ProSAP1A variants affecting a conserved amino acid among SHANK
proteins reduced significantly the synaptic density compared with the variants that affect amino acid non conserved among SHANK proteins (Mann-
Whitney U-test: nWT = 20, nmut = 20; US557N = 82.5, pS557N = 0.001; UR569H = 124, pR569H = 0.04; UL629P = 149, pL629P = 0.17; UV717F = 114, pV717F = 0.02;
UA729T = 73, pA729T = 0.000; UK780Q = 154, pK780Q = 0.221; UR818H = 108, pR818H = 0.012; UA822T = 154.5, pA822T = 0.224; UV823M = 129, pV823M = 0.056;
UY967C = 134, pY967C = 0.076; UG1170R = 78, pG1170R = 0.001; UR1290W = 142, pR1290W = 0.121; UQ1308R = 162, pQ1308R = 0.314; UD1535N = 97, pD1535N = 0.005;
UP1586L = 137, pP1586L = 0.910; UL1722P = 79, pL1722P = 0.001, *p,0.05, **p,0.01, ***p,0.001). C. Effect of the variants on synaptic density. The y-axis
represents 2log P compared to WT (P obtained with Mann-Whitney test). After Bonferroni correction for 16 tests, only P values,0.003 were
considered as significant. Variants represented in red were specific to ASD, in orange were shared by ASD and controls, and in green were specific to
the controls. Open circles and filled circles represent non conserved and conserved amino acids, respectively. Prim, primary; second, secondary.
doi:10.1371/journal.pgen.1002521.g004
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individuals, a de novo deletion of a single allele of SHANK2 might be
sufficient to increase the risk for ASD. In one case, a patient
carried two rare SHANK2 variants predicted as deleterious and
inherited from different parents, indicating that they were separate
alleles.

For the remaining SHANK2 variants, patients were heterozygous
for non-synonymous rare variations inherited from one of their
parents (Figure S3). Since parents were apparently asymptomatic,
the causative role of these variants in ASD remains difficult to
ascertain. However, we observed a significant enrichment of

SHANK2 variants affecting conserved amino acids in patients with
ASD compared with controls. This was also the case in the
previous mutation screening by Berkel et al. 2010 [26]. The
majority of the variants affecting conserved residues and identified
in the patients were shown to alter the ability of SHANK2 to
increase the number of synapses in vitro. Importantly, the assays
performed in this study show that the variants can potentially
impact on the function of the protein, but they do not confirm that
they have deleterious effects on neuronal function in vivo in people
that carry them. However, these results are consistent with

Figure 5. Characterization of CNVs in three patients carrying a de novo deletion of SHANK2. Paternally or maternally inherited CNVs are
indicated by squares and circles, respectively. De novo CNVs are indicated by stars. Deletions and duplications are indicated in red and blue,
respectively. CNVs hitting exons or only introns are filled with grey and white, respectively. Squares and circles within star represent de novo CNV of
paternal or maternal origin; circles within squares represent CNV inherited by father or mother. ABCC6, ATP-binding cassette, sub-family C, member 6
pseudogene 2; ADAM, ADAM metallopeptidase; AMY1, amylase (salivary); AMY2A, amylase (pancreatic); ARHGAP11B, Rho GTPase activating protein
11B; CAMSAP1L1, calmodulin regulated spectrin-associated protein 1-like 1; CHRNA7, cholinergic receptor, nicotinic, alpha 7; CNTN4, contactin 4;
CTNNA3, catenin (cadherin-associated protein), alpha 3; CYFIP1, cytoplasmic FMR1 interacting protein 1; DUSP22, dual specificity phosphatase 22;
GALM, galactose mutarotase; GCNT2, glucosaminyl (N-acetyl) transferase 2; GOLGA, golgi autoantigen, golgin subfamily a; GSTT1, glutathione S-
transferase theta 1; HLA-DRB, major histocompatibility complex, class II, DR beta; LAMA4, laminin, alpha 4; NIPA, non imprinted in Prader-Willi/
Angelman syndrome; NLGN1, neuroligin 1; NME7, non-metastatic cells 7; OR, olfactory receptor; PCDHA, protocadherin alpha; RFPL4B, ret finger
protein-like 4B; RHD, Rh blood group, D antigen; SFMBT1, Scm-like with four mbt domains 1; SHANK2, SH3 and multiple ankyrin repeat domains 2;
SMC2, structural maintenance of chromosomes 2; TNS3, tensin 3; TUBGCP5, tubulin, gamma complex associated protein 5; UGT2B17, UDP
glucuronosyltransferase 2 family, polypeptide B17.
doi:10.1371/journal.pgen.1002521.g005
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previous findings showing that inherited variants of SHANK2 and
SHANK3 cause synaptic defects in vitro [7,69,70]. Recently, Berkel
et al. 2011 showed that two inherited (L1008_P1009dup, T1127M)
and one de novo (R462X) SHANK2 mutations identified in patients
with ASD affect spine volume and reduced Shank2 cluster sizes
[70]. This deleterious effect was also observed in vivo since mice
expressing rAAV-transduced Shank2-R462X present a specific
long-lasting reduction in miniature postsynaptic AMPA receptor
currents [70].

In patients, the only feature associated with carriers of SHANK2
mutations compared with other patients was a trend for low IQ

(P = 0.025, OR = 3.75, 95% CI = 1.1–20.0) (Table S8). But, as
observed for SHANK3 mutations, this correlation could differ from
one individual to another (i.e. the patient with a SHANK2 de novo
stop mutation reported by Berkel et al. 2010 presented with high-
functioning autism [26]).

Our result also showed that potentially deleterious SHANK2
variants were detected in a heterozygous state in parents and in the
general population without causing severe phenotypic conse-
quences. Indeed, we showed that almost 5% of the Finnish
population is heterozygous for the SHANK2 R818H variation,
which modifies a conserved amino acid and is associated with

Figure 6. Inherited 15q11–q13 CNVs identified in three ASD patients carrier of a de novo SHANK2 deletion. Deletions (del) and
duplications (dup) are indicated in red and blue, respectively. Paternally and maternally imprinted genes are indicated in yellow and pink,
respectively. Genes altered by the CNVs are indicated in blue or red. The bottom part of the figure indicates the location of the deletions/duplications
previously associated with neuropsychiatric disorders [43–61]. BP, breakpoint; Inh_M, inherited by mother; Inh_F, inherited by father; AS, Angelman
syndrome; ASD, Autism spectrum disorders; ADHD, attention deficit-hyperactivity disorder; BP, bipolar disorder; DD: developmental delay; DBD,
disruptive behavior disorder; EPI, epilepsy; GAD, generalized anxiety disorder; OCD, obsessive-compulsive disorder; ID, intellectual disability; PWS,
Prader-Willi syndrome; SCZ, schizophrenia.
doi:10.1371/journal.pgen.1002521.g006
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lower synaptic density in vitro. Furthermore, we identified a
SHANK2 splice site mutation in a control female without any
apparent psychiatric disorders. Similarly, two frame-shift muta-
tions and one splice site mutation of SHANK2 are listed in dbSNP
and in the 1000 genomes project [71]. These nonsense variations
should be interpreted with caution since none of them has been
validated by Sanger sequence technology. Taken together,
variants affecting conserved amino acids of SHANK2 might act
as susceptibility variants for ASD, but, in some cases, additional
genetic, epigenetic or environmental factors seem to be necessary
for the emergence of the disorder.

Additional CNVs in subjects with SHANK2 mutations may
modulate the risk for ASD

In order to detect risk and protective genetic factors, we
analyzed the CNV burden of the individuals carrying deleterious
variations of SHANK2. Notably, the three ASD patients with de
novo SHANK2 deletions also carried CNVs on chromosome 15q11–
q13, a region associated with ASD [43,47,48,50–52,72]. In
contrast, the patient reported by Berkel et al. 2010, who did not
meet all the diagnostic criteria for ASD, seemed to have no CNV
at chromosome 15q [26]. Although the probability to observe the
co-occurrence of a de novo SHANK2 deletion and a duplication of
CHRNA7 at 15q is very low, two of the three patients carrying a de
novo SHANK2 deletion also carried the CHRNA7 duplication. While
the numbers are small, this finding could suggest epistasis between
these two loci. The role of CHRNA7 in ASD was recently
supported by the observation of low levels of CHRNA7 mRNA in
the post-mortem brain from patients with ASD [73]. Interestingly,
it was also found that, in contrast to the gene copy number, the
transcript levels CHRNA7 were reduced in neuronal cells [74] or
brain samples with maternal 15q duplication [75]. Finally,
functional studies have shown that NLGN and NRXN, which
belong to the same synaptic pathway, are key organizers of the
clustering of nicotinic receptors at the synapse [76–78]. Therefore
the co-occurrence of a deletion of SHANK2 and a duplication of
the nicotinic receptor CHRNA7 could act together within the same
pathway to increase the risk of ASD in patients AU038_3 and
5237_3. In patient 6319_3 carrying the BP1–BP2 deletion, several
genes might also play a role in the susceptibility to ASD. Among
them, NIPA1 and TUBGCP5 encoding a magnesium transporter
and a tubulin gamma associated protein, respectively, are highly
expressed in the brain. However, the most compelling candidate in
the deleted region is CYFIP1 [45,53], which codes for a binding
partner of FMRP, the protein responsible for fragile X syndrome.
Both CYFIP1 and FMRP are involved in the repression of
synaptic translation [79], one of the major biological mechanisms
associated with ASD [80]. Therefore, the co-occurrence of a loss
of one copy of SHANK2 and CYFIP1 might increase the risk of
abnormal synaptic function in patient 6319_3.

If some individuals have a higher risk to develop ASD when a
deleterious SHANK2 variant is present, others individuals may
experience a protective effect by additional genetic factors. For
example, control SWE_Q56_508 carried a SHANK2 splice
mutation, but clinical examination revealed no major disorders.
In addition, this control individual also carried a partial duplication
of SNTG2 and MYT1L. Based on a single control subject, it is not
possible to formally prove that these additional hits at SNTG2 and/
or MYT1L acted as suppressor mutations, counteracting the
phenotypic effects of the SHANK2 splice mutation. However, the
encoded proteins may interact with the NRXN-NLGN-SHANK
pathway. Both SNTG2 and SHANK2 are scaffolding proteins
localized in actin rich structures [81–83] and bind directly to
neuroligins [66]. Furthermore, mutations of NLGN3/4X identified

in patients with ASD decrease their protein binding to SNTG2 [66].
In addition, MYT1L is a myelin transcription factor that is
sufficient, with only two other transcription factors, ASCL1 and
BRN2, to convert mouse embryonic and postnatal fibroblasts into
functional neurons in vitro [67]. Therefore, alterations of SNTG2
and/or MYTL1 might modulate synapse physiology and counter-
act the effect of the SHANK2 splice site mutation. We recently
highlighted the key role of synaptic gene dosage in ASD and the
possibility that a protein imbalance at the synapse could alter
synaptic homeostasis [6]. In the future, animal models should be
developed to test whether the effect of a primary mutation in a
synaptic protein complex (e.g. Shank2) can be reduced or suppressed
by a second mutation (e.g. Sntg2 or Myt1l). A similar suppressor
effect has been demonstrated by the decrease of abnormal behavior
of the Fmr1 mutant mice carrying a heterozygous mutation of the
metabotropic glutamate receptor mGluR5 [84].

Conclusions and perspectives
In summary, we confirmed that de novo SHANK2 deletions are

present in patients with ASD and showed that several SHANK2
variants reduce the number of synapses in vitro. The genomic
profile of the patients carrying deleterious de novo SHANK2
deletions also points to a possible genetic epistasis between the
NRXN-NLGN-SHANK pathway and 15q11–q13 CNVs.
CHRNA7 and CYFIP1 were already proposed as susceptibility
genes for neuropsychiatric disorders [43,45,49,51], and our study
provides additional support for this association. Therefore, as
previously observed for ID [85], our results suggest that the co-
occurrence of de novo mutations, together with inherited variations
might play a role in the genetic susceptibility to ASD. Finally, our
analyses suggest the interesting possibility that deleterious
mutations of neuronal genes (e.g. SNTG2 and MYT1L) could
potentially counteract the effect of synaptic deleterious mutations
(e.g. SHANK2). The identification of risk and protective alleles
within the same subject is one of the main challenges for
understanding the inheritance of ASD. Initial results from the
1000 genomes project has estimated that, on average, each person
carries approximately 250 to 300 loss-of-function variants in
annotated genes and 50 to 100 variants previously implicated in
inherited disorders [71]. To date, it is not clear how many loci can
regulate synaptic homeostasis and how these variants interact with
each other to modulate the risk for ASD [6]. A better knowledge of
these genetic interactions will be necessary to understand the
complex inheritance pattern of ASD.

Materials and Methods

Ethics statement
This study was approved by the local Institutional Review

Board (IRB) and written inform consents were obtained from all
participants of the study. The local IRB are the ‘‘Comité de
Protection des Personnes’’ (Île-de-France Hôpital Pitié-Salpêtrière
Paris) for France; the Sahlgrenska Academy Ethics committee,
University of Gothenburg for Sweden; the local IRB of the
medical faculty of JW Goethe University Frankfurt/Main for
Germany; the Committee #3 of the Helsinki University Hospital,
Finland; the ‘‘Comitato Etico IRCCS Fondazione Stella Maris’’ at
Stella Maris Institute, Calambrone (Pisa), Italy; the ‘‘Comitato
Etico Azienda Ospedaliera-Universitaria Policlinico-Vittorio Ema-
nuele’’, Catania, Italy.

Patients
Patients with ASD and analyzed for CNV analysis and/or

mutation screening are presented in Table S1. Patients were
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recruited by the PARIS (Paris Autism Research International
Sibpair) study at specialized clinical centers disposed in France,
Sweden, Germany, Finland, UK. The Autism Diagnostic
Interview-Revised (ADI-R) and Autism Diagnostic Observation
Schedule (ADOS) were used for clinical evaluation and diagnosis.
In Sweden, in some cases, the Diagnostic Interview for Social and
Communication Disorders (DISCO-10) was applied instead of the
ADI-R. Patients were included after a clinical and medical check-
up with psychiatric and neuropsychological examination, standard
karyotyping, fragile-X testing and brain imaging and EEG
whenever possible. All patients were from Caucasian ancestry.

The patient AU038_3 with a de novo SHANK2 deletion is an
11.05 year-old boy diagnosed with autism and moderate ID (Table
S2). He was the only child of non-consanguineous parents from
European descent. His parents had no relevant personal and
familial history of psychiatric or medical illness. He was born at 40
weeks of gestation, after normal pregnancy and delivery. Birth
weight, length and occipitofrontal head circumference were
2500 g (5th percentile), 48 cm (22nd percentile) and 31 cm (2nd
percentile), respectively. Apgar scores were 7 and 10 at 1 and
5 minutes, respectively. In the first year of life, the pediatrician
reports did not mention signs of hypotonia. At 2 months, he was
operated for an inguinal hernia. Motor acquisition was apparently
normal (sitting at 6 months), but with a late acquisition of walking,
at 18 months. Speech was severely delayed, without any apparent
regressive phase. Only a few words and sentences appeared when
he was 4 y and 6.5 y, respectively. His expressive language
remained limited to restrictive sentences, mainly dyssyntaxic. A
formal diagnostic assessment for autism was performed when he
was 11 years old. The scores of the Autism Diagnostic Interview-
Revised (ADI-R) domains were: social 24, communication 23, and
behavior 6 (cut-offs for autism diagnosis are 10, 8 (verbal autism)
and 3, respectively); the age at first symptoms was before 36
months. Cognitive evaluation with the Kaufman Assessment
Battery for Children (K-ABC) showed moderate intellectual deficit
(composite score 40). He required assistance with basic activities
such as eating and dressing. At examination, he had a normal
facial appearance, with a prominent chin. General and neurolog-
ical examinations were normal, except for hypermetropia and
astigmatism. High-resolution karyotype, fragile X testing, MLPA
analysis of telomeres and microdeletion/microduplication syn-
dromes, and metabolic screening for inherited disorders of
metabolism (urine amino acids, mucopolysaccharides and organic
acids, uric acid in blood and urine) were all normal. No significant
epileptic event was reported on the electroencephalogram.

The two male patients with de novo SHANK2 deletions reported
by Pinto et al. 2010 [9] (5237_3 and 6319_3) shared several
clinical features with patient AU038_3. Patient 5237_3 is a
Canadian subject diagnosed with autism (based on ADI-R and
ADOS) associated with below average non verbal IQ (,1st

percentile) and language (,1st percentile). He had minor
dysmorphic features including 5th finger clinodactyly and several
curled toes, and no history of epilepsy. Patient 6319_3 was
recruited in the same geographic area as patient AU038_3
(Grenoble, France) and was clinically diagnosed with PDD-NOS.
The ADI-R scores were: social 14, communication 8, behaviors 2
(cut-off for autism: 3); with an age at first symptoms ,36 months).
He had mild ID as evaluated with the WISC-III (full scale IQ 60,
performance IQ 60, verbal IQ 67). His language was delayed
(first words 24 m, first sentences 48 m), but functional. He had no
history of regression or epilepsy. The physical exam was normal,
except for large and prominent ears and flat feet; the neurological
exam was also normal. Similarly to patient AU038_3, he had
hypermetropia.

The control female carrying the splice site mutation
(IVS22+1G.T) was part of a cohort of 172 females recruited
for a study on obesity, anthropometrics, and cardiovascular risk
factors [37]. In addition, these women were assessed for axis I
psychiatric disorders and for personality traits using the Temper-
ament and Character Inventory (TCI) [38] and the Karolinska
Scales of Personality (KSP) [39]. This subject had no psychiatric
disorders and her TCI and KSP scores were similar to those found
in the general population.

Genomic structure and transcripts analysis of SHANK2
To define the genomic structure of the human SHANK2 gene,

we used the two reference sequence genes from UCSC
(NM_012309 and NM_133266), one human mRNA from
GenBank (DQ152234) and three Rattus reference sequence genes
from UCSC (NM_201350, NM_133441 and NM_133440).
SHANK2 is transcribed in four isoforms described in GenBank
(AB208025, AB208026, AB208027 and AF141901) and is com-
posed of 25 exons. Transcript analysis of SHANK2 was performed
in human brain regions from four independent controls (two
females and two males) and in human tissues (heart, brain,
placenta, lung, liver, skeletal muscle, kidney, pancreas and B
lymphoblastoid cell lines) using the Clontech Multiple Tissue
cDNA panel (Clontech). Total RNA was isolated from control
human brain tissues by the acid guanidinium thiocyanate phenol
chloroform method and reverse transcribed by oligodT priming
using SuperScript II Reverse Transcriptase (Invitrogen). The PCR
was performed with HotStar Taq polymerase (Qiagen) and the
protocol used was 95uC for 15 min, followed by 40 cycles at 95uC
for 30 sec, 55 to 58uC for 30 sec, 72uC for 30 sec to 1 min, with a
final cycle at 72uC for 10 min. PCR primers were designed to
detect the ANK domain, the SH3 domain, the PDZ domain, and
the SAM domain in order to distinguish the four SHANK2 isoforms
and are indicated in Table S11. All RT-PCR products were
directly sequenced. The expression of SHANK2E isoform was also
studied by SYBR-Green real-time PCR approach. The fluores-
cence was read with the Applied Biosystems 7500 Real-Time PCR
System. Each assay was conducted in three replicates. GAPDH
was used for the DCt calculation and total brain was used as the
reference for relative quantification calculation (RQ). The relative
RQ of transcripts was calculated as 22DDCT with the magnitude of
upper error as 22(DDCT2SEM)-22DDCT and the magnitude of lower
error as 22DDCT-22(DDCT+SEM). The primers specific to SHANK2E
isoform are indicated in Table S11. In situ hybridization was
performed essentially as described previously [28]. Transcripts
encoding the different ProSAP1/Shank2 cDNAs (ProSAP1/Shank2
starting with the PDZ domain, ProSAP1A, starting with the SH3
domain and ProSAP1E/Shank2E, starting with the ankyrin repeats)
were detected with isoform specific S35 labeled cDNA antisense
oligonucleotides purchased from MWG-Biotech (Ebersberg,
Germany) directed against the ATG regions of the different
mRNAs. All variants were evaluated for potential pathogenicity
using the HumDIV method for rare alleles of PolyPhen2 [41].

CNV detection and validation
DNA was extracted from blood leukocytes or B lymphoblastoid

cell lines. The SHANK2 CNV was detected with the Illumina
Human 1M-Duo BeadChip, which interrogates 1 million SNPs
distributed over the human genome. For the Swedish control
SWE_Q56_508 carrying the SHANK2 splice mutation we used the
Illumina Human Omni2.5 BeadChip array. The genotyping was
performed at the Centre National de Génotypage (CNG) and the
Institut Pasteur. Only samples that met stringent quality control
(QC) criteria were included: call rate $99%; high confidence score
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log Bayes factor $15; standard deviation of the log R ratio (LRR)
#0.35 and of the B allele frequency (BAF)#0.13; number of
consecutive probes for CNV detection $5; CNV size $1 kb.
When the QC criteria were met, we used two CNV calling
algorithms, QuantiSNP [86] and PennCNV [87], and the CNV
viewer, SnipPeep (http://snippeep.sourceforge.net/). To obtain
high-confidence calls, the CNVs identified by QuantiSNP were
validated by visual inspection of the LRR and BAF values.
PennCNV was used to confirm inheritance status of the resulting
CNV calls. CNVs were validated by quantitative PCR analysis
using the Universal Probe Library (UPL) system from Roche. UPL
probes were labeled with FAM and the fluorescence was read with
the Applied Biosystems 7500 Real-Time PCR System. Each assay
was conducted in four replicates for target region probe-set and
control region probe-set. Relative levels of region dosage were
determined using the comparative CT method assuming that there
were two copies of DNA in the control region. The relative copy
number for each target region was calculated as 22DDCT with the
magnitude of upper error as 22(DDCT2SEM)-22DDCT and the
magnitude of lower error as 22DDCT-22(DDCT+SEM). UPL probes
and primers are indicated in Table S12. For comparisons between
patients and controls, statistical significance for each CNV was
assessed using a 2-sided Fisher’s exact test.

Mutation screening
The 24 coding exons of SHANK2 were amplified and sequenced

for mutation screening. The PCR was performed on 20–40 ng of
genomic DNA template with HotStar Taq polymerase from
Qiagen for all exons the protocol used was 95uC for 15 min,
followed by 35–40 cycles at 95–97uC for 30 sec, 55–62uC for
30 sec, 72uC for 30 sec to 90 sec, with a final cycle at 72uC for
10 min. Sequence analysis was performed by direct sequencing of
the PCR products using a 373A automated DNA sequencer
(Applied Biosystems). Genotyping of R185Q, V717F, A729T,
R818H, G1170R, D1535N and L1722P was performed by direct
sequencing or Taqman SNP Genotyping Assays system from
Applied Biosystems designed with Custom TaqMan Assay Design
Tool. All primers are indicated in Table S9. Enrichment of
SHANK2 variations in the ASD sample compared with controls
was assessed using a 1-sided Fisher’s exact test (hypothesizing that
cases will show an excess of SHANK2 variants compared to
controls).

In vitro mutagenesis and transfection studies in
hippocampal neurons

Rat GFP-ProSAP1A (Shank2A) cDNA was mutated according to
the human mutations using the site directed mutagenesis kit
(Stratagene). The mutagenesis primers were listed in Table S10.
We have tested all the variants (n = 16) identified in our first
screen of 230 patients with ASD and 230 controls: 5 were
detected only in patients (V717F, A729T, G1170R, D1535N and
L1722P), 6 were detected in patients and controls (S557N,
R569H, K780Q, R818H, Y967C and P1586L) and 5 were only
found in controls (L629P, A822T, V823M, R1290W and
Q1308R). All mutated amino acids were conserved among
human, rat and mouse ProSAP1/Shank2. All cDNAs were
sequenced and subsequently tested for expression by Western blot
analysis. After expression of the constructs in Cos7 cells, the cell
homogenate was separated on a gel, transferred to a nitrocellu-
lose membrane and subsequently protein bands were detected
using a rabbit anti-GFP antibody. Thereafter, the cDNAs were
transfected into primary hippocampal neurons. Cell culture
experiments of rat hippocampal primary neurons (embryonic day
18–21: E18-21) were performed as described previously [88]. In

brief, after preparation, hippocampal neurons were seeded on
poly-l-lysine (0.1 mg/ml; Sigma-Aldrich, Steinheim, Germany)
coated coverslips at a density of 46104 cells/well (transfection
experiments) or 26104 cells/well (immunological staining). Cells
were grown in Neurobasal medium (Invitrogen, Karlsruhe,
Germany), complemented with B27 supplement (Invitrogen),
0.5 mM L-glutamine (Invitrogen), and 100 U/ml penicillin/
streptomycin (Invitrogen) and maintained at 37uC in 5% CO2.
Hippocampal cells were transfected using Lipofectamine 2000,
according to the manufacturer’s recommendation (Invitrogen).
Fluorescence images were obtained using a camera attached to a
fluorescence microscope. For immunofluorescence, the primary
cultures were fixed with ice cold 4% paraformaldehyde/1.5%
sucrose/PBS for 20 min at 4uC and processed for immunohis-
tochemistry. After washing three times with 16PBS for 5 min at
room temperature the cells were permeabilized for 3 min on ice
in a buffer containing 0.1% Triton X-100/0.1% Na-Citrate/PBS
and washed again three times with 16 PBS. Blocking was
performed with 10% fetal calf serum/PBS for 1 h at room
temperature followed by incubation with the primary antibody
(mouse anti-Bassoon) overnight at room temperature. After a
further washing-step the cells were incubated with the secondary
antibody coupled to Alexa555 (red) (Molecular Probes, Invitro-
gen) for 90 min at room temperature, washed first with 16PBS
and then with aqua bidest for 5 min and mounted in Mowiol
(with or without DAPI for staining of the nucleus). All animal
experiments were performed in compliance with the guidelines
for the welfare of experimental animals issued by the Federal
Government of Germany, the National Institutes of Health and
the Max Planck Society.

Image acquisition and quantification
In morphological studies, dendrites were considered primary

when processes extended directly from the cell body, and
secondary when processes branched off primary dendrites. Twenty
transfected neurons were chosen randomly for quantification from
at least three independent experiments for each construct.
Morphometric measurements were performed using Axiovision
Zeiss microscope and Axiovision software with a 406 magnifica-
tion. For the quantification of excitatory synapse number, cells
were counterstained with anti-Bassoon antibodies. From randomly
chosen transfected neurons, Bassoon-positive spots from primary
dendrites were counted and the length of dendrites was measured.
The total number of spines was expressed as density per 10 mm
length of dendrite. Measured data were exported to Excel software
(Microsoft), and the data of each variant were compared by using
the Mann-Whitney U test. The comparisons of synaptic density for
each phenotypic or conservation categories were performed using
the Student’s t test.

Supporting Information

Figure S1 SHANK2E expression in human multiple tissue panel
and in rat embryos. A. Quantitative RT-PCR in human tissues.
Primers and probe were designed to detect SHANK2E isoform.
GAPDH was used for the DCt calculation and total brain was used
as the reference for relative quantification calculation (RQ 6
SEM). B. In situ hybridization of rat fetus sagittal sections with
ProSAP1/Shank2 isoform specific oligonucleotides. The ProSAP1/
Shank2 isoform starting with the PDZ domain is solely expressed in
brain, brain stem and medulla. The same holds true for the
ProSAP1A/Shank1A isoform that starts with the SH3 domain. In
some sections bone tissue also gave some moderately positive
signals. The expression of ProSAP1E/Shank1E (with the ankyrin
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repeats) is especially seen in the liver and some glandular tissue. In
the brain, the ProSAP1E/Shank2E mRNA is only detectable within
the cerebellum (arrow).
(TIF)

Figure S2 Characterization and validation of the SHANK2 CNV
in family AU038. A. Pedigree of the AU038 family showing that
the deletion is de novo on the maternal chromosome. SNPs were
genotyped using the Illumina 1M duo array. B. SHANK2 CNV
validation by quantitative PCR of exon E4–E6, E15–E17 of
SHANK2 using genomic DNA from the father, mother and the
proband of family AU038. Results from QPCR analysis confirmed
that the deletion is de novo and removes exon E5 to Exon E16. Bars
represent mean of RQ 6 SEM.
(TIF)

Figure S3 Pedigree of families with ASD carrier of non-
synonymous SHANK2 mutations. Variations specific to ASD or
shared by ASD and controls are indicated in red and orange,
respectively. Clinical phenotypes are specified in the figure.
(TIF)

Figure S4 Functional analysis of shank2 mutations in cultured
hippocampal neurons. A. Rat hippocampal neurons transfected
with wild-type or mutated ProSAP1A/SHANK2-EGFP cDNA
constructs were detected by EGFP expression. B. The quantifica-
tion of dendrite number was performed on 20 transfected
hippocampal neurons per construct from at least 3 independent
experiments. No mutation affected the number of dendrites per
neuron (Bars represent mean 6 SD, Mann-Whitney U test and
Kolmogorov-Smirnov Z test; no significant differences; nWT = 20,
nmut = 20). Western blot analysis of ProSAP1A/SHANK2-EGFP
cDNA constructs revealed similar sizes of WT fusion ProSAP1A/
SHANK2-EGPF protein and the constructs carrying the mutations.
C. The variants identified in patients with ASD were associated
with reduced synaptic density compared with those identified in
controls. D. The variants affecting conserved amino acids in other
SHANK proteins were associated with reduced synaptic density
compared with those affecting non conserved amino acids.
Variations represented in red were specific to ASD, those in
orange were shared by ASD and controls, and those in green were
specific to controls.
(TIF)

Table S1 Description of the population of patients with ASD
analyzed in this study.
(DOC)

Table S2 Clinical description of the patients carrying predicted
deleterious SHANK2 variations. Abbreviations: ADI-R, Autism
Diagnosis Interview-Revised; ASD, autism spectrum disorder; CT,
computed tomography; ERG, electroretinogram; F, female; FSIQ,
full scale IQ; HC, head circumference; K-ABC, Kaufman
Assessment Battery for Children; M, male; MRI, magnetic
resonance imaging; MZ, monozygotic; NA, not available; ND,
not done; PDD-NOS, pervasive developmental disorder not
otherwise specified; PET, positron emission tomography; PIQ,
performance IQ; PEP-R, Psychoeducational Profile-Revised;
VIQ, verbal IQ; WISC-III, Wechsler Intelligence Scale for
Children-Third Edition; WPPSI, Wechsler Preschool and Primary
Scale of Intelligence; IQ, intellectual quotient.
(DOC)

Table S3 Frequency of SHANK2 R818H variation in 3250
patients with ASD and 2013 controls. OR, odds ratio; P, p-value.
(DOC)

Table S4 Frequency of SHANK2 R818H variation in 948
individuals from the Human Genome Diversity Panel.
(DOC)

Table S5 Evolutionary conservation of SHANK2 protein
sequence. Variations identified only in patients with ASD, only
in controls or shared by patients and controls are indicated in red,
green and orange, respectively. Hu, human; Ch, chimpanzee; Ma,
macaque; Ra, rat; Mo, mouse; Ck, chicken; Zn, zebrafinsh; Zf,
zebrafish; Xe, xenopus.
(DOC)

Table S6 List of all CNVs observed in ASD patients carrying a
de novo deletion of SHANK2. The 6319_3 and 5237_3 patients were
described by the AGP [9]. QSNP, QuantiSNP; PCNV,
PennCNV; IP, iPattern.
(DOC)

Table S7 Distribution of SHANK2 variants affecting conserved
or non conserved amino acids. All variants came from this study
(26) and from Berkel et al. 2010 (24). *Several variants shared by
patients with ASD and controls were identified in both studies.
(DOC)

Table S8 Clinical comparison of patients with ASD carrying
SHANK2 variants with the rest of the cohort of patients. We used
the Wilcoxon test for the continuous traits and the Fisher’s exact
test (2-sided) for the discontinuous traits. OR is given with 95%
confidence interval. OR, odds ratio; P, p-value; ADI-R, Autism
Diagnosis Interview revised.
(DOC)

Table S9 Primers used for mutation screening.
(DOC)

Table S10 Primers used for in vitro mutagenesis.
(DOC)

Table S11 Primers used for mRNA analysis of SHANK2
isoforms. * Primers were used for relative quantification study of
SHANK2E isoform. The other primers were used for RT-PCR
analysis of each SHANK2 isoform.
(DOC)

Table S12 Primers used for CNV validation.
(DOC)

Acknowledgments

We thank the cell bank of Cochin and Salpétrière hospitals, the Plateforme
de Ressource Biologique (B. Ghaleh), the Clinical Investigation Centers of
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Crystal structure and functional mapping of human ASMT, the last
enzyme of the melatonin synthesis pathway

Introduction

Melatonin is a multitasking molecule synthesized in the
pineal gland during the night and involved in various
physiological functions including sleep induction, circadian
rhythm regulation, as well as oxidative stress and immune
response [1]. In humans, melatonin levels are heterogeneous
among individuals and under strong genetic influence [2, 3].
In some individuals, the endogenous level of this hormone
might not be sufficient to set their biological clock, and
abnormal melatonin signaling has been reported as a risk
factor for diverse medical conditions, such as diabetes and

psychiatric disorders [4]. In mice, melatonin suppresses
Clock mutant phenotypes and affects the circadian system
[5]. Melatonin synthesis requires serotonin, which is first
acetylated by the arylalkylamine N-acetyltransferase
(AA-NAT) to produce N-acetyl serotonin (NAS) (Fig. 1A).
Then, acetyl serotonin methyltransferase (ASMT, also
known as hydroxyindole O-methyltransferase or HIOMT)
produces melatonin by transferring a methyl group from
the cofactor S-adenosyl-L-methionine (SAM) to NAS [6].
Variants of ASMT were identified in the human popula-
tion, and some are associated with dramatic decreases in
melatonin synthesis in patients with neuropsychiatric

Abstract: Melatonin is a synchronizer of many physiological processes.

Abnormal melatonin signaling is associated with human disorders related to

sleep, metabolism, and neurodevelopment. Here, we present the X-ray

crystal structure of human N-acetyl serotonin methyltransferase (ASMT),

the last enzyme of the melatonin biosynthesis pathway. The polypeptide

chain of ASMT consists of a C-terminal domain, which is typical of other

SAM-dependent O-methyltransferases, and an N-terminal domain, which

intertwines several helices with another monomer to form the physiologically

active dimer. Using radioenzymology, we analyzed 20 nonsynonymous
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reduced or abolished ASMT activity including one relatively frequent
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disorders such as autism spectrum disorders (ASD), atten-
tion-deficit hyperactivity disorders (ADHD), or intellectual
disability (ID) [7–11]. Recently, we have cloned and
expressed human ASMT as a soluble recombinant protein
in Leishmania tarentolae [12], and we confirmed the
presence of the protein in the human pineal gland by
immunofluorescence [13].

The biosynthetic pathway of melatonin has been known
for 50 years, and the crystal structure describing each enzyme
involved in this pathway starting from L-tryptophan has
been identified (ProteinData Bank (PDB) ID codes: 1MLW,
3RBF, 1KUX), except for the last step catalyzed by ASMT.
To better understand the impact of ASMT mutations on
melatonin synthesis, we undertook the resolution of the
crystal structure of human ASMT, and we mapped the
binding sites for both NAS and SAM. By comparing the
functional effect of a large panel of 20 genetic variants with
the 3-dimensional structure, these results provide the first
structural basis of ASMT deficiency in humans.

Material and methods

Crystallization strategy

Initial identification of crystallization conditions was car-
ried out using the vapor diffusion method in a Cartesian

technology workstation. Sitting drops were set using
400 nL of 1:1 mixture of ASMT protein and a crystalliza-
tion solution (672 different conditions, commercially avail-
able), equilibrating against 150-lL reservoir in a Greiner
plate [14]. Optimization of initial hits was pursued manually
in Linbro plates with a hanging drop setup. The best
crystals were obtained by mixing 1.5 lL of native ASMT
protein at 14 mg/mL with 1.5 lL of the reservoir solution
containing 30% (V/V) PEG-400, 0.1 m cacodylate pH 6.5,
and 0.2 m lithium sulfate at 18"C. The crystals appeared
within one week and had dimensions of up to
0.1 mm · 0.1 mm · 0.2 mm. Single crystals of the ASMT
protein were flash-frozen in liquid nitrogen using the
crystallization solution as cryoprotectant.

Collection and processing of X-ray diffraction data

X-ray diffraction data were collected from native and heavy-
atom derivative crystals of ASMT on the beamlines PROX-
IMA 1 at SOLEIL and ID23-EH2 at the ESRF (Table 1).
Initial attempts to solve the crystal structure via molecular
replacement methods failed because a dimer was assumed to
occupy the asymmetric unit. A crystal soaked in para-chloro-
mercury-benzoate (PCMB) diffracting to 3.3 Å resolution
was used to solve the structure by the single-wavelength
anomalous dispersion (SAD)method.The diffraction images
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Fig. 1. The crystal structure of the human acetyl serotonin methyltransferase (ASMT) and the impact of genetic variants on ASMT
activities. (A) Melatonin biosynthetic pathway. The enzymes depicted are AANAT, arylalkylamine N-acetyltransferase, and ASMT, acetyl
serotonin methyltransferase. (B) Ribbon diagram of the crystal structure of ASMT bound to NAS and S-adenosyl-L-methionine (SAM)
(PDB codes 4A6D and 4A6E). (C) Functional impact of ASMT variants on the enzyme activity. Among the three ASMT isoforms (P46597-
1, P46597-2, and P46597-3), only P46597-1 is able to synthesize melatonin. Numbering of ASMT variants is based on the sequence P46597-
1, the protein sequence coding for the functional isoform of ASMT. The wild-type ASMT enzyme activity was 21 ± 2 nmol/h/mg protein.
(D) Detailed view of the active site of ASMT interacting with N-acetyl serotonin (NAS) and SAM. Human variants with a strong impact on
ASMT activity are indicated in red.
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were processed and scaled with XDS [15]. The mercury sites
were found with SHELXD [16], and the initial map was
calculated with PHASER [17] and solvent-flattened with
PARROT [18]. Buccaneer [19] traced a single protein
molecule in the asymmetric unit. The coordinates of this
structure were employed to determine a molecular replace-
ment solution with MOLREP [20] of the SAM bound form
(2.4 Å resolution) and the SAM+NAS bound form (2.7 Å
resolution). The structure was refined with BUSTER-TNT
[21] and rebuilt with COOT [22]. Calculation of the homo-
dimer interface area was completed using PISA [23]. An
unknown metal ion was discovered at the surface of the
protein and identified as a zinc ion by collecting diffraction
data at energies above and below the ZnK-edge (Fig. 1B,D).
The presence of this zinc ion is most likely an artifact from
residual zinc bound to the His-tag of the recombinant
protein. Coordinates for the native ASMT forms with SAM
and SAM+NAS have been deposited in the Protein Data
Bank: PDB ID codes 4A6D and 4A6E, respectively.

Construction of mutagenized cDNAs encoding
human ASMT

Human cDNA encoding ASMT was cloned in a PcDNA-
dest47 vector. Site-directed mutagenesis was performed
with the QuickChange II XL Site Directed Mutagenesis Kit

(Invitrogen Life Technologies, Grand Island, NY, USA).
Each clone was purified with Endofree Plasmid Maxi Kit
(Qiagen, Hilden, Germany) and entirely sequenced to rule
out additional mutations in the cDNA. COS-7 cells were
transiently transfected using the Amaxa Nucleofector Kit
(Lonza) according to the manufacturer"s instructions.
cDNAs were cotransfected with luciferase as a reporter
gene for ascertaining transfection efficiency. We con-
structed ASMT mutants with the following substitutions
that we previously identified: L11F, N13H, N17K, E61Q,
K81E, R111K, V171M, D210G, K219R, Y248H, I269M,
P243L, C273S, G278A, E288D, R219Q, V305M, T296M,
L298F, and H318D. The sequence of all constructs was
confirmed by direct sequencing.

Cell and tissue homogenate preparation

Cell homogenates of cultured ASMT-COS-7 cells were
prepared by scraping in the presence of 4% of the
zwitterionic detergent CHAPS and pelleted by centrifuga-
tion (15 min, 13,000 g, at 4"C). Human postmortem pineal
glands were sonicated on ice in sodium phosphate buffer
(0.05 m, pH 7.9), and the sonicate was centrifuged at
15,000 g for 20 min. The resulting supernatant fractions of
both tissue and cell homogenate were subjected to Western
blotting and chromatography and assayed for ASMT

Table 1. Crystallographic parameters and data statistics

Crystal name

acetyl serotonin
methyltransferase
(ASMT) with (PCMB)

ASMT+(S-adenosyl-
L-methionine (SAM)+
N-acetyl serotonin) ASMT+(SAM)

X-ray source SOLEIL-Proxima1 ESRF-ID23-2 SOLEIL-Proxima1
X-ray wavelength (Å) 1.0060 0.8726 1.0720
Space group R32 R32 R32
Unit-cell dimensions (Å) a = b = 173.6

c = 107.3
a = b = 170.1
c = 128.2

a = b = 170.4
c = 123.3

Data resolution (Å) 43.7–3.5 (3.7–3.5) 42.7–2.7 (2.86–2.7) 49.2–2.4 (2.55–2.4)
Unique reflections 15234 (2372) 19684 (3141) 26703 (4104)
Completeness (%) 99.2 (95.3) 99.7 (98.0) 99.1 (95.0)
Redundancy 5.6 (5.5) 7.5 (7.5) 16.1 (10.8)
Rmerge 0.084 (0.424) 0.086 (0.750) 0.062 (0.857)
<I/r(I)> 16.2 (4.2) 23.3 (3.4) 26.6 (2.8)
Anomalous correlation 0.42 (0.23 *) – –
Anomalous ratio (rms(DI±)/rms(I)) 1.30 (1.06 *) – –
Phasing statistics (PHASER)
Resolution limits 43.6–3.5 – –
FOM (acentrics/centrics) 0.320/0.152 – –
Refinement statistics
Protein Data Bank ID code – 4A6E 4A6D
Resolution (Å) – 42.7–2.70 (2.85–2.7) 41.4–2.4 (2.5–2.4)
R-factor (working set) – 0.1633 (0.2192) 0.1759 (0.2353)
Rfree – 0.2122 (0.2513) 0.2041 (0.2803)
No. of unique reflections (total) – 19662 (2828) 26695 (2827)
No. of protein atoms – 2697 2712
No. of water molecules – 49 67
No. of ions and ligand atoms – 129 122
Geometry: rms deviations from ideal values
Bond lengths (Å) – 0.010 0.010
Bond angles (") – 1.13 1.12
Mean protein B factor values (Å2) – 69.9 86.0

The unit-cell dimensions are given in their hexagonal equivalents for the space group R32. Values in parentheses apply to the high-resolution
shells as indicated, except for those marked with asterisks (*), which are 4.7–4.3 Å for the anomalous correlation and anomalous ratio. All
statistical parameters are as defined in the programs XDS, PHASER, and BUSTER. PCMB, para-chloro-mercury-benzoate.
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activity. A small amount of the supernatant was used for
determination of protein concentration by BCA protein test
(ThermoScientific, Waltham, MA, USA).

Recombinant human ASMT was produced and purified
using Leishmania tarentolae as previously described [12].
The apparent molecular weight of the monomer of the
purified enzyme as well as the enzyme from homogenates of
ASMT-transfected COS-7 cells and human pineal glands
was !39 kDa, as determined by SDS-PAGE (Fig. 2).
However, in all preparations, ASMT activity was detected
in the fractions corresponding to the dimeric form.

Size-exclusion chromatography and radiometric
assay of ASMT activity

Size-exclusion chromatography was carried out on Super-
dex 75 10–300 GL column (GE Healthcare) equilibrated
with 0.05 m phosphate buffer, pH 7.0, containing 0.05 m
NaCl. ASMT activity was measured as described [24, 25]. A
50-lL sample of homogenate (ASMT-transfected COS-7 or
pineal glands) in 0.05 m sodium phosphate buffer, pH 7.9,
was incubated (37"C; 30 min) with 25 lL of N-acetylsero-
tonin (NAS) (final concentration, 50 lm) and 25 lL
[3H-methyl]-S-adenosyl-L-methionine (SAM) (final concen-
tration 300 lm; specific activity 50 Ci/mol) in a total
volume of 100 lL. Enzymatic reactions were stopped by
adding 200 lL 0.45 m sodium borate buffer, pH 10, and
1 mL chloroform. The radiolabelled [3H] melatonin con-
taining organic phase was washed twice with borate buffer.
Finally, 0.8 mL samples of the organic phase were evap-
orated to dryness, and radioactivity was determined using a
scintillation counter. Background was calculated as the
radioactive products formed in the absence of NAS. The
impact of the ASMT variants on function was predicted in
silico using six different algorithms: Polyphen2 (http://
genetics.bwh.harvard.edu/pph2/), nsSNPAnalyzer (http://
snpanalyzer.uthsc.edu/), PMUT (http://mmb.pcb.ub.es/
PMut/PMut.jsp), SNAP (http://rostlab.org/services/snap/
submit), SIFT (http://sift.jcvi.org/), and PANTHER
(http://www.pantherdb.org/tools/csnpScoreForm.jsp).

The rabbit anti-human ASMT antibody and Western
blot analysis

The antiserum raised in rabbits against a mixture of two
human synthetic ASMT peptides (H2N-GSSED-
QAYRLLNDYAC-CONH2 and H2N-CQHFSFQEEE-
QIDFQE-CONH2) was previously used to characterize
the morphology of the human pineal gland [13]. Here, we
used clarified lysates of the transfected COS cells (3 lg) or
of the human pineal glands (1 lg). Proteins were resolved
on a 12% precast gels containing lithium dodecyl sulfate
(LDS) under reducing conditions (NuPAGE; Invitrogen)
and electrotransferred onto polyvinylidene difluoride mem-
brane (iBlot system, Life Technologies) according to the
manufacturer"s protocol. Immunodetection was carried out
using rabbit anti-ASMT antiserum (Eurogentec), and a
mouse monoclonal anti-ß-actin antibody (Sigma-Aldrich,
St. Louis, MO, USA) was used for normalization. The
semi-quantification densitometric analysis of the ASMT-
positive bands in the Western blots was carried out using
the Odyssey Infrared Imaging System (LI-COR, Lincoln,
NE, USA). After transfection, cell homogenates were
subjected to Western blotting detection and the levels of
ASMT were comparable for all variants.

Results

The recombinant human ASMT purified from Leishmania
tarentolae [12] was crystallized in the space group R32
(space group symmetries of crystals are described in the
International Tables for Crystallography Volume A) with a
single protein molecule in the asymmetric unit (Table 1).
The native crystals, bound with SAM alone and bound with
both SAM and NAS, diffracted to 2.4 and 2.7 Å resolu-
tions, respectively. The first crystal structure was deter-
mined using the SAD method from a single mercury atom
derivative. The resulting phased map revealed clear electron
density for the entire protein molecule except for two
residues (225–226). The polypeptide chain of human ASMT
comprises two domains. The C-terminal domain (residues

39

ASMT (h
PG)

ASMT (L
eis

hm
an

ia)

ASMT (C
OS)

kDa

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10,000

11,000

8.1       9.0 10.2 11.1
0

25

50

75

100

125

150

175

200

A
S

M
T

 A
ct

iv
ity

 (
pm

ol
/h

/fr
ac

tio
n)

P
ixel Intensity of A

S
M

T
 bands (W

estern blot)

150 kDa                    66 kDa            43 kDa                   29 kDa 

   8.7    9.0   9.3   9.6   9.9  10.2  10.5 10.8 11.1 11.4 
39

kDa
Total
lysate Fractions

ASMT

8.1

P
ixel Intensity of A

S
M

T
 bands (W

estern blot)

0

100

200

300

400

500

600

700

800

900

1000

1100

  9.0   10.2   11.1

0

25

50

75

100

125

150

175

200    150 kDa             66 kDa            43 kDa               29 kDa

ASMT

   8.7  9.0 9.3  9.6  9.9 10.2 10.5 10.8 11.1 11.4 Fractions

39

Total
lysatekDa

Elution volume (mL) Elution volume (mL)

(A) (B) (C)

Fig. 2. Biochemical characterization of the human ASMT protein. (A) Western blot of the recombinant human ASMT (rhASMT) isolated
from Leishmania tarentolae, rhASMT isolated from transfected COS cells, and the endogenous ASMT in homogenates from human pineal
gland (hPG) using anti-human ASMT antibody. (B, C) Size-exclusion chromatography analysis of rhASMT from transfected COS cells (B)
and ASMT from hPG (C). Collected fractions were analyzed for their content of ASMT using anti-ASMT antibodies (blue lane) as well as
for ASMT activity (green lane). ASMT activity was bound to fractions corresponding to molecular mass of dimeric form.
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141–288 and 307–347) is typical of other SAM-dependent
O-methyltransferases (O-MTs) [26], that is, a set of alter-
nating beta strands and alpha helices, while the N-terminal
domain (residues 1–140 and 289–306) intertwines several
helices into a bundle with another crystallographically
equivalent monomer to form the physiologically active
dimer (Fig. 1B).
The overall fold of the ASMT dimer closely resembles the

plant O-MTs: chalcone O-MT and isoflavone O-MT [26,
27]. A search of the PDB archives with PDBeFold [28]
reveals over 50 structures from at least 15 proteins with
folds similar to the ASMT structures (rms deviations of
2.5–3.8Å). Surprisingly, these proteins, which come only
from plants and bacteria, have sequence identities of 26%
or less with human ASMT. It is interesting to note that
when compared to this subfamily of SAM-dependant
O-MTs, the ASMT structures presented here are in a
!closed" conformation, such that the C-terminal and
N-terminal domains bring the SAM cofactor and the
NAS substrate closely together. This situation is akin to the
structure of isoflavone O-MT from alfalfa (PDB ID: 1fp2),
but very different from the !open" configurations seen for
the chalcone O-MT from alfalfa (PDB ID: 1fp1), isoflavone
O-MT from barrel medic (PDB ID: 1zga and 2qyo), caffeic
acid O-MT from alfalfa (PDB ID: 1kyz), and others [29,
30].
The C-terminal domain of ASMT is very similar to those

of small-molecule MTs, which are monomeric proteins,
such as catechol O-MT [31]. Some of these small-molecule
MTs contain a divalent metal ion in the active site, but this
is not the case for ASMT. The methyl donor SAM resides
in a well-buried pocket formed by four loops and a helix. It
makes the expected H-bonds to D210 and Y147 from the
hydroxyl groups of the sugar moiety, to G187 and R252
from the amino acid end, and to G235 and D236 from the
adenosyl group, with the latter being packed between I211
and F237 (Fig. 3). When soaked with 20 mm of NAS and
20 mm of SAM, the crystal structure reveals the substrate
NAS molecule bound into a pocket adjacent to the SAM
molecule. The NAS molecule forms H-bonds to the
residues H255, D256, N302, Q306, and two water mole-
cules (Fig. 3). It is also packed by several hydrophobic
residues including F156, L160, Y108, Y299, and M303. One
side of the NAS site borders the dimer interface near
residues N17 and M20. Interestingly, the thermal param-
eters of the residues surrounding the NAS pocket are higher
in the absence of NAS, especially the loop F135-E150,
suggesting that this zone is flexible to permit the entry and
exit of the substrate (Fig. 4).
Bridging the SAM and NAS are the residues H255,

D256, and the main-chain carbonyl group of R252. The
bound SAM and NAS molecules are orientated by their
respective binding sites so that the methyl group of the
SAM moiety and the hydroxyl group of the indole group of
NAS are aligned and brought close together. In fact, both
substrates are perfectly poised for methyl transfer (Fig. 3).
The methyl group transfer is presumably activated by
abstraction of a proton from the hydroxyl of NAS by the
imidazole group of H255 assisted by the carboxylate group
of E311, a mechanism similar to those proposed for other
O-MTs [32].

(A)

(B)

Fig. 3. Key residues of the active site of acetyl serotonin methyl-
transferase (ASMT). (A) Close-up of the active site of ASMT
(cyan) with N-acetyl serotonin (NAS) (pink) and S-adenosyl-
L-methionine (SAM) (green). The carbonyl of R252 and the side
chains of H255 and D256 are situated just above the activated
methyl group. Certain parts of the active site resemble those of
many other O-MTs. (B) Schematic diagram of the active site of
ASMT indicating residues that make H-bonds to the SAM and
NAS molecules.

Fig. 4. Changes in thermal parameters of human acetyl serotonin
methyltransferase (ASMT) upon binding N-acetyl serotonin (NAS)
suggest entry portals to binding sites. Ribbon diagram of ASMT
bound to S-adenosyl-L-methionine (SAM) and SAM+NAS col-
ored according to thermal parameters of the crystal structures: low
thermal parameters in blue and high thermal parameters in yellow/
orange.
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The dimerization domain of ASMT has at its core a
bundle of four (2 · 2) long alpha helices, which are bent
and tightly intertwined. This bundle is surrounded by
several other shorter helices plus two short beta strands
located at the extremities. This domain also plugs the
N-acetyl side of the NAS binding site of an opposing
monomer, where the N17 side-chain forms a water-medi-
ated H-bond with the NAS substrate. In fact, this residue is
located in the bend of a long helix (a1), which makes

intimate contacts along the dimerization surface and
effectively blocks the access of the substrate site to solvent.
The dimerization interface is very extensive and covers
3545 Å2. It is mostly comprised of hydrophobic interac-
tions and a few polar contacts, all of which stabilize the
homodimer.
When compared to the amino acid sequences of 13 other

proteins identified as ASMT from other organisms, many
residues in ASMT are well, if not strictly, conserved

SP|P46597|ASMT_HUMAN   ------MG-----SSEDQAY-RLLNDYANGFMVSQVLFAACELGVFDLLAEAPGPLDVAA 48
SP|Q8HZJ0|ASMT_MACMU   ------MG-----SSGDDGY-RLLNEYTNGFMVSQVLFAACELGVFDLLAEAPGPLDVAA 48
SP|P10950|ASMT_BOVIN   ------MC-----SQEGEGY-SLLKEYANGFMVSQVLFAACELGVFELLAEALEPLDSAA 48
TR|F6WEJ3|F6WEJ3_HORSE ------MS-----SLEDQAF-GLLNTYSNGFMVSQVLFAACELGVFDLLAEAREPLDSAV 48
TR|F6X3D5|F6X3D5_XENTR LAVQLNMS-----SVQDLDYPKQLLEYRDGFLFSKTLFTACELGIFDLLHKSGEALSTLA 55
TR|G3NTU3|G3NTU3_GASAC MAESGEMMGPSEGTPAADTFPKKILEYMEGFLVSKTVFSACELGVFDVLLAADHPLSAEE 60
SP|Q92056|ASMT_CHICK   ------MD-----STEDLDYPQIIFQYSNGFLVSKVMFTACELGVFDLLLQSGRPLSLDV 49
TR|G1NPG2|G1NPG2_MELGA ----RKMD-----STEDLDYPQIIFQYSNGFLVSKVMFTACELGVFDLLLESGQPLSLDV 51
TR|G3WBA1|G3WBA1_SARHA ------MS-----FAEDLDY-DLFNEYINGFMISKVMFTACELGVFDLLESEG-FLTFDV 47
SP|D3KU67|ASMT_MUSMM   ------MHRGRSASARQERDFRALMDLAHGFMASQVLFAGCALRVFDAA--ALGPVDAAA 52
SP|D3KU66|ASMT_MOUSE   ------MHRGRSASARQERDFRALMDLAHGFMASQVLFAGCALRVFDAA--ALGPVDAAA 52
SP|B3GSH5|ASMT_RAT     ------MAPGR--EGELDRDFRVLMSLAHGFMVSQVLFAALDLGIFDLA--AQGPVAAEA 50
TR|E9PSX5|E9PSX5_RAT   ------MAPGR--EGELDRDFRVLMSLAHGFMVSQVLFAALDLGIFDLA--AQGPVAAEA 50

                          *                :    .**: *:.:*:.  * :*:        :    

SP|P46597|ASMT_HUMAN   VAAGVRASAHGTELLLDICVSLKLLKVETRGG--KAFYRNTELSSDYLTTVSPTSQCSML 106
SP|Q8HZJ0|ASMT_MACMU   VAAGVEASSHGTELLLDTCVSLKLLKVETRAG--KAFYQNTELSSAYLTRVSPTSQCNLL 106
SP|P10950|ASMT_BOVIN   VSSHLGSSPQGTELLLNTCVSLKLLQADVRGG--KAVYANTELASTYLVRGSPRSQRDML 106
TR|F6WEJ3|F6WEJ3_HORSE VAARLGASCHGTELLLDACVTLKLLRVDTRRG--KAFYGNTELSSTYLTTASPTTQRNML 106
TR|F6X3D5|F6X3D5_XENTR ISSQLGTNTDATDRLLSACVGLKLLKVEMKNN--EAFFSNTDVSNMYLVKSSPRSFYQMM 113
TR|G3NTU3|G3NTU3_GASAC VSRAVGASLDGTERLLAACAGLQLLNTHRQDG--QVLYSNSEQARVYLTRSSPVSLYHSI 118
SP|Q92056|ASMT_CHICK   IAARLGTSIMGMERLLDACVGLKLLAVELRRE--GAFYRNTEISNIYLTKSSPKSQYHIM 107
TR|G1NPG2|G1NPG2_MELGA IAARLGTSIIGMERLLDACVGLKLLAVELRRD--GAFYRNTEISNIYLTKSSPKSQYHIM 109
TR|G3WBA1|G3WBA1_SARHA IAERLGTNSQGIEQLLDICATLKLLNVEMKKE--KALYQNTKLASLYLTKSGPKTQYNML 105
SP|D3KU67|ASMT_MUSMM   LARSSGLSPRGTRLLLDACAGLGLLRRRRGAGPRGPAYTNSPLASTFLVAGSPLSQRSLL 112
SP|D3KU66|ASMT_MOUSE   LARSSGLSPRGTRLLLDACAGLGLLRRRRGAGPRGPAYTNSPLASTFLVAGSPLSQRSLL 112
SP|B3GSH5|ASMT_RAT     VAQTGGWSPRGTQLLMDACTRLGLLR---GAG--DGSYTNSALSSTFLVSGSPQSQRCML 105
TR|E9PSX5|E9PSX5_RAT   VAQTGGWSPRGTQLLMDACTRLGLLR---GAG--DGSYTNSALSSTFLVSGSPQSQRCML 105
                       ::     .  .   *:  *. * **            : *:  :  :*.  .* :    :

SP|P46597|ASMT_HUMAN   KYMGRTSYRCWGHLADAVREGRNQYLETFGVPAEELFTAIYRSEGERLQFMQALQEVWSV 166
SP|Q8HZJ0|ASMT_MACMU   KYMGRTSYGCWGHLADAVREGKNQYLQTFGVPAEDLFKAIYRSEGERLQFMQALQEVWSV 166
SP|P10950|ASMT_BOVIN   LYAGRTAYVCWRHLAEAVREGRNQYLKAFGIPSEELFSAIYRSEDERLQFMQGLQDVWRL 166
TR|F6WEJ3|F6WEJ3_HORSE LYLARTTYHCWAHLAEAVREGRSQYLKAFGVPSEELFTAIYRSEDERLQFMRGLQDVWGV 166
TR|F6X3D5|F6X3D5_XENTR MYYSKTIYMCWHFLPDAIREGKRQYERAFGITSEDIFKDLYRSEEETVSFMHHMESIWHI 173
TR|G3NTU3|G3NTU3_GASAC QYSSRTIYLCWHYLTDAVREGRNQYEKAFGVSSNDLFQALYRSDEEMVKFMHLMNSIWNI 178
SP|Q92056|ASMT_CHICK   MYYSNTVYLCWHYLTDAVREGRNQYERAFGISSKDLFGARYRSEEEMLKFLAGQNSIWSI 167
TR|G1NPG2|G1NPG2_MELGA MYYSNTVYLCWHYLTDAVREGRNQYERAFGISSEDLFRAMYRSEEEMLKFLAGQNSIWSI 169
TR|G3WBA1|G3WBA1_SARHA LYMSKTTYSCWNHLTEAIREGKNQYMRTFGIPSDDLFEAIYRSEEELIKFMHGLHEIWSI 165
SP|D3KU67|ASMT_MUSMM   LYLAGTTYLCWGHLADGVREGRSQYARAVGVDADDPFTAIYRSEAERLLFMRGLQETWSL 172
SP|D3KU66|ASMT_MOUSE   LYLAGTTYLCWGHLADGVREGRSQYARAVGVDADDPFTAIYRSEAERLLFMRGLQETWSL 172
SP|B3GSH5|ASMT_RAT     LYLAGTTYGCWAHLAAGVREGRNQYSRAVGISAEDPFSAIYRSEPERLLFMRGLQETWSL 165
TR|E9PSX5|E9PSX5_RAT   LYLAGTTYGCWAHLAAGVREGRNQYSRAVGISAEDPFSAIYRSEPERLLFMRGLQETWSL 165
                        * . * * ** .*. .:***: ** .:.*: :.: *   ***: * : *:   .. * :

SP|P46597|ASMT_HUMAN   NGRSVLTAFDLSVFPLMCDLGGGAGALAKECMSLYPGCKITVFDIPEVVWTAKQHFSFQ- 225
SP|Q8HZJ0|ASMT_MACMU   NGRSVLTAFDLSGFPLMCDLGGGPGALAKECLSLYPGCKVTVFDVPEVVRTAKQHFSFP- 225
SP|P10950|ASMT_BOVIN   EGATVLAAFDLSPFPLICDLGGGSGALAKACVSLYPGCRAIVFDIPGVVQIAKRHFSAS- 225
TR|F6WEJ3|F6WEJ3_HORSE DGRSVLSAFDLSSFPVICDLGGCSGALAKECVSLYPGCRVTVFDIPEVVQTAKTHFPLP- 225
TR|F6X3D5|F6X3D5_XENTR CGKDVLAAFDLSSFKEICDIGGCSGGLAKHFLSLYPSSSVTIMDLPEVVQMAKKHFITD- 232
TR|G3NTU3|G3NTU3_GASAC CGKDVVTAFDLSPFNVICDLGGCSGALAKQCTSAYPECTVTIFDLPKVVQTSREHFVTD- 237
SP|Q92056|ASMT_CHICK   CGRDVLTAFDLSPFTQIYDLGGGGGALAQECVFLYPNCTVTIYDLPKVVQVAKERLVPP- 226
TR|G1NPG2|G1NPG2_MELGA CGRDVLTAFDLSPFTQIYDLGGGGGALAQECVFLYPNCTVTIYDLPKVVQVAKERLVPP- 228
TR|G3WBA1|G3WBA1_SARHA NGRYVITAFDLSSFPLIYDLGGCSGALAKECITIYPECQVTIFEKEEVVQVAKKHFSFL- 224
SP|D3KU67|ASMT_MUSMM   CGGRVLAAFDLSPFRVICDLGGGSGALARMAARLYPGSEVTVFETPDVVAAARAHFPPPA 232
SP|D3KU66|ASMT_MOUSE   CGGRVLTAFDLSPFRVICDLGGGSGALARMAARLYPGSEVTVFETPDVVAAARAHFPPPA 232
SP|B3GSH5|ASMT_RAT     CGGRVLTAFDLSRFRVICDLGGGSGALAQEAARLYPGSSVCVFDLPDVIAAARTHFLSP- 224
TR|E9PSX5|E9PSX5_RAT   CGGRVLTAFDLSRFRVICDLGGGSGALAQEAARLYPGSSVCVFDLPDVIAAARTHFLSP- 224
                        *  *::***** *  : *:**  *.**:     ** .   : :   *:  :: ::    

Fig. 5. Clustal alignment of the ASMT protein from different species. Residues highlighted in green, yellow or red display normal, reduced
or disrupted ASMT activity, respectively.
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(Fig. 5). Around the SAM binding site, most residues are
strictly conserved, especially the aromatic residues F143,
Y147, F156, F237, F238, W257, as well as G187, G235 and
D236. Other important residues such as D210 and R252
show small variations in size, but not in charge or polarity,
so that the H-bonds to the SAM moiety are maintained (see
Fig. 3). At the NAS binding site, residues are more strictly
conserved near the hydroxyl side of NAS, but more
variable at the acetamide end. These strictly conserved
residues include Y108, F156, M303, Q306, and Y338. For
those residues, which bind the acetamide group, N302 is a
threonine in some cases, whereas T307 is sometimes an

alanine. As expected, the presumed active residues (H255,
D256, and E311), which are responsible for methyl transfer
and proton abstraction, are strictly conserved. Elsewhere,
much of the beta sheet of the C-terminal (SAM-binding)
domain also is highly conserved, and many residues of the
dimer interface are also well conserved among ASMT
sequences. This latter group occurs along the helices of the
central 4-helix bundle, and it hints at a possible functional
role for the dimer interface. Finally, the only other zone of
strictly conserved residues is the loop V171-F180, and
intriguingly, this segment is well removed from the active
site and far from the dimer interface.

SP|P46597|ASMT_HUMAN   ----EEEQIDFQEGDFFKDPLPEADLYILARVLHDWADGKCSHLLERIYHTCKP----GG 277
SP|Q8HZJ0|ASMT_MACMU   ----EEEEIHLQEGDFFKDPLPEADLYILARILHDWADGKCSHLLERVYHTCKP----GG 277
SP|P10950|ASMT_BOVIN   ----EDERISFHEGDFFKDALPEADLYILARVLHDWTDAKCSHLLQRVYRACRT----GG 277
TR|F6WEJ3|F6WEJ3_HORSE ----EGARIRFCEGDFFKDPLPEADLYILARILHDWTDEKCAHLLERVYRACKP----GG 277
TR|F6X3D5|F6X3D5_XENTR ----GD-IVFLEEGDFFNDPLPESDLYILARIIHDWTEDKCLRLLNKIYKSCRPGIKTGG 287
TR|G3NTU3|G3NTU3_GASAC ----ADGRINFYEGDFFKDPLPEADLYILARILHDWTDERCTELLSRVNRDVLT-CRTRG 292
SP|Q92056|ASMT_CHICK   ----EERRIAFHEGDFFKDSIPEADLYILSKILHDWDDKKCRQLLAEVYKACRP----GG 278
TR|G1NPG2|G1NPG2_MELGA ----EERRIAFHEGDFFKDSIPEADLYILSKILHDWDDEKCGQLLAEVYKACRP----GG 280
TR|G3WBA1|G3WBA1_SARHA ----ENPRIRFHIGDFFRDPIPEADLYILARILHDWADNKCIQLLKNIHHACRP----GC 276
SP|D3KU67|ASMT_MUSMM   DEDGAEPRVRFLSGDFFRSPLPPADLYVLARVLHDWADAACVELLRRVRGALRP----GG 288
SP|D3KU66|ASMT_MOUSE   DEDGAEPRVRFLSGDFFRSPLPPADLYVLARVLHDWADAACVELLRRVRGALRP----GG 288
SP|B3GSH5|ASMT_RAT     ---GARPSVRFVAGDFFRSRLPRADLFILARVLHDWADGACVELLGRLHRACRP----GG 277
TR|E9PSX5|E9PSX5_RAT   ---GARPSVRFVAGDFFRSRLPRADLFILARVLHDWADGACVELLGRLHRACRP----GG 277
                              : :  ****.. :* :**::*::::*** :  * .** .:     .      

SP|P46597|ASMT_HUMAN   GILVIESLLDEDRRGPLLTQLYSLNMLVQTEGQERTPTHYHMLLSSAGFRDFQFKKTGAI 337
SP|Q8HZJ0|ASMT_MACMU   GILVIESLLDEDRRGPLLTQLYSLNMLVQTEGQERTPTHYHMLLSSAGFRDFQFKKTGAI 337
SP|P10950|ASMT_BOVIN   GILVIESLLDTDGRGPLTTLLYSLNMLVQTEGRERTPAEYRALLGPAGFRDVRCRRTGGT 337
TR|F6WEJ3|F6WEJ3_HORSE GVLVVEGLLDADGRGPLTAQLWSLNMLVQTEGRERTPAQYCELLGAAGFGTVCCRRTRGL 337
TR|F6X3D5|F6X3D5_XENTR GVLLVEALLNEDRSGPLSSQMFSLNMLLQTEGKERSASEYHKLLADSGFREIQVKATGKF 347
TR|G3NTU3|G3NTU3_GASAC GVLLVEALLHEDGSGPLTVQLYSLNMLVQTEGRERTAAQYAALLAAAGFTAVRHRLTGKI 352
SP|Q92056|ASMT_CHICK   GVLLVESLLSEDRSGPVETQLYSLNMLVQTEGKERTAVEYSELLGAAGFREVQVRRTGKL 338
TR|G1NPG2|G1NPG2_MELGA GVLLVESLLSGDRSGPVETQLYSLNMLVQTEGKERTAAEYSKLLGAAGFRDIRVRRTGKL 340
TR|G3WBA1|G3WBA1_SARHA GVLVVETLLAEDKRGPLTSQLYSLNMLVQTEGKERTPTEYHKILTQAGFQNFQFKKTGKI 336
SP|D3KU67|ASMT_MUSMM   AVLLVESVLSPGGAGPTRTLLLSLTMLLQARGRERTEAEYRALTARAGFSRLRLRRPRGP 348
SP|D3KU66|ASMT_MOUSE   AVLLVESVLSPGGAGPTRTLLLSLTMLLQARGRERTEAEYRALTARAGFSRLRLRRPRGP 348
SP|B3GSH5|ASMT_RAT     ALLLVEAVLAKGGAGPLRSLLLSLNMMLQAEGWERQASDYRNLATRAGFPRLQLRRPGGP 337
TR|E9PSX5|E9PSX5_RAT   -VPLVEAVLAKGGAGPLRSLLLSLNMMLQAEGWERQASDYRNLATRAGFPRLQLRRPGGP 336
                       : ::* :*  .  **    : **.*::*:.* **   .*  :   :**  .  : .   

SP|P46597|ASMT_HUMAN   YDAILARK---------------------------------------------------- 345
SP|Q8HZJ0|ASMT_MACMU   YDAILVRK---------------------------------------------------- 345
SP|P10950|ASMT_BOVIN   YDAVLARK---------------------------------------------------- 345
TR|F6WEJ3|F6WEJ3_HORSE YHAVLATR---------------------------------------------------- 345
TR|F6X3D5|F6X3D5_XENTR YDAVLGKK---------------------------------------------------- 355
TR|G3NTU3|G3NTU3_GASAC YDAVLGRKEG-------------------------------------------------- 362
SP|Q92056|ASMT_CHICK   YDAVLGRK---------------------------------------------------- 346
TR|G1NPG2|G1NPG2_MELGA YDAVLGRK---------------------------------------------------- 348
TR|G3WBA1|G3WBA1_SARHA YDAILARK---------------------------------------------------- 344
SP|D3KU67|ASMT_MUSMM   YHAMMAARG--------------------------------GGAGARS-DGGGGEATSQT 375
SP|D3KU66|ASMT_MOUSE   YHAMMAARG--------------------------------GGAGARS-DGGGGDATSQT 375
SP|B3GSH5|ASMT_RAT     YHAMLARRGPRPGIITGVGSNTTGTGSFVTGIRRDVPGARSDAAGTGSGTGNTGSGIMLQ 397
TR|E9PSX5|E9PSX5_RAT   YHAMLAR---------------------------------DPALGS-----SQEWEVTLR 358
                      *.*::                                                       

SP|P46597|ASMT_HUMAN   -----------------------------------
SP|Q8HZJ0|ASMT_MACMU   -----------------------------------
SP|P10950|ASMT_BOVIN   -----------------------------------
TR|F6WEJ3|F6WEJ3_HORSE -----------------------------------
TR|F6X3D5|F6X3D5_XENTR -----------------------------------
TR|G3NTU3|G3NTU3_GASAC -----------------------------------
SP|Q92056|ASMT_CHICK -----------------------------------
TR|G1NPG2|G1NPG2_MELGA -----------------------------------
TR|G3WBA1|G3WBA1_SARHA -----------------------------------
SP|D3KU67|ASMT_MUSMM   GSGTGREVGAQD----------------------- 387
SP|D3KU66|ASMT_MOUSE   GSGTGSEVGAQD----------------------- 387
SP|B3GSH5|ASMT_RAT     GETLESEVSAPQAGSDVGGAGNEPRSGTLKQGDWK 432
TR|E9PSX5|E9PSX5_RAT   GQEVLSQV--------------------------- 366

Fig. 5. (Continued)
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The human ASMT gene reveals three possible isoforms,
which result from alternative splicings of exon 6 and 7 [33,
34]. The structure here is of the first and major isoform,
P46597-1, which corresponds to the active ASMT protein
identified in other species. In isoform P46597-2, a segment
of 47 residues (G188-F237), encoded by the exon 7, is
deleted with respect to the P46597-1 sequence, and this
segment (two helices and two beta strands) corresponds to
one side of the SAM O-MT domain that lines the SAM
binding site (Fig. 6). Thus, P46597-2 is not expected to bind
SAM tightly, nor show any O-MT activity (Fig. 1C).
Interestingly, the points of excision (residues 188 and 236)
lie within proximity of each other (12.4 Å) and are close
enough to be relinked together upon a simple rearrange-
ment. Isoform P46597-3, however, has an insertion of 28
residues between G187 and G188, just upstream of the
isoform P46597-2 deletion. This additional sequence is
encoded by exon 6 and displays homology with a Long
INterspread Element (LINE) [11]. The location of the
insertion of isoform P46597-3 occurs just after G187, which
is a highly conserved and buried residue that makes a H-
bond to the SAM molecule. Consequently, this insertion is
expected to distort this region and destroy the ability to
bind SAM, Indeed, biochemical studies show that no
ASMT activity is detected for isoform P46597-3 (Fig. 1C).

The genetic variability of ASMT was studied through the
1000 genomes project [35], as well as through specific
ASMT mutation screening [7–11]. Overall, 27 nonsynony-
mous variants and 1 splice mutation were identified
(Tables 2 and 3). Rare variants affecting the protein
sequence of ASMT were reported in patients with neuro-
psychiatric disorders such as ASD, ADHD, ID, and bipolar
disorder [7–11]. ASMT variants were also found in the
general population including relatively frequent polymor-
phisms in African (K81E, rs141964565) and Han Chinese
(N17K, rs17149149) populations [7, 9, 11]. To test whether
these variants affect the enzyme activity, we transfected
wild-type or mutant human ASMT cDNA in COS cells and

ascertained their enzyme activities using radioenzymology.
We tested 20 nonsynonymous variants, which were con-
firmed by Sanger sequence technology [7–11], and we found
that the majority of these mutations reduced or abolished
ASMT activity (Table 3 and Fig. 1C). Notably, the Poly-
Phen2 algorithm was correct for predicting the functional
impact of almost all mutations (Table 3). Variants that
displayed <10% of ASMT activity either form part of the
SAM binding site or are near the substrate binding site
(Fig. 1D). For example, the D210G variant removes the
carboxylic acid group, which forms two direct H-bonds to
the sugar hydroxyl groups of the SAM moiety. Such a
structural loss would clearly disrupt SAM binding. For the
N17K variant, which is near the NAS methyl group, it
would add a positive charge among a predominantly
hydrophobic environment and distort the shape of the
NAS binding site. Similarly, for the T296M variant, where
the change in its size and H-bonding character would
perturb the contacts that anchor an alpha helix packing
against the NAS molecule. Some variants are located at the
dimerization interface (N17K, R291Q & L298F) implying
that the dimer is critical for the formation the NAS binding
sites. Changes in the size (L298F) and charge (N17K)
presumably either perturb the folding of the polypeptide
chain or deform the binding pocket sufficiently to alter the
orientation of the NAS molecule, thus moving it away from
the activated methyl group of the SAM moiety. Likewise, a
buried variant, Y248H, which could be considered to be
relatively far from the SAM binding site (12Å) shows
<10% activity (Table 3 and Fig. 1C). Coincidentally, the
phenol oxygen of this tyrosine forms an H-bond with a
carboxyl group of a proline (P243), which in turn is also a
variant found in a patient with bipolar disorder (P243L,
10–20% activity). Although this proline is 10 Å away from
the SAM molecule, it is part of a long loop (232–247),
which forms one side of the SAM binding site. Presumably,
such variants located in the secondary coordination sphere
of the SAM binding site are critical for activity. Further-
more, it should be noted that this entire region (235–257) is
highly conserved among all ASMTs sequenced and con-
tains the residues H255 and D256, which are at the reaction
center for the methyl transfer. Finally, the ASMT crystal
structures cannot provide a clear explanation of loss of
activity for certain variants. The reasons for the loss of
activity in the variant R291Q are obscure because this
residue is far (>15 Å) from the NAS binding site and it is
located on the surface in a loop, which forms part of the
dimer interface. R291 is not well conserved among the 13
ASMT sequences compared, where the corresponding
residue may be serine or alanine.

Discussion

Methyltransferases are present in a wide range of species
and are implicated in many processes of life. Despite the
number of structures available of O-MTs (over 700 entries
in the PDB), there is no representative example for ASMT.
Here, we have determined the crystal structures of human
ASMT in complex with its substrate and cofactor. As
expected, the overall fold of the SAM binding site is strictly
conserved, and the major differences with other SAM

Fig. 6. Ribbon diagram of acetyl serotonin methyltransferase
(ASMT) showing the locations of the three isoforms. Isoform-1 is
the crystal structure presented here (green, blue, and yellow). In
yellow is the fragment deleted in isoform P46597-2 and in blue is
the location of the insert for P46597-3. The molecule of S-adenosyl-
L-methionine (SAM) is represented in red.

Crystal structure of human ASMT

53



methyltransferases occur at the second substrate binding
site, which defines the specificity for NAS of these enzymes.
To better understand the catalytic mechanism, we
attempted to solve the structure of this enzyme in its apo-
form and also in complex with the cofactor SAM and
substrate NAS both soaked in excess. However, to our
surprise, we found electron density for a SAM molecule in
the data set collected from supposedly apo-enzyme crystals.
Presumably, the recombinant protein, purified from Leish-
mania tarentolae, acquired the cosubstrate SAM from the
cytosol. Consequently, the absence of the structure of the
apo-form deprives us the possibility of interpreting any of
conformational changes following the binding of the
cofactor SAM.
When compared to other SAM-dependant O-MTs of the

same family, the structures presented here are in a tightly
closed conformation, which brings together the SAM and
the substrate to form the enzyme–substrates complex. It
shows all the residues implicated in binding and catalysis.
The majority of these residues are conserved in all ASMT
proteins identified to date. The comparison of the positions
of the amino acids interacting with the methyl group of the
SAM and the hydroxyl group of the indole of NAS reveal
that H255 and E311 are likely to play key roles in the
methyl transfer. The same corresponding residues are also
proposed to be involved for others O-MTs. Via excess
soaking experiments in crystals, we succeeded in binding a
NAS molecule into crystals containing SAM. Examination
of the two crystal structures reveals that the addition of
NAS reduces the thermal parameters of two segments of
the polypeptide chain (Y131-F156 and P212-D236) and the
SAM molecule with respect to the rest of the protein
(Fig. 6). The fact that NAS stiffens these parts of the
polypeptide chain suggests conformational changes, which
could expose the SAM and NAS binding sites to the
solvent. One of these segments, P212-D236, resides next to

the SAM binding site, and it corresponds to the C-terminal
domain movement seen between open and closed confor-
mations of other O-MTs [29]. The other segment, Y131-
F156, covers the NAS binding site, and its movement could
provide an access to this site. Thus, the sequential binding
mechanism observed by others could be simply explained
by a less buried and thus more solvent-accessible SAM
binding site compared with the deeply buried NAS binding
site.
With the crystal structures of ASMT presented here, we

can offer explanations for the role of virtually all
mutations inducing the total loss of the enzymatic activity
(<10% of wild-type activity). The majority of the
mutations occur at residues located near the substrate
binding sites or in the dimerization domain. Moreover, we
verified the position and the nature of these residues in all
ASMTs sequenced to date and found that they are strictly
conserved, thus implying that they play an important role
in preserving the native conformational structure and the
enzyme activity of ASMT. For the mutations abolishing
around 50% of the activity, it is not always easy to
pinpoint their possible roles in the enzymatic activity just
by examining their positions in the 3-dimensional struc-
ture of the protein. We only know that the majority of
these mutations are localized in the secondary sphere of
the substrate binding site, and when we analyze their
position in the sequence of other ASMTs, they are less
conserved; this is more obvious when the mutation does
not affect the activity.
A certain amount of caution should be employed when

interpreting the structure–function relationships of any
variant as any sequence mutation can have unexpected
changes to the polypeptide fold. Furthermore, as proteins
interact with one another, surface residues, which might be
expected to show little influence on the activity, could be
critical for the binding of physiological partners. In the

Table 2. Acetyl serotonin methyltransferase (ASMT) variations identified during the 1000 genomes project and listed in dbSNP.

Variation ID Chr: bp Alleles Source PolyPhen2

Allele frequency in the populations of the
1000 genomes project (%)

Africa Asia America Europe Total

R10C 1KG_X_1734120 X:1734120 C/T 1KG Probably damaging 0 0.17 0 0 0.046
Y15S 1KG_X_1734136 X:1734136 A/C 1KG Probably damaging 0 0.35 0 0 0.091
N17K rs17149149 X:1734143 C/A dbSNP Possibly damaging 0.20 2.45a 0.55 0 0.78
V46M 1KG_X_1742098 X:1742098 G/A 1KG Benign 1.63 0 0 0.13 0.41
K81E 1KG_X_1742203 X:1742203 A/G 1KG Benign 3.45 0 0.28 0 0.82
G151S 1KG_X_1748721 X:1748721 G/A 1KG Benign 0 0.69 0 0 0.18
A174T 1KG_X_1748790 X:1748790 G/A 1KG Possibly damaging 0 0 0.83 0 0.14
P202S 1KG_X_1752084 X:1752084 C/T 1KG Probably damaging 0 0 0 0.13 0.046
I269M 1KG_X_1755434 X:1755434 C/G 1KG Possibly damaging 0.81 0 0 0 0.18
L298F rs121918822 X:1761761 C/T 1KG Probably damaging 0 0 0 0.39 0.14
T307M 1KG_X_1761789 X:1761789 C/T 1KG Probably damaging 0.20 0 0.28 0 0.091
IVS5+2T>C 1KG_X_1748834 X:1748834 T/C 1KG Damagingb 0 0 0 0.13 0.046
Benign 5.08 0.69 0.28 0.13 1.42
Damaging 1.22 2.97 1.66 0.66 1.55
All 6.30 3.67 1.93 0.79 2.97

The numbers of individuals in each population are Africa (N = 246), Asia (N = 286), America (N = 181), and Europe (N = 381).
aThe allelic frequency of rs17149149 (N17K) is 6.7% in the 45 unrelated Han Chinese in Beijing, China, from the International HapMap
project.
bThe variation IVS5+2T>C is located at the acceptor splice site of exon 5 and was shown to alter the splicing of ASMT (Melke et al.[11]).
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context of melatonin biosynthesis, AANAT, the first
enzyme of the pathway, binds to the scaffold protein
14-3-3 (PDB ID: 1ib1) [36], and the resulting structural
changes in AANAT bring about an increase in the affinity
for serotonin, which is converted to NAS. In pinealocytes,
Maronde et al. [13] discovered that AANAT, 14-3-3, and
ASMT colocalize along fibril-like structures called pinea-
locyte processes, into which melatonin is secreted. The
colocalization of these enzymes in the melatonin biosyn-
thetic pathway is strong evidence for the existence of a
multiprotein complex dedicated to melatonin synthesis,
which the authors have named the !melatoninosome". In
light of these results, it is more than likely that certain
surface residues of the ASMT dimer could bind AANAT,
14-3-3, or other proteins as part of a larger assembly
dedicated to melatonin synthesis. Thus, certain variants of
ASMT may have profound effects upon activity because
they are implicated in the binding to physiologically

important protein partner rather than their proximity to
the active site.
We have shown that nonsynonymous variants identified

in human populations could affect crucial amino acids
required for ASMT activity and therefore most likely
contribute to melatonin deficiency in vivo [11]. Based on the
1000 genome project, the allelic frequency of ASMT
deleterious mutations in human populations ranges from
0.66% in Europe to 2.97% in Asia (Table 2). In particular,
the deleterious N17K variant was found in relatively high
allelic frequency (2.45%) in 200 Han Chinese individuals of
the 1000 genomes project [35]. This frequency was even
higher (6.7%) in the 90 independent Han Chinese subjects
from the International HapMap project [37]. Taken
together, this variant is present in almost 9% of the Han
Chinese (allelic frequency: 4.48%). The presence of a single
deleterious ASMT allele might not be dramatically
harmful, but a low level of enzyme activity in combination

Table 3. Enzyme activity and prediction of the functional impact of the human acetyl serotonin methyltransferase (ASMT) variants
identified in patients and in the general population

ASMT
variantsa

ASMT
activityb (% of
WT activity)

Polyphen2
(Div/Var)

nsSNP
Analyzer PMUT SNAP SIFT PANTHER Populations

Normal activity (>80%)
N13H 98 ± 16 Benign/Benign Unknown Neutral Neutral Tolerated Tolerated ID, GP
K81E 98 ± 27 Benign/Benign Unknown Neutral Neutral Tolerated Deleterious ASD, GP
R111K 106 ± 12 Benign/Benign Unknown Neutral Neutral Tolerated Deleterious BP
K219R 84 ± 6 Benign/Benign Unknown Neutral Neutral Tolerated Deleterious GP
E288D 86 ± 9 Benign/Benign Neutral Neutral Neutral Tolerated Deleterious ASD, BP,

ID, GP
Reduced activity (10–80%)
L11F 50 ± 8 Poss. dam./Benign Unknown Neutral Neutral Tolerated Tolerated ASD
E61Q 55 ± 1 Poss. dam./Benign Unknown Neutral Neutral Tolerated Deleterious GP
I269M 56 ± 0.7 Poss. dam./Poss. dam. Unknown Neutral Non-Neutral Affect protein

function
Deleterious ASD

P243L 25 ± 2 Prob. dam./Prob. dam. Disease Pathological Non-Neutral Affect protein
function

Deleterious BP, GP

C273S 44 ± 3 Prob. dam./Prob. dam. Unknown Neutral Non-Neutral Affect protein
function

Deleterious ASD, GP

G278A 52 ± 9 Poss. dam./Poss. dam. Unknown Neutral Neutral Tolerated Deleterious ASD
V305M 39 ± 2 Prob. dam./Prob. dam. Unknown Neutral Neutral Affect protein

function
Deleterious BP

H318D 59 ± 7 Benign/Benign Unknown Pathological Neutral Tolerated Deleterious ASD
Disrupted activity (<10%)
N17Kc 4 ± 1 Poss. dam./Poss. dam. Unknown Neutral Non-Neutral Tolerated Deleterious ASD, ID, GP
V171M 4 ± 1 Prob. dam./Prob. dam. Unknown Neutral Neutral Affect protein

function
Deleterious ID

D210G 4 ± 1 Prob. dam./Prob. dam. Disease Pathological Non-Neutral Affect protein
function

Deleterious ADHD, GP

Y248H 8 ± 3 Prob. dam./Prob. dam. Unknown Neutral Non-Neutral Affect protein
function

Deleterious BP

R291Q 5 ± 1 Prob. dam./Poss. dam. Unknown Pathological Neutral Tolerated Deleterious GP
T296M 4 ± 1 Poss. dam./Poss. dam. Unknown Pathological Neutral Affect protein

function
Deleterious ID

L298F 6 ± 2 Poss. dam./Poss. dam. Disease Neutral Neutral Affect protein
function

Deleterious ASD, ADHD,
ID, BP, GP

aThe nomenclature of ASMT variations is based on the sequence P46597-1, the protein sequence coding for the functional isoform of
ASMT, and therefore is different from that in the paper by Melke et al. [11] L326F is now L298F.
b The wild-type ASMT enzyme activity was 21 ± 2 nmol/h/mg prot.
cN17K variant is rs17149149 and was found at the heterozygote state in 13.3% of the Han Chinese population from the HAPMAP
consortium.
ASD, autism spectrum disorders; ADHD, attention-deficit hyperactivity disorders; BP, bipolar disorder; ID, intellectual disability; GP,
general population.
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with additional genetic/epigenetic and environmental sus-
ceptibility factors might increase the individual risk of
melatonin deficiency. Sequencing the entire exome/genome
sequence of patients is now available, and such approaches
will reveal novel ASMT variations. In line with this, the
crystal structure of the human ASMT enzyme and the
mapping of functionally deleterious variants will be essen-
tial for the interpretation of the genomic makeup of
patients with melatonin deficiency and important for their
diagnosis.
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Genetic variations of the melatonin pathway in patients with
attention-deficit and hyperactivity disorders

Abstract: Melatonin is a powerful antioxidant and a synchronizer of many

physiological processes. Alteration in melatonin signaling has been reported

in a broad range of diseases, but little is known about the genetic variability

of this pathway in humans. Here, we sequenced all the genes of the melatonin

pathway – AA-NAT, ASMT, MTNR1A, MTNR1B and GPR50 – in 321

individuals from Sweden including 101 patients with attention-deficit/

hyperactivity disorder (ADHD) and 220 controls from the general

population. We could find several damaging mutations in patients with

ADHD, but no significant enrichment compared with the general

population. Among these variations, we found a splice site mutation in

ASMT (IVS5+2T>C) and one stop mutation in MTNR1A (Y170X) –

detected exclusively in patients with ADHD – for which biochemical analyses

indicated that they abolish the activity of ASMT and MTNR1A. These

genetic and functional results represent the first comprehensive

ascertainment of melatonin signaling deficiency in ADHD.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is one of
the most common childhood disorders and can continue
through adolescence and adulthood. Symptoms include
difficulty staying focused and paying attention, difficulty
controlling behavior, and hyperactivity [1]. ADHD has
three subtypes: predominantly hyperactive-impulsive, pre-
dominantly inattentive, and combined hyperactive-impul-
sive and inattentive. Most children have the combined type
of ADHD. The cause of ADHD remains largely unknown,
but genetic risk factors are strongly suggested from twin
and familial studies [2, 3]. Alteration in sleep is notably
frequent in patients with ADHD, and low melatonin levels
as well as an abnormal delay of melatonin onset was
reported in patients with ADHD and chronic sleep onset
insomnia [4–6]. More recently, a maternal impaired sero-
tonin production was proposed as a risk factor for ADHD
in the offspring [7]. In addition, the sleep of patients with
ADHD is greatly improved by the use of melatonin as a
medication [8–12], suggesting that the endogenous level of
melatonin is not sufficient to reset the biologic clock.
Indeed, Laakso et al. [13] and Leger et al. [14] showed that
endogenous melatonin predicts efficacy of exogenous mel-
atonin for sleep disorders [13, 14].

Melatonin is synthesized during the night in the pineal
gland and is involved in sleep induction, circadian rhythm
regulation, and the immune response, and it functions as
an antioxidant [15–18] Melatonin biosynthesis requires
serotonin, which is first acetylated by aryl alkylamine
N-acetyltransferase (AA-NAT) and then converted to
melatonin by acetyl serotonin methyl transferase (ASMT
also known as hydroxyindole O-methyltransferase or
HIOMT) [19]. Melatonin signaling is mediated by the
guanine nucleotide binding (G) protein-coupled receptors
MTNR1A and MTNR1B that are expressed in the
suprachiasmatic nucleus, but are also present in hypotha-
lamic nuclei, retina, and immune cells. One of the down-
stream cellular effects of melatonin receptor activation is
inhibition of adenylate cyclase and cAMP production [20].
GPR50 is an orphan G protein-coupled receptor with no
affinity for melatonin, but as a dimer with MTNR1A
inhibits melatonin signaling [21].

This study determined whether patients with ADHD
could carry an excess of genetic mutations within the
melatonin pathway compared with controls and ascertained
if these mutations were deleterious at the functional level
and finally reported on the clinical profile of the patients
carrying the mutations.

Materials and methods

Subjects

Unrelated Swedish participants with DSM-IV-TR ADHD
(n = 101, 59 men, 42 women) were recruited at the
Sahlgren University Hospital in Göteborg. They have been
diagnosed after personal interview, clinical examination
and comprehensive testing by an experienced psychiatrist
and a neuropsychologist, and after collateral interview with
a close family member. The instruments used included

SCID-I, SCID-II, ADHD-RS, and DSM-IV-checklists.
ADHD had been assigned as "main diagnosis! in all 101
participants in the ADHD group, but the vast majority had
comorbid disorders (e.g. 53% had a history of mood
disorder or major depressive disorder 39%; Table S1).
Unrelated Swedish participants without ADHD (n = 220,
142 men, 78 women) were recruited through advertise-
ments. They had not undergone extensive neuropsychiatric
assessment, but had confirmed, in face to face interviews,
that they did not have a diagnosis for ADHD. The presence
of sleep problems in controls was not ascertained. All
individuals included are of European ancestry. The local
research ethics boards reviewed and approved the study.
Informed consent was obtained from all participants.

Genetic screening of the melatonin pathway

All PCR and sequencing of ASMT, MTNR1A/B, and
GPR50 were performed as previously described [22, 23].
For AA-NAT, amplification of both exons was performed
in a single PCR of 1655 bp with primers AA-NAT F:
GAATGTGCCCATTGATTTAGG and AA-NAT R –
GCCCGGTCTCAGGTACAGAGT. PCR products were
sequenced with the BigDye Terminator Cycle Sequencing
kit (V3.1; Applied Biosystems, Courtaboeuf, France).
Samples were then subjected to electrophoresis, using an
ABI PRISM genetic analyzer (Applied Biosystems). For all
nonsynonymous mutations, genotyping was confirmed by
the sequence of an independent PCR product.
To test whether there was an enrichment of MTNR1A

and MTNR1B mutations in patients compared to controls,
each group was divided in three subgroups of individuals
carrying 0, 1 or 2 coding variations. Enrichment was tested
using a chi-square test. The X-linked GPR50 gene was
analyzed separately by comparing allelic distribution in
case and controls after stratification by sex.

Functional analyses of the melatonin pathway

Human cDNA for AA-NAT and ASMT were cloned in a
PcDNA-dest47 vector. Flag-MTNR1A was cloned in
pcDNA3 expression vectors as previously described [24].
Mutagenesis was performed with the QuickChange II XL
site-directed mutagenesis kit (Invitrogen, Carlsbad, NM,
USA). Each clone was purified with Endofree Plasmid
Maxi kit (Qiagen, Courtaboeuf, France) and entirely
sequenced to rule out additional mutations in the cDNA.
Transient transfections in COS cells were performed as
previously described [24] using JetPEI (Polyplus Trans-
fection, Illkirch, France) or AMAXA Nucleofector kit
(Lonza, Basel, Switzerland). AA-NAT (EC 2.3.1.87) and
ASMT (EC 2.1.1.4) activities were measured by radioenz-
ymology as described [23, 25]. The consequence of the splice
mutation on the ASMT mRNA was studied in Melke et al.,
2008 [23]. RT-PCR showed an abnormal ASMT transcript,
encoding a putative truncated ASMT protein, lacking the
methyl-transferase domain. The immunofluorescence
experiments, immunoblots, binding experiments, and
cAMP and ERK1/2 signaling experiments of the MTNR1A
Y170X were performed as described [22]. Statistical
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differences between wild-type and mutant AA-NAT,
ASMT, and MTNR1A activities were tested using a two-
tailed t-test.

Results

We could detect variations modifying the protein sequence
in the five main genes required for both melatonin synthesis
(AA-NAT and ASMT) and signaling (MTNR1A,
MTNR1B, and GPR50) (Tables 1 and 2). All coding
variations in GPR50 were frequent poymorphisms. No
significant enrichment of coding variations in MTNR1A
and MTNR1B was observed in patients with ADHD
compared with controls. Indeed, the proportion of individ-
uals carrying 0, 1, or 2 coding variations was not different in

patients with ADHD (70, 26, and 5 subjects respectively)
compared with controls (158, 48, and 14 subjects respec-
tively; v2 = 0.76, df = 2, P = 0.68). Interestingly, one
splice site mutation of ASMT (IVS5+2T>C) and one stop
mutation in MTNR1A (Y170X) were predicted to cause
severe functional alterations and were detected in two
independent patients with ADHD, but not in our geo-
graphically matched comparison group. The splice site
mutation of ASMT (IVS5+2T>C) was detected in a male
patient presenting with ADHD, autistic traits, and sleep
disorders (see Table S2 for clinical details). The mutation
was inherited from a mother with attention/impulsivity
problems and motor control dysfunction. The MTNR1A
stop mutation Y170X was detected in an adult woman
presenting with ADHD and obsessive compulsive disorder

Table 1. AA-NAT, ASMT, MTNR1A, MTNR1B, and GPR50 variants identified in 101 patients with ADHD and 220 control individuals

Variations
Genomic

position (bp)

Allele
(major/
minor)

Number of individual carrying the variation (Allelic frequency %)

FunctionADHD (N = 101) Controls (N = 220)

AA-NAT (Chr 17)
V62I 71976870 G/A 1 (0.5%) 1 (0.23%) As control
A163V 71977511 C/T 1 (0.5%) 3 (0.68%) Altered
G177D 71977553 G/A 0 1 (0.23%) Altered

ASMTa (Chr X)
IVS5+2T>C 1708834 T/C 1 (0.5%) 0 Altered
D210G 1712109 A/G 0 1 (0.23%) Altered
L298F 1721761 C/T 1 (0.5%) 2 (0.46%) Altered

MTNR1A (Chr 4)
G166E 187455399 G/A 2 (1%) 8 (1.8%) Altered
Y170X 187455386 C/G 1 (0.5%) 0 Altered
A266V 187455099 C/T 4 (2%) 11 (2.5%) Altered
K334N 187454894 A/T 2 (1%) 2 (0.46%) Altered

MTNR1B (Chr 11)
G24E 92342610 G/A 1 AA 17 AG 83 GG f(A) = 9.4% 0 AA 30 AG 190 GG f(A) = 6.8% As control
R138C 92354449 C/T 0 2 (0.46%) Altered
R231H 92354729 G/A 0 5 (1.14%) Altered
K243R 92354765 A/G 4 (2%) 10 (2.27%) Altered

ADHD, attention-deficit/hyperactivity disorder.
aThe nomenclature of ASMT variations is based on P46597-1, the protein sequence coding for the functional isoform of ASMT and
therefore is different from the paper by Melke et al. For example L326F is now L298F.

Table 2. Variations in GPR50 identified in 101 patients with ADHD and 220 control individuals

Variations

Genomic
position (bp) Allele

(major/
minor)

Number of individual carrying the variation (allelic frequency %)

(Chr X) ADHD (N = 101) Controls (N = 220)

S493R
Male 150349533 G/A 8A/y 51G/y f(A) = 13% 22 A/y 120 G/y f(A) = 15%
Female 2 AA 5 AG 35 GG f(A) = 11% 0AA 13AG 65 GG f(A) = 8%

Del 502–505
Male 150349569 Ins/del 25 del/y; 34 ins/y f(del) = 42% 65del/y; 77ins/y f(del) = 46%
Female 8 del/del 21 del/ins 13 ins/ins f(del) = 44% 15del/del 35del/ins 28 ins/ins f(del) = 39%

T532A
Male 150349649 A/G 22G/y 37A/y f(G) = 37% 63 G/y 79 A/y f(G) = 44%
Female 7 GG 22 AG 13 AA f(G) = 43% 15 GG 35 AG 28 AA f(G) = 39%

I606V
Male 150349871 G/A 28 A/y 31 G/y f(A) = 47% 78A/y 64G/y f(A) = 55%
Female 7 AA 20AG 15 GG f(A) = 40% 10AA 43 AG 25 GG f(A) = 40%

ADHD, attention-deficit/hyperactivity disorder.
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(OCD) as well as social impairment and social phobia. The
mutation was transmitted from the father without medical
or psychiatric disorders. The proband did not transmit the
mutation to her son diagnosed for Asperger syndrome.

For the variations identified in patients, measurements of
the recombinant enzyme activities indicated that AA-NAT
V62I did not change the overall activity whereas A163V
caused twofold reduction (P = 0.08) (Fig. 1A). Measure-
ments of ASMT activity indicated that the G219X stop
mutation – mimicking the splice site mutation
(IVS5+2T>C) – and the L298F variation strongly affected
enzyme activity (G219X: P = 0.007 and L298F:
P = 0.008) (Fig. 1A). These results obtained in vitro are
consistent with our previous report of an in vivo ASMT
deficiency in cell lines of patients with autism spectrum
disorders (ASD) carrying the same variations [23]. Inter-
estingly, the AA-NAT G177D and the ASMT D210G
variations detected here in the controls were also shown to
alter enzyme activity (P = 0.004 and P = 0.007).

All mutations of MTNR1A and MTNR1B receptors
were previously detected in patients with ASD or controls

[22], except for the MTNR1A Y170X stop mutation found
only in the ADHD sample. We have previously shown that
the majority of these variations alter the receptor func-
tions by preventing cell surface expression and/or modi-
fying pathway-selective signaling properties [22]. The
MTNR1A-Y170X mutant migrated as expected at a lower
apparent molecular weight (approximately 35 kDa), dis-
played severely reduced surface expression, and was local-
ized mainly at intracellular membrane compartments
(Fig. 1C,D). It was devoid of any binding activity, as well
as any capacity of inhibiting forskolin-stimulated cAMP
accumulation (Fig. 1E) and promoting ERK1/2 phosphor-
ylation (data not shown).

Discussion

In this mutation screening, we detected coding variations in
all genes from the melatonin pathway, most of which affect
melatonin synthesis and signaling in vitro. The frequency of
rare variations was similar in our sample of Swedish
patients with ADHD and controls. These results indicate
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Fig. 1. Functional analyses of the melatonin pathway. (A) AA-NAT activity and (B) ASMT activity, both were measured using COS cells
transfected with either the WT or mutant cDNAs. The ASMTG219X mutations removes exons 6–9 from the ASMT sequence and therefore
mimics the effect of the IVS5+T>C splicing mutation observed in the patients with attention-deficit/hyperactivity disorder. The wild-type
AA-NAT and ASMT activities are 22 ± 2 nmol/hr/mg prot and 8 ± 1 nmol/hr/mg prot, respectively. (C) Detection of the WT and the
MTNR1A-Y170X mutant by SDS–PAGE. Lysates from HEK 293 cells transiently expressing the indicated receptors were separated by
SDS–PAGE and analysis performed by Western blot using anti-Flag. (D) Subcellular localization of the wild-type and the MTNR1A-
Y170X mutants COS cells transient expression of indicated receptors were permeabilized or not with triton X-100 and total and surface
exposed receptors detected by immunofluorescence microcopy with anti-Flag (MTNR1A). Similar results were obtained in three additional
experiments. (E) Signaling of MTNR1A mutant through the cAMP pathway. HEK 293 cells were transfected with MTNR1A-Y170X
mutant receptor. Inhibition of the cAMP pathway was measured by stimulating cells with forskolin alone (10 lm) or with forskolin and
10 nm melatonin for 60 min. Cyclic AMP levels were determined as described in Materials and methods. Data are means ± S.E.M. of three
independent experiments each performed in duplicate (M, t-test mutant versus wt P < 0.01).
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that coding variants of the melatonin pathway are not
major risk factors for ADHD. The impact of an alteration
in the melatonin pathway is therefore most likely related to
a broader phenotype. For example, recent studies reported
that ASMT variations could be associated with depression
[26], but also with ASD [23, 27–29]. The presence of a
genetic overlap between ADHD and ASD was recently
highlighted by a large-scale twin study in Sweden [30] and
by the identification of shared susceptibility genes [31].
In our study, we detected several deleterious mutations of

the melatonin pathway in patients with ADHD presenting
with autistic features or social impairments. The MTNR1A
Y170X mutation represents the first stop mutation affecting
melatonin receptors in humans and was observed in a
patient with ADHD, social impairment, and OCD. In
addition, all patients carrying ASMT deleterious mutations
showed a combination of ADHD, autistic traits, and sleep
disorder (Table S2). The same ASMT splice site mutation
(IVS5+2T>C) was previously observed in 0.8% patients
with ASD (6/749) and in 0.1% of the controls (1/937;
P = 0.03) [23, 27, 28]. Melatonin acts on numerous sites in
the brain [32] and could modulate synaptic homeostasis of
specific neuronal circuits associated with ASD [33]. Inter-
estingly, MTNR1A is expressed in the prefrontal cortex and
the striatum, which show reduced thickness or volume loss
in patients with ADHD [34, 35].
Several limitations are present in our study. First, a

larger sample size would allow us to detect other risk alleles
of lower frequency, increasing the power of our enrichment
test. Second, a more complete phenotypic characterization
of the subjects, such as sleep/circadian problems and blood/
urinary melatonin levels, would allow us to explore further
the consequences of the deleterious mutations. Additional
work is therefore needed to replicate the association
between abnormal melatonin pathway and increased risk
of ADHD symptoms in patients.
In summary, we provide the first genetic and functional

ascertainment of defects in the melatonin pathway in
patients with ADHD. The impact and the specificity of
such melatonin deficiencies remain to be fully characterized.
However, owing to the importance of the biologic clock in
many physiological functions, the ascertainment of deficits
in the melatonin pathway represents relevant information
for determining individual risk for circadian disorders.
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