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Resumo

O Transtorno de Déficit de Atengdo/Hiperatividade (TDAH) é um dos transtornos
psiquiatricos mais comuns em criangas e frequentemente persiste na vida adulta,
sendo caracterizado por prejuizo significativo decorrente de sintomas de desatencdo e
hiperatividade/impulsividade. Este transtorno tem importante influéncia genética,
sendo que as estimativas de herdabilidade aproximam-se dos 80%. Devido a esse forte
componente genético, diversos estudos tém procurado elucidar os fatores genéticos
especificos relacionados ao transtorno. Em sua maioria, esses estudos tém avaliado o
papel de diferentes variantes genéticas sob uma 6ética de efeitos aditivos, com poucos
estudos avaliando o impacto de efeitos genéticos ndo-aditivos, como os resultantes de
interagdes entre genes. No entanto, entre os poucos estudos que de fato
consideraram efeitos de interacdo génica na psiquiatria, existem evidéncias de que
variantes do gene LPHN3 interagem com polimorfismos ao longo do agrupamento
génico conhecido como NTAD (NCAMI1-TTC12-ANKK1-DRD2), influenciando a
susceptibilidade ao TDAH na infancia. Nesse contexto, a presente dissertacdo
apresenta estudo desenvolvido com o objetivo de analisar pela primeira vez o impacto
de interagdes entre uma variante de LPHN3 e polimorfismos do agrupamento NTAD na
susceptibilidade e sintomatologia do TDAH em uma amostra de adultos. A andlise
exploratdria baseada em entropia revelou uma potencial interagdo com aumento do
ganho de informac¢ao entre um SNP de LPHN3 e um dos SNPs de TTC12 analisados com
relacdo a sintomatologia do TDAH. Em concordancia com tal achado, andlises de
covariancia entre os adultos com TDAH apontaram que a interacdo LPHN3-
rs6551665/TTC12-rs2303380 foi significativamente associada com a quantidade total
de sintomas de TDAH e também com os sintomas especificos de
hiperatividade/impulsividade. Além disso, foi observado que a mesma combinacdo de
alelos da interagao envolvida com aumento de sintomas de TDAH também esta
relacionada com a susceptibilidade ao transtorno, especialmente no que se refere ao
grupo composto por individuos dos subtipos predominantemente hiperativo/impulsivo
e combinado. Esses resultados reforcam os achados que apontam o envolvimento das
interacGes entre o gene LPHN3 e o agrupamento génico NTAD na etiologia do TDAH na
infancia, estendendo tais efeitos também a amostras de adultos. Além disso,
sugerimos que as interacdes gene-gene modulando os efeitos de LPHN3 sdo fatores
especificos que contribuem para o desenvolvimento de subtipos de TDAH com maior

presenca de sintomas de hiperatividade/impulsividade.



Abstract

Attention Deficit/Hyperactivity Disorder (ADHD) is one of the most common
psychiatric disorders in children and often persists into adulthood as well. ADHD is
characterized by a significant impairment due to inadequate levels of symptoms of
inattention and hyperactivity/impulsivity. This disorder presents great genetic
influence, with heritability estimates close to 80%. Given this strong genetic
component, several studies have sought to elucidate the specific genetic factors
related to the disorder. Most of these studies have evaluated the role of different
genetic variants under additive effects, with few studies evaluating the impact of non-
additive genetic effects, as the ones resulting from interactions between genes.
Among the few studies that have considered genetic interaction effects in psychiatry,
however, there is evidence that variants of the LPHN3 gene interact with
polymorphisms spanning the gene cluster known as NTAD (NCAM1-TTC12-ANKK1-
DRD2), influencing the susceptibility to ADHD during childhood. In this context, the
study developed in this dissertation is the first study to analyze the impact of
interactions between a variant of LPHN3 and polymorphisms of the NTAD cluster with
respect to the susceptibility and symptomatology of ADHD in adult samples. Entropy-
based exploratory analysis revealed a potential interaction with increased gained
information between a LPHN3 SNP and one of the TTC12 SNPs analyzed when
analyzing ADHD symptoms. In agreement with such findings, analysis of covariance
within the adults with ADHD pointed that the LPHN3-rs6551665/TTC12-rs2303380
interaction was significantly associated with the total number of ADHD symptoms and
also with the hyperactivity/impulsivity symptoms domain. Furthermore, it was
observed that the same combination of interacting alleles involved in increasing ADHD
symptom counts is also related to susceptibility to the disorder, particularly in the
group composed of individuals of predominantly hyperactive/impulsive and combined
subtypes. These results support other studies showing that the interaction between
the LPHN3 gene and the NTAD gene cluster are involved in the etiology of ADHD,
expanding these effects in an adult sample. Moreover, we suggest that the gene-gene
interactions modulating LPHN3 effects are specific factors contributing to the

development of ADHD subtypes with greater presence of hyperactivity/impulsivity.
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O Transtorno de Déficit de Ateng¢ido/Hiperatividade (TDAH)

O TDAH é um dos transtornos mais comuns diagnosticados na pratica
psiquidtrica, tendo uma prevaléncia mundial estimada entre 3-5% em criangas e
adolescentes (Polanczyk et al., 2007) e cerca de 2-4% em adultos (Kessler et al., 2006;
Simon et al.,, 2009). Este transtorno é caracterizado por prejuizos clinicamente
significativos causados por sintomas persistentes de desatencdo e/ou hiperatividade e
impulsividade inadequados para o nivel de desenvolvimento do individuo.

Apesar de ser tradicionalmente considerado como um transtorno de
neurodesenvolvimento, com manifestacdo precoce dos sintomas, sabe-se que uma
parcela das criancas afetadas mantém o diagndstico na idade adulta. Além disso,
recentemente, trés estudos de coortes populacionais indicaram que ndo ha uma
sobreposicdao completa dos grupos com diagnéstico de TDAH na infancia com aqueles
gue o apresentam na vida adulta. De acordo com esses estudos, existe um grupo de
individuos que apresenta o inicio dos sintomas de TDAH apenas na idade adulta,
havendo ainda a possibilidade de que o inicio precoce ou tardio esteja na verdade
refletindo a presenca de dois tipos de transtornos distintos (Moffitt et al., 2015; Caye
et al., 2016; Agnew-Blais et al., 2016). A manifestacdo do TDAH em individuos adultos
estd relacionada com importantes prejuizos nos ambitos académico e profissional
além de afetar relacionamentos afetivos e sociais (Wilens and Spencer, 2010).

O diagndstico do TDAH é essencialmente clinico e comumente segue os critérios
propostos pelo Manual Diagndstico e Estatistico dos Transtornos Mentais (DSM-5; APA
2013). Para adultos, tais critérios requerem a presenca de ao menos cinco de nove
sintomas em uma ou ambas as areas (desatencdo e hiperatividade/impulsividade),
manifestacdo sintomatoldgica antes dos doze anos de idade e prejuizo decorrente do
transtorno em ao menos dois contextos da vida (escola/trabalho e relagGes
interpessoais, por exemplo). O transtorno apresenta trés subtipos ou apresentagdes,
que estdo diretamente relacionados a presenca de sintomas de desatencdo e/ou
hiperatividade/impulsividade, sendo eles: predominantemente  desatento,
predominantemente hiperativo/impulsivo e combinado.

Evidéncias apontam para uma complexa base neurobiolégica do TDAH, com

variacbes estruturais e funcionais em multiplos sistemas de neurotransmissores
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envolvidos na génese do transtorno (Purper-Ouakil et al.,, 2011; Tripp and Wickens,
2009). Dentre estes, evidéncias de estudos psicofarmacoldgicos e modelos animais
sugerem o envolvimento dos sistemas dopaminérgico, adrenérgico, serotoninérgico e
colinérgico (Kooij et al., 2008; Wilens, 2008). Ainda, suportando o atual conjunto de
evidéncias sobre a neurobiologia do TDAH estd também o mecanismo de acdo da
principal terapia farmacolégica empregada, o uso de medicamentos da classe dos
estimulantes do sistema nervoso central. O medicamento de primeira escolha no
tratamento do TDAH é o metilfenidato (conhecido comercialmente como Ritalina),
considerado seguro e eficaz na reducdo dos sintomas tanto em criancas como em
adultos (Kooij et al., 2008; Wigal, 2009; Kaplan and Newcorn, 2011; Castells et al.,
2011). O metilfenidato atua bloqueando os transportadores de dopamina e
noradrenalina, e, consequentemente, aumentando a concentracdo extracelular dessas

catecolaminas em dreas do cortex pré-frontal e estriado (Sulzer et al., 2005).

Heterogeneidade Clinica

Assim como em outros transtornos psiquidtricos, a apresentacao clinica do TDAH
é heterogénea, sendo influenciada pela presenca diferencial de sintomas (de
desatencdo, hiperatividade/impulsividade e/ou ambos), presenca de outras
comorbidades psiquidtricas e ainda variacdo na idade de inicio dos sintomas. Essas
caracteristicas clinicas contribuem para a alta heterogeneidade fenotipica presente no
transtorno, e potencialmente modulam efeitos de gravidade e resposta a intervencao
farmacoldgica, por exemplo.

Estima-se que 80% dos adultos com TDAH apresente simultaneamente alguma
comorbidade psiquiatrica (Kessler et al., 2006). Em geral, os transtornos psiquiatricos
sdo divididos em duas categorias distintas de acordo com a manifestacdo
sintomatoldgica, os Transtornos Internalizantes e os Transtornos Externalizantes
(Kessler et al., 2011). Dentre as comorbidades do eixo internalizante mais comuns
estdo o Transtorno Depressivo Maior, o Transtorno de Ansiedade Generalizada e
Transtornos do Panico e Bipolar; ja dentre os Transtornos Externalizantes mais
frequentes encontram-se o Transtorno da Personalidade Antissocial, Transtorno da

Conduta e Transtorno por Uso de Substancias (Kessler et al., 2006).
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O TDAH é classicamente considerado um Transtorno Externalizante, porém pode
apresentar caracteristicas dos dois dominios (externalizantes e internalizantes) (Jacob
et al., 2014). A faceta externalizante do TDAH é atribuida principalmente aos sintomas
de hiperatividade e impulsividade (Jacob et al. 2014), sendo que a presenca desses
sintomas em adultos esta relacionada com um maior risco de presenca de outras
comorbidades (Cadman et al.,, 2016), especialmente o Transtorno por Uso de
Substancias (Liebrenz et al.,, 2015). Além disso, individuos que apresentam maior
sintomatologia no dominio de hiperatividade/impulsividade (subtipos combinado e
hiperativo/impulsivo) tém um perfil neuropsicolégico (Dobson-Patterson et al., 2016),
e de personalidade (Salgado et al.,, 2009; Gomez et al., 2012) caracteristicos,

contribuindo para a diferenciacao das apresentacgées clinicas do TDAH.

Genética do TDAH

O TDAH tem etiologia multifatorial, sendo causado pela confluéncia de fatores
genéticos e ambientais, bem como de suas interagdes (Stergiakouli and Thapar, 2010).
Dentre os transtornos psiquiatricos, o TDAH desponta como um dos que apresenta
maior componente genético, com herdabilidade estimada, tanto em criancas como em
adultos, em aproximadamente 80% (Faraone et al., 2005; Chang et al., 2013).

Devido ao grande componente genético implicado na etiologia do TDAH, muitos
estudos tém tentado identificar genes associados. A maioria dos estudos,
principalmente os mais antigos, utilizou a abordagem cldssica de estudar genes
candidatos, definidos a priori por hipéteses neurobiolégicas.

Nesse contexto, os genes codificadores dos componentes dos sistemas de
neurotransmissao tém sido o foco principal, destacando-se os sistemas dopaminérgico
e serotonérgico (Franke et al., 2012). Entre os principais genes candidatos amplamente
investigados estdo os genes codificadores dos receptores de dopamina D2, D4 e D5
(DRD2, DRD4 e DRD5, respectivamente), do transportador de dopamina (SLC6A3,
também conhecido como DAT1) e de serotonina (SLC6A4, também conhecido como 5-
HTT), do receptor 1B de serotonina (HTR1B), da proteina associada ao sinaptossoma
de 25 kDa (SNAP25) e das enzimas dopamina-beta-hidroxilase (DBH), monoamino
oxidase (MAOA) e catecol-O-metiltransferase (COMT) (Gizer et al.,, 2009). Meta-

analises tém sustentado associa¢Oes individuais em amostras de criangas, entretanto
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ha significativa heterogeneidade entre os achados de diferentes estudos (Gizer et al.,
2009). Em relagdo a adultos com TDAH, os resultados ainda sdo considerados
contraditdrios ou inconclusivos (Franke et al., 2011).

Até o momento, os estudos de associagao por varredura gendmica (GWAS, do
inglés Genome-Wide Association Studies) realizados em amostras de TDAH nao foram
capazes de apontar associa¢Oes significativas a nivel gendmico (Hinney et al., 2011;
Neale et al., 2008; Lasky-Su et al., 2008b, 2008a; Stergiakouli et al., 2012; Neale et al.,
2010b; Zayats et al., 2015; Mick et al., 2010; Neale et al., 2010a). Assim, mesmo em era
gendmica, a identificacdo de fatores genéticos especificos relacionados ao
desenvolvimento do transtorno permanece uma questdo em aberto, motivando os
estudos com genes-candidatos com hipdteses baseadas em mecanismos
fisiopatoldgicos envolvidos no transtorno e estudos com modelos animais.

Além disso, a maioria dos estudos desenvolvidos até o momento tem focado na
influéncia de efeitos genéticos aditivos, negligenciando um possivel papel de efeitos
ndo-aditivos, como, por exemplo, os resultantes de intera¢des gene-gene. No entanto,
perspectivas mais recentes tém valorizado o potencial desta abordagem na elucidagao
de fendmenos bioldgicos importantes, e aliado a isso, uma importante e recente meta-
analise avaliou as estimativas de herdabilidade do TDAH encontrada entre os estudos
com gémeos. Os resultaram indicaram que o transtorno possui um excesso de
similaridade entre gémeos monozigdticos (rMZ) do que seria esperado quando
comparado com gémeos dizigbéticos (rDZ), ou seja, rMZ > 2rDZ (Polderman et al.,
2015). Esse achado sugere que o componente genético do TDAH ndo poderia ser
explicado apenas por variacdo genética aditiva, corroborando a hipdtese de que
fatores genéticos nao-aditivos também desempenham um papel na susceptibilidade
ao transtorno. Desta forma, se faz necessario buscar abordagens alternativas para a
identificacdo de fatores genéticos que contribuam para a alta herdabilidade do TDAH.

De fato, apesar de escassos, estudos que avaliaram interacdes gene-gene ja
identificaram efeitos epistaticos especificos influenciando na etiologia do TDAH.
Dentre estes, o estudo com o tamanho de efeito mais robusto, e com papel apoiado
por meta-andlise, envolve a interacdo entre o gene LPHN3 (ADGRL3) e o agrupamento
génico NTAD (NCAM1-TTC12-ANKK1-DRD2) (Jain et al., 2012; Acosta et al., 2011;
Bruxel et al., 2015).
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LPHN3 (ADGRL3)

O gene LPHN3 (do inglés, Latrophilin 3), sendo também conhecido como ADGRL3
(do inglés, Adhesion G protein-coupled receptor L3) estd localizado em Chr: 4q13. Esse
gene codifica um receptor de adesao transmembrana acoplado a proteina G, o qual é
expresso predominantemente no cérebro e presente, principalmente, em neurdnios
glutamatérgicos (Arcos-Burgos et al., 2010). Nas dreas cerebrais onde é expresso, o
receptor desempenha um papel na regulagdo da liberagdao de neurotransmissores e
desenvolvimento de sinapses (O’Sullivan et al., 2014, 2012), afetando o metabolismo
de circuitos neurais potencialmente envolvidos no TDAH, especialmente na via
mesocortical (Arcos-Burgos et al., 2010). Esse gene foi inicialmente implicado no TDAH
através de um estudo de ligacdo realizado em um isolado populacional da Colémbia
(Arcos-Burgos et al., 2004, 2010) e, desde entdo, vem sendo considerado como um dos
genes mais promissores para estudos da susceptibilidade ao TDAH. A associacdo de
variantes e hapldétipos do gene LPHN3 com esse transtorno foi replicada em varias
amostras de outras populacdes, a maioria envolvendo criancas (Arcos-Burgos et al.,
2010; Ribasés et al., 2011; Choudhry et al., 2012; Bruxel et al., 2015; Hwang et al.,
2015; Gomez-Sanchez et al., 2016) e parece fornecer novos insights sobre a genética,
neurobiologia e o tratamento do TDAH.

Combinado com os resultados da meta-andlise, e estudos posteriores em outras
populacdes que avaliaram a influéncia do LPHN3 no TDAH, alguns SNPs (polimorfismo
de nucletideo unico, do inglés Single Nucleotide Polimorphism) despontam como de
especial interesse para a etiologia do transtorno. Por exemplo, uma mesma variante
(rs6551665) foi associada com a susceptibilidade ao TDAH (Arcos-Burgos et al., 2010;
Choudhry et al., 2012; Hwang et al.,, 2015) em diversas amostras e também com a
resposta terapéutica por uso de estimulantes (Arcos-Burgos et al., 2010; Bruxel et al.,
2015; Labbe et al.,, 2012). Um dado interessante sobre esse SNP estd relacionado a
uma avaliacdo de risco atribuivel a populagdo. Essa analise demonstrou
matematicamente que se o efeito do rs6551665 fosse controlado haveria uma reducao
de aproximadamente 9% nos casos de TDAH em uma amostra proveniente da Noruega
(Arcos-Burgos et al., 2010). Essa variante estd localizada na regido intrénica do gene e

ainda ndo tem caracterizacdo funcional descrita, mas devido a sua consisténcia nos

14



estudos de associacdo de TDAH é possivel especular que esteja envolvida diretamente
ou refletindo efeitos funcionais de outros polimorfismos préximos implicados na
genética do transtorno.

Diversos estudos com modelos animais tém procurado elucidar o papel funcional
do gene LPHN3 no TDAH. A caracterizacdo comportamental de animais submetidos a
processos de knockout ou knockdown de ortélogos do gene LPHN3 demonstrou que
esses apresentam um aumento da atividade locomotora, o que é compardvel a
hiperatividade observada em individuos com TDAH (Wallis et al., 2012; Lange et al.,
2012; van der Voet et al., 2015; Reuter et al., 2016; Orsini et al., 2016). Além disso,
esses modelos animais tém também sugerido um papel central da LPHN3 na regulagao
do desenvolvimento do sistema dopaminérgico. Diferentes estudos observaram uma
sinalizagdo dopaminérgica anormal (van der Voet et al.,, 2015), neurdnios
dopaminérgicos desorganizados e em numero reduzido (Lange et al., 2012), aumento
dos niveis de dopamina no corpo estriado e aumento da expressdao de receptores
dopaminérgicos e outros genes relacionados (Wallis et al., 2012).

A partir destas observacbes, estudos in vitro procuraram entender melhor a
funcdo do LPHN3 na regulacdo do desenvolvimento do sistema dopaminérgico. A
descoberta dos ligantes enddgenos da proteina trouxe informacdes relevantes para a
sua funcionalidade, favorecendo a ideia da LPHN3 como responsavel pela acao
combinada de interacdes entre células e transducdo de sinal (Martinez et al., 2011).
LPHN3 é um receptor de adesdo acoplado a proteina G, e, como tal, contém duas
subunidades, a fracdo C-terminal (CTF), localizado intracelularmente e responsdvel
pela sinalizacdo da proteina G, e a fracdo N-terminal (NTF), que se projeta a partir da
membrana plasmatica (Silva and Ushkaryov, 2010). A subunidade NTF contém vdrios
dominios que sdo potencias locais de ligacdo para outras proteinas. Essa subunidade
de LPHN3 interage com a proteina FLRT3 (Fibronectin leucine rich transmembrane
protein 3), implicada na orientacdo de ax6nios, formando um complexo trans-sinaptico
(O’Sullivan et al.,, 2012, 2014). Esta ligacdo é necessaria para suportar o
desenvolvimento de sinapses glutamatérgicas e, portanto, estd implicada no

desenvolvimento do sistema nervoso.
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O agrupamento génico NTAD

O agrupamento génico NTAD, ou cluster NTAD, é composto por quatro genes —
NCAM1, TTC12, ANKK1 e DRD2 — localizado em uma regiao de cerca de 520kb no brago
longo do cromossomo 11 (Chr: 11g22-23). Evidéncias apontam que o cluster pode ser
considerado como uma unidade funcional conservada que vem mantendo sua sintenia
pela influéncia dos genes nos processos relacionados com neurogénese e
neurotransmissao (Mota et al., 2012). Além disso, evidéncias apontam para uma co-
regulacdo entre os genes do cluster onde variacbes genéticas em um dos genes
poderiam indiretamente alterar o nivel de expressdao ou a funcionalidade de outro
gene do mesmo conjunto (Huang et al., 2009).

O gene NCAM1 (do inglés, Neural cell adhesion molecule 1) codifica a proteina
NCAM que é amplamente expressa no sistema nervoso, onde atua como uma proteina
de membrana importante para a adesdo neuronal, desenvolvimento, transducao de
sinal, manutencdo da arquitetura e plasticidade do sistema nervoso (Walmod et al.,
2004). O SNP rs646558 ja foi associado com Transtorno Bipolar (Atz et al., 2007; Arai et
al., 2004) e também como modulador da heterogeneidade clinica do TDAH, afetando a
susceptibilidade ao Transtorno Depressivo Maior em pacientes com TDAH (Mota et al.,
2015).

As funcdes no cérebro da proteina codificada pelo gene TTC12 (Tetratricopeptide
repeat 12) ainda sdo pouco conhecidas, porém algumas caracteristicas da proteina
sugerem que ela possa estar relacionada com as funcées dos genes DRD2 e NCAM1 na
transmissdo dopaminérgica e no neurodesenvolvimento (Yang et al., 2007). O
polimorfismo rs2303380 tem sido consistentemente associado a comportamentos
aditivos, com resultados implicando a variante na Dependéncia de Nicotina, Heroina e
Transtorno de Jogo (Gelernter et al., 2006; Yang et al., 2008a; Nelson et al., 2013; Lobo
et al., 2010; Bidwell et al., 2015).

O gene ANKK1 (Ankyrin repeat and kinase domains contaning 1) da origem a uma
proteina envolvida no circuito de transducdo de sinal neuronal e na ativacdo do fator
de transcricdo NF-kB (Nuclear transcription factor kappa B) (Huang et al., 2009). Uma
variante nesse gene, o rs2734849, pode alterar a expressdo de outro gene do

complexo (DRD2) por meio de modificacdes no padrdao de transcricdo (Huang et al.,
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2009). Esse polimorfismo provoca uma substituicio de um aminoacido na proteina
(p.Arg490Hist) na regido de superficie de interagdes proteina-proteina, modificando a
magquinaria de transducdo do sinal e funcionalidade do NF-kB (Huang et al., 2009). Esse
mesmo estudo demonstrou ainda que essa variante esta associada com a Dependéncia
de Nicotina.

Considerando os genes presentes neste cluster, o gene codificador do receptor
de dopamina do tipo D2 (DRD2) é o mais avaliado em transtornos psiquiatricos. Esse é
o receptor de dopamina mais amplamente expresso no cérebro (Alcantara et al.,
2003), e alguns de seus marcadores, particularmente o rs1800497 — uma variante
localizada no gene ANKK1, mas que esta em forte desequilibrio de ligacdo com
polimorfismos do DRD2 e foi inicialmente considerada como um marcador desse gene
— foram amplamente estudados no TDAH. De acordo com meta-andlises existem
evidéncias de associacdo de diferentes polimorfismos do gene DRD2 com o TDAH,
porém com altos indices de heterogeneidade entre os estudos (Gizer et al., 2009). Nos
ultimos anos, outros polimorfismos localizados no gene, especialmente aqueles com
efeitos funcionais ja descritos, também tém sido alvo de investigacdes. Entre estes, o
rs2283265 influencia no mecanismo de splicing alternativo e afeta a formacdo das
duas isoformas do receptor, D2S e D2L. Esse SNP ja foi associado com o TDAH em uma
amostra de criangas com Transtorno do Espetro Autista (Gadow et al., 2014), além de
estar envolvido na modulacdo do Transtorno Depressivo Maior em individuos adultos
com TDAH independentemente do efeito de NCAM1 previamente citado (Mota et al.,
2015).

Recentemente, porém, o foco dos estudos genéticos tem se voltando para a
analise mais ampla das variagdes em todo o cluster NTAD. Estudos apontam que os
genes que compdem o cluster estdo envolvidos, independentemente e/ou em
conjunto, na etiologia do Transtorno por Uso de Substancias (Gelernter et al., 2006;
Yang et al., 2008b, 2007; Ducci et al., 2011; Nelson et al., 2013; Bidwell et al., 2015) e
mais recentemente, como ja descrito acima, um trabalho do nosso grupo demonstrou
gue variacées do NTAD estdo associadas também a heterogeneidade clinica do TDAH
(Mota et al., 2015). Os quatro genes estdo localizados dentro de um grande bloco de

desequilibrio de ligacdo, indicando que haplétipos funcionais dessa regido ndo sao
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necessariamente restritos aos limites de genes especificos, reforcando a importancia

do estudo do NTAD como unidade funcional.

Interagdao LPHN3 e cluster NTAD

Além do forte sinal na regido da LPHN3, os estudos iniciais de ligacdo da genética
do TDAH na comunidade do isolado populacional Paisa da Col6mbia, reportaram
outros sinais de ligagdo, como, por exemplo, no cromossomo 11 (Arcos-Burgos et al.,
2004). A ocorréncia de mais de um sinal cromossémico de ligacdo nessa populacdo
levantou a hipdtese de que possiveis interacdes entre genes de diferentes
cromossomos estariam afetando a susceptibilidade ao transtorno. De fato, um estudo
subsequente relatou um efeito de interagdo entre uma variante do gene LPHN3
(rs6551665) e um haplétipo localizado na regido Chr: 1122 englobando dois
polimorfismos nos genes NCAM1 e TTC12 do complexo NTAD. A verificagdo inicial na
comunidade Paisa reportou que a presenca dos alelos de risco nas duas regides
(LPHN3 e NTAD) mais que quadruplicava o risco de TDAH (Jain et al., 2012). Uma meta-
anadlise envolvendo outras quatro populacdes da Europa e Estados Unidos da América
corroborou esse resultado e sugere que a interacdo entre LPHN3 e o NTAD duplica o
risco de susceptibilidade ao TDAH, além de influenciar o perfil de resposta ao
tratamento com estimulantes (Jain et al., 2012). O efeito dessa interacdo na
susceptibilidade ao TDAH e na modulagdao do transtorno é um dos achados com o
maior tamanho de efeito da genética psiquiatrica.

Subsequentemente, outros dois estudos apoiaram efeitos de interagdo entre o
gene LPHN3 e o complexo NTAD, expandindo tal associacdo para outros
polimorfismos. Em uma analise exaustiva de interagdes entre pares de SNPs, cinco
interacGes entre diferentes variantes dos genes da LPHN3 e do cluster NTAD
mostraram estar associados com a sintomatologia e a gravidade do transtorno (Acosta
et al., 2011). Ainda, um estudo independente com uma amostra de TDAH em criancas
reportou a associacdo de uma interacao entre um haplétipo contendo trés SNPs da
LPHN3 e uma variante do gene NCAM1 com a susceptibilidade ao TDAH (Bruxel et al.,
2015).

Em conjunto, esses dados sugerem um papel importante de intera¢des entre

diferentes variantes genéticas dos genes da LPHN3 e dos componentes do complexo
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NTAD na susceptibilidade ao TDAH, na modulacdo da gravidade do transtorno e

também na resposta a terapia farmacolégica de primeira escolha.
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Capitulo Il - Justificativa e Objetivos
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Justificativa

Individuos com transtornos psiquidtricos muitas vezes sofrem com o estigma, a
discriminagdo, a violagdo de seus direitos e dificuldades financeiras relacionadas ao
alto custo do tratamento e, frequentemente, a impossibilidade de continuar
ativamente no mercado de trabalho. Os prejuizos causados por esses transtornos
excedem o ambito individual e comprometem também a familia e a sociedade em
geral.

Apesar da alta herdabilidade dos transtornos psiquiatricos, a identificagdo dos
genes e variantes genéticas especificas associadas ao desenvolvimento dos transtornos
é de grande dificuldade. No caso do TDAH, por exemplo, a alta complexidade
fenotipica e genotipica dificulta ainda mais tal tarefa, e o pequeno nimero de estudos
em adultos abre um nicho para pesquisas acerca de outros fatores genéticos
envolvidos no TDAH nesta faixa etdria. Além disso, o conjunto de evidéncias quanto ao
papel de fatores genéticos ndo-aditivos na herdabilidade do TDAH, somado a ampla
rede de interagdes moleculares no ambiente celular, sugerem uma perspectiva
promissora para estudos de interacdes envolvendo genes implicados na etiologia do

TDAH.
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Objetivos

Objetivo geral

Avaliar o efeito de um polimorfismo no gene LPHN3 previamente implicado no
TDAH, bem como de sua interacdo com variantes do cluster génico NTAD na

susceptibilidade e heterogeneidade fenotipica do TDAH.

Objetivos especificos

1. Avaliar o papel da variante rs6551665 do gene LPHN3 na
susceptibilidade e apresentagao dos sintomas do TDAH.

2. Avaliar o papel da interagdo entre variantes do gene LPHN3 e do cluster
génico NTAD no diagndstico e sintomatologia do TDAH.

3. Explorar os efeitos do gene LPHN3, tanto individualmente quanto em
interacdo com o complexo NTAD, em relagdo aos dominios de sintomas cldssicos e

subtipos correspondentes de TDAH.
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Abstract

Attention-Deficit/Hyperactivity Disorder (ADHD) is a common and highly heritable
neuropsychiatric disorder. Even with high heritability, there is considerable genetic
complexity hampering the unraveling of specific genetic factors related to ADHD.
Recent evidence suggests that gene-gene interactions can explain part of this genetic
complexity. Here, we have examined the impact of interaction effects between a
LPHN3 variant, previously associated with ADHD (rs6551665), and seven SNPs
spanning the NTAD gene cluster (NCAM1-TTC12-ANKK1-DRD2) on ADHD susceptibility
and symptomatology for the first time in adults. The sample comprised 548 adults with
ADHD and 643 controls. Entropy-based analysis indicated a potential interaction
between the LPHN3-rs6551665 and TTC12-rs2303380 SNPs influencing ADHD
symptom counts. Further analysis revealed significant interaction effects on ADHD
total symptoms (p=0.002), and with hyperactivity/impulsivity symptoms counts
(p=0.005). We observed that the presence of LPHN3-rs6551665 G allele was associated
to increased ADHD risk only in individuals carrying the TTC12-rs2303380 AA genotype
(p=0.026) in the group composed by predominantly hyperactive/impulsive and
combined presentations. Moreover, the same allelic constellation is involved in
maintenance of ADHD in a predominantly hyperactive/impulsive or combined
presentation after a 7-year follow-up (p=0.008). These observations reinforce and
replicate previous evidence suggesting that an interaction effect between the LPHN3
gene and the NTAD gene cluster may have a role in the genetic substrate associated to
the complex etiology of ADHD in adults. Moreover, we suggest that the gene-gene
interactions between LPHN3 and NTAD are specific factors contributing to the
development of a refined phenotype with higher presence of hyperactive/impulsive

symptoms that is maintained throughout adulthood.
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Introduction

Attention-Deficit/Hyperactivity Disorder (ADHD) is a common and highly
heritable neuropsychiatric disorder, characterized by an impairing pattern of behavior
resulting in issues in social, educational or work-related settings'. ADHD seems to
result from the combination of effects from several genes, the interactions between
them, and the interplay with the environment’. Genome-wide association studies
(GWAS) so far have shown that common genetic variability is responsible for
approximately 25% of the variance in ADHD case-control status®, but they are still far
away from explaining the approximate 80% heritability of the disorder®”. Moreover,
the high genetic heterogeneity of psychiatric disorders challenges the identification of
the specific genetic factors related to their etiology and at the present moment few
genome-wide significant hits were reported for ADHD® %, Contributing to the
discrepancy between estimated heritability and explained heritability for the disorder
is the presence of interactions between genetic factors, which have been neglected in

most studies”*°

. Recently, data from a large meta-analysis of heritability estimates
suggested that ADHD can be depicted as an exception to the purely additive
heritability model, and considered as a psychiatric disorder for which non-additive
genetic factors are suggested™. Such role of non-additive genetic factors on ADHD is in
agreement with previous important findings involving gene-gene interactions on the
etiology of the disorder'**3.

One notable example of non-additive genetic effects on ADHD susceptibility
refers to the interaction between the LPHN3 gene and a haplotype spanning the
NCAM1, TTC12, ANKK1 and DRD2 genes, a region known as the NTAD gene cluster®.
The presence of both LPHN3 risk allele and NTAD risk haplotype increased in more
than two-fold the risk of ADHD and influenced the response to treatment with
methylphenidate®™. Afterwards, it was also shown that interactions involving LPHN3
and the NTAD cluster were involved in predicting symptom severity in patients with
the disorder®?, and its effect on ADHD susceptibility was replicated in an independent
sample.

Interestingly, both loci have outstanding support for their involvement in

psychiatry, either from linkage studies implicating LPHN3 and NTAD in ADHD™,
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candidate gene association studies repeatedly implicating the LPHN3 gene in

ADHD¢7! or relating the NTAD cluster to Substance Use Disorder 22729

, and even
GWAS, where the DRD2 (a member of the NTAD cluster), one of the most traditional
candidates in psychiatric genetics, corresponds to one of the significant hits in the
latest Schizophrenia GWAS meta-analysis™.

Thus, considering that previous studies showing an interaction effect of LPHN3
and NTAD SNPs on ADHD susceptibility’*** were conducted in either a sample from a
genetically isolated population or samples of children, the goal of our study was to
further elucidate the extent of LPHN3-NTAD interaction effects on ADHD by trying to
replicate such interaction in a sample of adults. For this, we examined ADHD
susceptibility and symptomatology, attempting to explore if such interaction effects

are specific for or stronger on a particular ADHD symptom domain, as well as if these

effects are stable throughout adulthood.
Materials and Methods

Study participants

The ADHD sample comprises 548 adults recruited from the Adult Division of the
ADHD Outpatient Program at the Hospital de Clinicas de Porto Alegre (HCPA).
Diagnostic procedures followed DSM-IV criteria for ADHD" and were carried out by
trained psychiatrists through application of clinical and semi-structured interviews, as
the Portuguese version of the Schedule for Affective Disorders and Schizophrenia for
School-Age Children—Epidemiologic version (K-SADS-E adapted to the adult life
context)®’. Individuals included in this study were 18 years or older and fulfilled ADHD
diagnosis both currently and during childhood (retrospectively). Regarding ethnicity, all
individuals are white Brazilians of primarily European descent. Individuals were
excluded if they presented clinically significant history of neurological disease (e.g.,
delirium, dementia, epilepsy, head trauma, multiple sclerosis), past or present
symptoms of psychosis and/or an estimated IQ <70. Detailed sample characteristics
are presented in Table 1.

A subset of the ADHD sample was reassessed in a 7-year clinical follow-up of

ADHD in adulthood, and a full description of demographic and clinical variables of this
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study is published elsewhere®. Clinical ADHD presentation for those with persistent
ADHD after 7-year follow-up was available for 148 subjects.

A sample of 643 adults with negative screening scores for ADHD in the Adult
ADHD Self-Rated Scale®* (ASRS) composed our control group. They were recruited at
the blood donation center of the same hospital where cases were ascertained. The
inclusion and exclusion criteria were similar to the ADHD group, with the exception of
lack of DSM-IV ADHD diagnosis (Table 1).

This work was carried out in accordance with the Declaration of Helsinki and all
participants signed an informed consent form approved by the Ethics Committee of

HCPA (Institutional Review Board number 0000921).

Genotyping and SNP selection

We selected polymorphisms that were previously implicated in ADHD
susceptibility, symptoms severity, clinical heterogeneity and/or had evidence of
functionality, and that had a minor allele frequency >15% and commercially validated
TagMan assays. The studied genetic polymorphisms were rs6551665, considered one
of the most exquisite SNPs at the LPHN3 gene based on previous meta—analyses”, and
seven SNPs spanning the NTAD gene cluster, as described elsewhere®®: rs646558
(NCAM1), rs723077 and rs2303380 (77C12), rs2734849 and rs1800497 (ANKK1),
rs6277 and rs2283265 (DRD2). All SNPs were genotyped by TagMan allelic
discrimination assays according to manufacturer’s specifications (Applied Biosystems).
Genotypes were grouped in dominant models according to minor allele frequencies in

order to minimize the number of cells with insufficient sample size.

Statistical analyses

Firstly, we adopted a model-free approach using entropy-based analysis
implemented in MDR v3.0.2%° to select potential interactions contributing to the
examined phenotypes from all the possible pairwise combinations between SNPs from
the LPHN3 gene and the NTAD gene cluster. From these analyses, potential pairwise
connections can be selected and further explored with appropriate adjustments for

covariates (defined as described below). We examined the contribution of potential
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pairwise connections to ADHD susceptibility and also undertook a dimensional
approach by examining their effects on ADHD symptom counts within ADHD cases.

Based on the overall results from the entropy-based analyses described above,
we then performed Analysis of Covariance (ANCOVA) to evaluate the effect of the
appointed potential interactions on total ADHD symptom counts as well as on
inattention and hyperactivity/impulsivity domains separately. Variables such as sex,
age and common comorbid psychiatric disorders (i.e. Major Depressive Disorder,
Generalized Anxiety Disorder, Bipolar Disorder, Oppositional Defiant Disorder and
Substance Use Disorder) were considered as possible covariates and included in the
model when associated at a level of p<0.2 with both the outcome and at least one of
the tested SNPs. As a third step, logistic regression analyses were performed to assess
the effect of significant SNP-SNP interactions on ADHD susceptibility subdividing the
cases sample in individuals with high (i.e. those of predominantly
hyperactive/impulsive and combined presentations) and with low (i.e. those of
predominantly inattentive presentation) hyperactivity/impulsivity symptom scores.

Lastly, considering recent evidence implicating variants in the LPHN3 gene in a
refined phenotype with stability of ADHD presentation from childhood to
adolescence™, we evaluated the effects of significant interactions regarding ADHD
presentation on a 7-year follow-up with Fisher’s Exact Test.

Although not in the original scope of this study, main effects for the LPHN3-
rs6551665 regarding ADHD susceptibility in this sample have been tested in order to
enable the inclusion of these results in future meta-analyses. Main effects regarding
ADHD symptomatology can be found in Table 2, and further detailed results are
presented in Supplementary Table 1. The effects of NTAD cluster SNPs in this sample

have been previously reported®.
Results

Entropy-based LPHN3-NTAD interaction analyses: ADHD symptoms and diagnosis in

adults

We conducted a model-free entropy-based analysis in order to assess the effects

of previously reported LPHN3-NTAD interactions on ADHD susceptibility in adults. The
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Kamada-Kawai graph did not clearly suggest specific potential interactions to be taken
further in-depth when evaluating case-control status in our sample (Supplementary
Figure 1-A). Analysis of ADHD symptom counts within cases, however, indicated a
potential interaction between the evaluated LPHN3 SNP and one of the TTC12 SNPs
analyzed, with an increased gain of information when evaluating both polymorphisms
jointly (Supplementary Figure 1-B). Independently, LPHN3-rs6551665 and TTC12-
rs2303380 would account for, respectively, 0.19% and 0.08% of the observed outcome
variance, while the two SNPs cooperatively explain 1.09% of the ADHD total symptom

count variance. Other interactions did not show any greater information gain.
LPHN3-rs6551665/TTC12-rs2303380 interaction

Following the above interaction analyses, and in order to further understand the
effects of the LPHN3-rs6551665/TTC12-rs2303380 interaction, ANCOVA was used to
evaluate its effects for the total ADHD symptom count, as well as for inattention and
hyperactivity/impulsivity symptoms separately. Confounders for these analyses were
presence of current Oppositional Defiant Disorder and Bipolar Disorder. The LPHN3-
rs6551665/TTC12-rs2303380 interaction was significantly associated with ADHD total
symptom count (p=0.002), and with hyperactivity/impulsivity symptoms (p=0.005),
while the same was not observed with the inattention symptoms measure (p=0.257)
(Table 2). The post-hoc analysis showed that, when compared to the reference allelic
constellation (LPHN3-rs6551665 AA/TTC12-rs2303380 AA), the presence of LPHN3-
rs6551665 G allele was associated to increased ADHD total symptoms in individuals
with the TTC12-rs2303380 AA genotype (p=0.004) but not in individuals carrying the
TTC12-rs2303380 G allele (p=0.587) (Figurel-A). In order to further validate this finding
as an interaction effect we compared ADHD total symptoms scores between the two
groups of LPHN3-rs6551665 G allele carriers (i.e. TTC12-rs2303380 AA and TTC12-
rs2303380 G carriers; represented by red dots in Figure 1-A), and found a significant
difference between these two sets (p=0.002, not shown). These results suggest that
the LPHN3-rs6551665 G carriers/TTC12-rs2303380 AA represents a distinct group from
those formed by either the alternative LPHN3 genotype (reference allelic constellation)
or the alternative TTC12 genotype (LPHN3-rs6551665 G carrier/TTC12-rs2303380 G

carriers) groups regarding ADHD total symptoms. A similar effect was observed when
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only hyperactive/impulsive symptoms were considered (Figure 1-B); while no
interaction effects were found when exclusively inattention symptoms were evaluated

(Figure 1-C).
ADHD susceptibility in specific presentations

Since the ANCOVA analyses showed a significant effect on ADHD
symptomatology, which seems to be mostly related to the hyperactivity/impulsivity
symptoms domain, we performed logistic regression in order to test the interaction on
ADHD susceptibility in adults separately in those with combined or
hyperactive/impulsive ADHD presentation and in those with inattentive ADHD
presentation.  Case-control analyses performed in the predominantly
hyperactive/impulsive and combined group showed that there was an interaction
effect, where the presence of LPHN3-rs6551665 G allele was associated to increased
ADHD risk in individuals carrying the TTC12-rs2303380 AA genotype (OR (Clgsy)= 1.664
(1.062-2.606); p=0.026), while there was no effect in individuals caring the TTC12-
rs2303380 G allele (OR (Clgsy)= 1.169 (0.755-1.810); p=0.484) (Figure 1-D). Confirming
the interaction effect between the two groups of LPHN3-rs6551665 G allele carriers
(TTC12-rs2303380 AA and TTC12-rs2303380 G carriers), there was a significant
difference between these two sets (p=0.045, not shown). The observed LPHN3 effect
shows a similar pattern to the one observed for the total ADHD and
hyperactivity/impulsivity symptom measures. Such LPHN3/TTC12 interaction effect
was not observed in the analysis regarding predominantly inattentive individuals
(Figure 1-E), which is also in agreement with the lack of effect observed for the

inattention symptoms measure.
ADHD presentation in a clinical follow-up

We performed Fisher’s Exact Test in order to assess if the LPHN3/TTC12
interaction was also associated to stability of ADHD presentation during adulthood in a
7-year clinical follow-up. Given the reduced sample size with available follow-up data
we tested the influence of the established risk allelic constellation (LPHN3-rs6551665
G+/TTC12-rs2303380 AA) against the other allelic combinations. Cross-tabulation

demonstrated that presence of the risk allelic constellation (LPHN3-rs6551665
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G+/TTC12-rs2303380 AA) was significantly associated to stability of ADHD presentation
(p=0.008). There was an excess of expected subjects retaining diagnosis as combined
or predominantly hyperactive/impulsive ADHD after follow-up, while subjects
retaining diagnosis as inattentive presentation were reduced (Table 3). Taking into
account that ADHD subjects with a combined presentation report more symptomes,

and this is one of the predicting factors of ADHD persistence®**’

, we also performed
this analyses adjusting for a possible confounding effect of total symptom counts. The

inclusion of such covariate did not result in major changes in the results.

Discussion

This study replicates previous evidence on the presence of interaction effects
between LPHN3 and NTAD markers on ADHD susceptibility, expanding this finding for
the first time to a sample of adults. Furthermore, the present study shows that such
effect is restricted to hyperactivity/impulsivity symptoms within ADHD cases and,
consequently, to ADHD susceptibility in hyperactive/impulsive or combined
presentations only. We also provide additional evidence that this gene-gene
interaction is involved in the persistence of ADHD hyperactive/impulsive or combined
presentation throughout adulthood. Overall, these findings suggest that the
LPHN3/NTAD may be involved in the underpinnings of ADHD susceptibility.

In this context, we observed that regarding hyperactivity/impulsivity symptoms
and ADHD  susceptibility in presentations with clear presence of
hyperactivity/impulsivity a LPHN3/TTC12 interaction is able to modulate the LPHN3
variant effects, where the risk effect of LPHN3-rs6551665 G allele is only observable in
individuals with TTC12-rs2303380 AA genotype, being abolished in the presence of
TTC12-rs2303380 G allele. Meanwhile, no significant interaction effect was observed
on inattention symptom counts in ADHD cases nor on ADHD susceptibility when
individuals with predominantly inattentive presentation were analyzed separately.

Multiple studies have shown main effects of LPHN3 variants on ADHD

susceptibility, most of them regarding childhood ADHD'**"~*!

, providing new insights
into the genetics, neurobiology and treatment of ADHD. Similar to what we observed

here with the LPHN3-TTC12 interaction, some of these studies have also revealed that
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the genetic association between LPHN3 and ADHD is either driven by, or present only
in samples of ADHD with higher presence of hyperactivity/impulsivity19'21.

Also, a recent longitudinal study was able to show that a LPHN3 polymorphism
is associated with a specific ADHD phenotype characterized by maintenance of ADHD
diagnosis with a combined presentation from childhood into adolescence®®. Similarly,
here we report that the presence of the risk allelic constellation (LPHN3-rs6551665
G+/TTC12-rs2303380 AA) was associated to maintenance of ADHD presentation in the
hyperactive/impulsive or combined form throughout adulthood in a 7-year follow-up.
Interestingly, most children with ADHD have clinical characteristics of high
hyperactivity/impulsivity symptomatology, but the persistence of these symptoms into
adulthood seems to be less common than of the inattention symptoms.
Nevertheless, adults with ADHD that show increased symptomatology on the
hyperactivity/impulsivity domain refer higher presence of other psychiatric
comorbidities®, especially increased risk of Substance Use Disorder®. These results
implicate the LPHN3/TTC12 interaction as being involved in the development and
persistence of a more externalizing form of ADHD.

The observed effect of LPHN3 and its interactions with the NTAD cluster in
regulating hyperactivity/impulsivity is further supported by studies with different
animal models. Animals submitted to either knockout or knockdown of LPHN3
orthologues were behaviorally characterized as having increased locomotor activity,
which is comparable to the hyperactivity observed in individuals with ADHD*™*. The
behavioral hyperactivity in Drosophila was considered to be derived from abnormal
dopamine-mediated signaling®. In zebrafish dopaminergic neurons were disorganized

443, Additionally, Lphn3 null mice presented increased levels of

and in smaller number
dopamine in the striatum and increased expression of dopaminergic receptors
(including Drd2), and other related genes, such as Ncam, another member of the NTAD
cluster”. Together, these findings suggest that the LPHN3 gene is implicated in
regulating the development of the dopaminergic system.

Considering the central role of the dopaminergic system in the neurobiology of
ADHD*™ particularly in the subcortical mechanisms related to motor responses, and

the effects of LPHN3 in the development and regulation of dopaminergic signaling, it

seems likely that the influence of the interaction between LPHN3 and TTC12 reported
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here can be related to changes in the subcortical dopaminergic pathways, as in the
mesolimbic system. This hypothesis is interesting because it also enhances the
neurodevelopmental aspects of ADHD, demonstrating that the effects of genetic
variants involved in modifying the development of the central nervous system can also
be detected and have persistent effects in adult subjects with the disorder.

A screening of potential mutations in the LPHN3 gene in patients with ADHD
revealed that its effect is most likely caused by partial reduction of gene activity, and
not by a complete loss of function®. Therefore, we could hypothesize that the LPHN3
variation studied herein - rs6551665 -, which has been associated to ADHD in several
samples”’ls'zo, figures as a potential causal variant when it comes to LPHN3 role in
ADHD. Alternatively, it is also possible that we are, in fact, capturing the by-proxy
effect of another functional variant in linkage disequilibrium.

Overall, the preponderance of the evidence supports the association between
LPHN3 and ADHD; however, the TTC12 effects are much less clear. Jain et al.®
demonstrated that an 11q haplotype, spanning the NTAD cluster, despite showing a
significant interaction effect with LPHN3, does not exhibit main effects on ADHD
susceptibility by itself. Similarly, a previous study performed on our sample did not
reveal main effects of NTAD cluster SNPs on ADHD susceptibility, including the TTC12
SNPs evaluated here®. In spite of the fact that TTC12 gene function remains unclear,
its properties and location within the NTAD gene cluster suggest it to be involved in
cell adhesion, neurogenesis and modulation of dopaminergic transmission?®>>>%. Thus,
it is possible that the TTC12-rs2303380 variant is involved in TTC12-driven modulations
of the dopaminergic system, that when interacting with LPHN3-rs6551665 can either
counter-act or enhance the effects of the later.

Our findings should be understood in the context of some limitations. First,
although our sample size of adults with ADHD is moderate, the expected effect size for
these interactions is small. Thus, it might be still premature to completely rule out the
possibility of false-negative findings regarding other possible LPHN3-NTAD
interactions. On the other hand, this is the first replication study in an adult sample but
considering the investigations in other independent samples also providing evidence in
the same direction, decreases the chances of false-positive findings. Additionally, one

strength of our approach is that we departed from a model-free entropy-based
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method to screen for the potential interactions, and narrowed down the area of
association derived from the original 11q haplotype13. Finally, the exact biological
process that is depicted by this interaction is still unknown.

In conclusion, our results further corroborate to understand LPHN3 role in ADHD
and help to elucidate its interactions with the NTAD gene cluster as a genetic substrate
to ADHD, extending previous findings in children to adults. Moreover, we suggest that
the gene-gene interactions modulating LPHN3 effects are specific factors contributing
to the development of a more refined ADHD phenotype, with increased and persistent
hyperactivity/impulsivity. Our study sheds light on the biological underpinnings of
ADHD and also shows that our current understanding on the functional roles of LPHN3

and TTC12, and their interaction on ADHD susceptibility is still not complete.
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Table 1: Participants demographic and psychiatric characteristics

ADHD (n = 548)

Controls (n = 643)

Mean (SD) Mean (SD)
Age (years) 33.63 (10.80) 29.15 (8.66)
Total ADHD symptoms® 12.94 (2.99) -
Hyperactivity/impulsivity symptoms® 5.44 (2.65) -
Inattention symptoms? 7.50 (1.36) -
n (%) n (%)

Gender (male) 303 (55.3) 316 (49.1)
Predominantly inattentive presentation 238 (43.4) -
Combined presentation 280 (51.1) -
Predominantly hyperactive/impulsive presentation 30 (5.5) -

ADHD: Attention Deficit/Hyperactivity Disorder; SD: standard deviation
@ ADHD symptoms evaluated through K-SADS-E questionnaire
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Table 2: Analyses of Covariance regarding LPHN3-rs6551665/TTC12-rs2303380 effects and interaction on ADHD symptom counts

LPHN3-rs6551665° TTC12-rs2303380° LPHN3*TTC12¢
F(1,545) p-value F(a, sa1) p-value F(1, s38) p-value
ADHD total symptoms 1.324 0.250 2.807 0.094 9.490 0.002
ADHD hyperactivity/impulsivity symptoms 1.873 0.172 1.854 0.174 7.969 0.005
ADHD inattention symptoms 0.017 0.895 0.897 0.344 1.288 0.257
? adjusted for presence of Bipolar Disorder as covariate

I"adjusted for presence of Oppositional Defiant Disorder as covariate
“adjusted for presence of Oppositional Defiant Disorder and Bipolar Disorder as covariates
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Table 3: ADHD clinical presentation and stability of diagnosis at baseline and 7-year follow-up

Combined to Inattentive to Combined to Inattentive to Fisher's Exact Test
Combined? Inattentive® Inattentive® Combined® value
n=60 n=49 n=27 n=12 P
LPHN3 G+/TTC12 AA 22 (56.4) 5(12.8) 9(23.1) 3(7.7)
0.008
Else 38 (34.9) 44 (40.4) 18 (16.5) 9(8.3)
Residual p-value 0.016 0.002 0.368 0.920

Data are expressed as n and (%)

® Retained combined or predominantly hyperactive/impulsive presentation
®Retained predominantly inattentive presentation

“ Switched to predominantly inattentive presentation

9 Switched to combined or predominantly hyperactive/impulsive presentation

Multinomial regression analyses adjusted for ADHD symptom counts retrieved the same results.
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Figure 1: Interaction effects for ADHD symptom counts and diagnosis

A — Mean total symptom scores according to LPHN3-rs6551665 and TTC12-rs2303380 genotypes in adults with ADHD.

B — Mean symptom scores for the hyperactivity/impulsivity domain (HI) according to the LPHN3-rs6551665 and TTC12-rs2303380
genotypes.

C — Mean symptom scores for the inattention domain (I) according to the LPHN3-rs6551665 and TTC12-rs2303380 genotypes.

D — Influence of LPHN3-rs6551665 and TTC12-rs2303380 genotypes on the susceptibility to ADHD in individuals with high
hyperactivity/impulsivity symptom measures (i.e. predominantly hyperactive/impulsive and combined presentations).

E — Influence of LPHN3-rs6551665 and TTC12-rs2303380 genotypes on the susceptibility to ADHD in individuals with low
hyperactivity/impulsivity symptom measures (i.e. inattentive presentation).
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Supplementary Table 1. Logistic regression for LPHN3-rs6551665 main effects regarding ADHD susceptibility in adults

Gene - Polymorphism Genotype groups (n (%))
Reference Test OR (Cl g5%) p-value
LPHN3 — rs6551665 AA AG + GG

Cases (N=548) 210(38.3)  338(61.7)
1.168 (0.92-1.49)  0.206
Controls (N=643) 263 (40.9) 380 (59.1)

ADHD: Attention-Deficit/Hyperactivity Disorder
OR: Odds Ratio; Cl: Confidence Interval
Adjusted for presence of comorbid Bipolar Disorder.
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Supplementary Figure 1: Kamada-Kawai interaction graph based on entropy measurements, comprised of nodes representing
information gain of individual SNPs (main effect) with connected lines representing all pairwise connections between them (interaction
effects) to the outcome. Positive entropy (plotted in red) indicates interaction effects and negative entropy (plotted in green or blue)
indicates redundancy or correlation (e.g. linkage disequilibrium). Independence is represented by the gold color.

LPHN3=rs6551665; NCAM1=rs646558; TTC12=rs723077, rs2303380; ANKK1=rs2734849, rs1800497 and DRD2=rs6277, rs2283265.
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Os resultados apresentados nesta dissertacdo fornecem evidéncias relevantes
para a busca dos fatores genéticos especificos relacionados ao desenvolvimento do TDAH
em adultos. O manuscrito incluido oferece uma discussdao centrada nos principais
resultados observados, neste capitulo serdao discutidos aspectos gerais relevantes a um

contexto mais abrangente da genética do TDAH em adultos.

Considerando a alta herdabilidade do TDAH, tanto em criangas como em adultos
(Faraone et al., 2005; Chang et al., 2013), muitos grupos tém empreendido esforcos na
tentativa de elucidar os fatores genéticos associados a este transtorno. Embora mais
recentemente tais esforcos estejam se voltando para as varreduras genémicas, o volume
crescente de resultados em genes candidatos permanece resultando em revisdes anuais
sobre o atual estado da arte nesses estudos em TDAH (Akutagava-Martins et al., 2013;
Franke et al., 2012; Elia et al., 2012). Até recentemente, essas revisdes eram centradas
em genes candidatos classicos apoiados por meta-analises, sendo a principal destas o
célebre estudo de Gizer et al. (2009). Em uma perspectiva mais atual, as grandes revisdes
sobre a genética do TDAH tem incluido também o gene LPHN3, apontando este como
mais um dos potenciais fatores centrais na etiologia do transtorno (Hawi et al., 2015; Li et
al., 2014).

O atual conjunto de evidéncias aponta o gene LPHN3 como importante moderador
do desenvolvimento do sistema nervoso central, especialmente nos sistemas
dopaminérgico e glutamatérgico. Além dos estudos in vitro e in vivo que ajudaram a
elucidar o papel funcional do gene, uma ampla gama de estudos de associagdao tem
evidenciado sua influéncia nas bases genéticas do TDAH (Arcos-Burgos et al., 2010;
Ribasés et al., 2011; Choudhry et al., 2012; Bruxel et al., 2015; Hwang et al., 2015; Gomez-
Sanchez et al., 2016; Acosta et al., 2016). No entanto, apesar de abranger varios estudos,
com replicagcbes em amostras de diferentes grupos e etnias, a maioria destes foi realizada
em amostras de criangas com TDAH.

Os resultados apresentados no manuscrito corroboram achados prévios de
influéncia do gene LPHN3 e das interagdes deste gene com o cluster NTAD na etiologia do

TDAH. De fato esse é o primeiro estudo a avaliar o papel da interacdo entre LPHN3 e
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NTAD em uma amostra composta de adultos. Além disso, tais resultados demonstram um
efeito especifico em fendtipos onde predomina a hiperatividade/impulsividade. Esses
resultados devem ser interpretados no contexto de que, apesar de no presente estudo
estarmos reportando uma evidéncia de interagdo entre LPHN3 e NTAD na
susceptibilidade ao TDAH apenas em individuos com maior presenca de
hiperatividade/impulsividade (subtipos combinado e hiperativo/impulsivo), este ndo é o
primeiro estudo a reportar que os efeitos da LPHN3 no TDAH podem estar sendo levados
por amostras com essas caracteristicas (Ribasés et al., 2011; Gomez-Sanchez et al., 2016;
Acosta et al., 2016).

A primeira tentativa de replicacdo da associacdo de LPHN3 no TDAH em adultos
demonstrou que um hapldtipo contendo trés polimorfismos do gene estava fortemente
relacionado com a apresentagao do TDAH na forma combinada (Ribasés et al., 2011).
Além disso, os subtipos combinado e hiperativo/impulsivo sdo mais frequentes em
criancas do que em adultos e o efeito de LPHN3 nessa apresentacdo mais externalizante
do transtorno em criangas foi relatado por Gomez-Sanchez et al. (2016). Ainda, em um
recente estudo com uma amostra longitudinal, foi demonstrado que uma variante de
LPHN3 parece estar relacionada com a manutencdo da apresentacdao do TDAH como
subtipo combinado desde a infancia até o inicio da vida adulta (Acosta et al., 2016).

A manifestagdo do TDAH com presenca de hiperatividade/impulsividade
representa a faceta mais externalizante do transtorno e esta relacionada a um fendtipo
de graves prejuizos clinicos. Por exemplo, casos com predominio de hiperatividade
tendem a ser diagnosticados mais precocemente do que aqueles com predominio de
desatencdo (Applegate et al., 1997) e apresentam maior risco de presenca de transtornos
psiquiatricos externalizantes ao decorrer da vida (Smith et al.,, 2016). Nesse mesmo
contexto, individuos adultos com TDAH dos subtipos com sintomatologia de
hiperatividade/impulsividade apresentam mais comorbidades psiquiatricas (Cadman et
al., 2016), com um perfil externalizante de alta prevaléncia de TUS (Liebrenz et al., 2015).

Outra perspectiva interessante vem da ideia de que os transtornos psiquiatricos
representam o extremo de fendtipos que naturalmente ocorrem na populagao em geral.

Por exemplo, ja foi demonstrado que escores de risco poligénico para o TDAH estavam
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associados com tracos carateristicos do transtorno, como os sintomas de desatencdo e
hiperatividade/impulsividade, em amostras populacionais (Martin et al., 2014). Nesse
contexto, é possivel especular que os efeitos de interacdo das variantes genéticas
reportados neste estudo estejam também influenciando a manifestacao de sintomas de
hiperatividade/impulsividade na populacdo geral, sugerindo, assim, a necessidade de
mais estudos que envolvam nao somente amostras clinicas de TDAH.

Além disso, estudos que buscam entender o papel de interacdes génicas denotam
novos modelos interessantes no contexto de elucidar os mecanismos bioldgicos
envolvidos no desenvolvimento do TDAH. Por exemplo, considerando o papel central do
sistema dopaminérgico na neurobiologia do TDAH e os efeitos da LPHN3 no
desenvolvimento e regulacdo da sinalizacdo de dopamina, parece provavel que a
influéncia da interacdo entre LPHN3 e TTC12 reportada aqui esta relacionada com
alteragbes no desenvolvimento do sistema dopaminérgico. Essa hipdtese também é
interessante porque reforca os aspectos neurodesenvolvimentais do TDAH,
demonstrando que os efeitos de variantes genéticas envolvidas no desenvolvimento do
sistema nervoso central podem ser detectados também em individuos adultos com o
transtorno.

Ainda, é importante ressaltar que o estudo de intera¢gdes pode contribuir muito
para a compreensdo da arquitetura genética de doencas (Rovaris et al., 2013; Maki-Tanila
and Hill, 2014). Até o presente momento as varreduras genomicas realizadas no TDAH
tém tido pouco sucesso em apontar associacoes significativas a nivel genémico (Hinney et
al., 2011; Neale et al., 2008; Lasky-Su et al., 2008b, 2008a; Stergiakouli et al., 2012; Neale
et al., 2010b; Zayats et al., 2015; Mick et al., 2010; Neale et al., 2010a). E possivel
especular que, além dos atuais tamanhos amostrais reduzidos e limitacdes de cunho
estatistico, outro fator contribuindo para essa carateristica é o alto nimero de interacdes
entre genes relacionados ao sistema nervoso central, o que dificultaria a identificacdo dos
genes e variantes genéticas implicados na etiologia do TDAH.

Em conjunto, esses dados sugerem que a melhor caracterizacdo fenotipica dos
individuos com TDAH é uma abordagem promissora aos estudos de associagao,

principalmente levando em consideracdo as replicacbes entre estudos originalmente
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realizados em criangas e posteriormente em adultos. De fato, além das diferencas entre
prevaléncia dos subtipos em criancas e adultos, em amostras clinicas de criangas com
TDAH a proporcdo entre o género masculino e feminino é de aproximadamente 4:1,
enquanto que em amostras de adultos a propor¢do é proxima de 1:1 (APA, 2013). Além
disso, o perfil de transtornos psiquidtricos presentes em comorbidade ao TDAH em
criangas e adultos é distinto, sendo classicamente externalizante nas criangas com
aumento gradual de um perfil de internalizacdo nos adultos.

Em conclusdo, esse estudo contribui para o atual contexto de busca pelos fatores
genéticos associados a complexa arquitetura etiolégica do TDAH, demonstrando que
abordagens mais amplas incluindo também os efeitos de interacdes entre genes, além de
uma melhor caracterizacdo fenotipica do transtorno sdo fatores-chave para o éxito em

estudos de associagao na genética psiquiatrica.
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Dysfunctions of the dopaminergic system have been impli-
cated on the etiology of Attention Deficit/Hyperactivity
Disorder (ADHD). Meta-analyses addressing the association
of the dopamine receptor D2 (DRDZ) gene and ADHD were
inconclusive due to excessive heterogeneity across studies.
Both the great phenotypic heterogeneity of ADHD and the
complexity of the genomic region where DRD2 is located
could contribute to the inconsistent findings. Most previous
DRD2 studies focused on the well-known TaqlA (rs1800497)
SNP, which is actually placed in a neighbor gene (ANKK1).
These two genes, together with NCAMI and TTC12, form the
NTAD gene cluster on Chrl1q22-23. In order to address the
reasons for the high heterogeneity previously reported on
DRD2 effects on ADHD, this study investigates the role of
NTAD variants on ADHD susceptibility in adults and on
the modulation of comorbidity and personality profiles in
these patients. Functional polymorphisms from NTAD
were analyzed, both individually and in haplotypes, on a
sample of 520 adults with ADHD and 630 non-ADHD con-
trols. No direct association of NTAD variants with ADHD
susceptibility itself was observed. However, different
NTAD polymorphisms and haplotypes were associated to
various phenotypes relevant to the clinical heterogeneity of
ADHD, including Major Depressive Disorder, Generalized
Anxiety Disorder, and Harm Avoidance and Persistence
temperament scores. Therefore, these findings represent
a possible explanation for the multiple conflicting findings
regarding polymorphisms in this genomic region in
psychiatry. The NTAD cluster may comprise a variety of
independent molecular influences on various brain and
behavior characteristics eventually associated with ADHD
comorbidities and personality traits.
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INTRODUCTION

Attention Deficit/Hyperactivity Disorder (ADHD) is one of the
most common psychiatric disorders, affecting 5.3% of children
[Polanczyck et al., 2007] and 2.5=4.4% of adults worldwide | Kessler
etal., 2006; Simon et al., 2009]. It is associated with a wide range of
functional impairments across life domains and with higher inci-
dence of other psychiatric disorders [ Biederman et al., 2006; Kessler
et al., 2006]. High heritability estimates (around 76-809%) have
been indicated for ADHD, both in children [Faraone et al., 2005]
and adults [Chang et al., 2013].
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Abstract Multiple biological processes throughout
development require intracellular wvesicular trafficking,
where the SNARE (soluble N-ethylmaleimide-sensitive
factor (NSF) attachment protein (SNAP) receptors) com-
plex plays a major role. The core proteins forming the
SNARE complex are SNAP-25 (synaptosomal-associated
protein 25), VAMP (vesicle-associated membrane protein)
and Syntaxins, besides its regulatory proteins, such as
Synaptotagmin. Genes encoding these proteins (SNAP25,
VAMPI. VAMP2, STXIA, SYT] and S¥T2) have been
studied in relation to psychiatric disorders susceptibility.
Here, we review physiological aspects of SNARE complex
and genetic association results reported for attention deficit
hyperactivity disorder, both in children and adults, autism
spectrum disorders, major depressive disorder, bipolar
disorder and schizophrenia. Moreover, we included find-
ings from expression, pharmacogenetics and animal model
studies regarding these clinical phenotypes. The overall
scenario depicted here suggests that the SNARE complex
may exert distinct roles throughout development, with age-
specific effects of genetic variants in psychiatric disorders.
Such perspective should be considered in future studies
regarding SNARE complex genes.
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Introduction

SNARE (soluble N-ethylmaleimide-sensitive factor (NSF)
attachment protein receptors) complex is a large family of
proteins that plays a major role in intracellular vesicular
trafficking in eukaryotic cells. Such process is essential in
different biological events, such as cell division, mainte-
nance of subcellular compartments, protein and hormone
secretion and neurotransmitter release (Zylbersztejn and
Galli 2011). The SNARE complex is formed by members
of the SNAP-25 (Synaptosomal-Associated Protein 25),
VAMP (Vesicle-Associated Membrane Protein) and Syn-
taxins families. These proteins interact creating a four-he-
lix bundle. formed by two helices of SNAP-25. one
vesicle-transmembrane VAMP and one presynaptic plasma
membrane Syntaxin that approximates the vesicle and
plasmatic membranes (Sutton et al. 1998; Brunger 2000)
(Fig. 1). Other proteins interact with the SNARE complex
and regulate it, such as Munc-18, Complexin, Synapto-
physin and the better studied Syt (Synaptotagmin) (Siidhof
2013).

According to cell issue and developmental stage, distinct
family members of SNARE complex present different
expression profiles. SNAP-25 family members are charac-
terized by the presence of two SNARE domains, which are
the binding sites between SNAP-25 and VAMP and Syntaxin
SNARE domains, inorder to form the core SNARE complex.
The most studied member of this protein family is SNAP-25,
which is expressed in neurons and directly involved in neu-
rotransmitter release. It is anchored to the presynaptic
plasma membrane through palmitoylation of cysteine
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Polymorphisms in the CHRNAS-CHRNAS-CHRNB4 gene cluster (Chri15q25) have been robustly associated
with nicotine dependence, including genome-wide studies, as well as with cognitive and neuropsy-
chological measures. In addition, cognitive processes can be influenced by nicotine use through nicotinic
acetylcholine receptors [nAChRs) Here, we evaluated the effect of polymorphisms in CHRNAS-CHRNA3Z-
CHRNEB4 gene cluster and their interaction with tobacco smoking status on cognition in patients with
Artention Deficit/Hyperactivity Disorder (ADHD). Eight SMNPs from the CHRNAS-CHRNA3-CHRNB4 gene

m;: cluster were evaluated on a dinical sample of 403 adults with ADHD. Cognitive performance was
Nicotine L assessed using the Wechsler Adult Intelligence Scale-Revised [ WAIS-R). Analyses of covariance were used
CHRNAS-CHRNAS-CHRNB4 to assess the influence of single markers and their interaction with smoking status in the Vocabulary and
WAIS-R Block Design subtests of WAIS-R. Correction for multiple comparisons was applied. Lifetime smoking was

9 associated to Vocabulary subtest. The TT genotypes of CHRMAS SMNPs rs588765 and rs514743 showed a
trend towards association with, respectively, higher and lower scores on the Vocabulary subtest. There
was a significant interaction between intergenic SNP rs8023462 and smoking on Vocabulary scores. Our
resulits are consistent with an influence of variants in the CHRNAS—CHENA3I—CHRNE4 gene cluster on
cognitive measures. The overall scenario suggests a pleiotropic role of Chr15q25 nicotinic gene cluster
with complex influences in ADHD, tobacoo smoking and cognitive performance, characteristics that can
be partially interdependent and may share underlying genetic factors.

© 2016 Elsevier Lid. All rights reserved.

1. Introduction

Modern hypothesis-driven research is currently focusing on
previous findings from genome-wide association studies (GWAS)
which provide the main source of new research questions for
specific genoty pe-phenotype relationships. One of the most robust
CWAS findings in psychiatry involves a nicotinic acetylcholine
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receptors (RAChRs) gene cluster (CHENAS-CHRNA3I-CHRNB4),
which comprise a gene cluster located on chromosome 15g25. In
addition to GWAS (Bierut et al, 2006; Caporaso et al, 2009;
Thorgeirsson et al, 2008), meta-amalysis (Liu et al. 2010) and
candidate gene studies (Bierut er al, 2008: Broms et al., 2012;
Buczkowski et al.. 2015; Sarginson et al., 2011 Schlaepfer et al,
2008; Sherva et al, 2010; Stephens et al, 2013; Stevens et al,
2008; Weiss er al, 2008) have consistently shown that this clus-
ter is involved in the susceptibility to smoking behavior. However,
this scenario is complex, since there is evidence that a psychiatric
background, i.e. Attention Deficit/Hyperactivity Disorder (ADHD)
diagnosis, may modify the relationship between nAChRs and
nicotine dependence (Polina et al, 2014).
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KEYWORDS Abstract

Major depressive dis- Crack cocaine addicted inpatients that present more severe withdrawal symptoms also exhibit

nrdl?r;_ higher rates of depressive symptoms. There is strong evidence that the identification of genetic

mu‘“";_ . variants in depression is potentialized when reducing phenotypic heterogeneity by studying

Glucocorticoid recep- selected groups. Since depression has been associated to dysregulation of the hypothalamic-

;DREU' pituitary-adrenal axis, this study evaluated the effects of 5MPs in stress-related genes on
bl

CRHR1: depressive symptoms of crack cocaine addicts at early abstinence and over the detoxification
FKBPS ' treatment (4th, 11th and 18th day post admission). Also, the role of these SNPs on the re-
hospitalization rates after 2.5 years of follow-up was studied. One hundred eight-two women
were enrolled and eight 5MPs in four genes (NR3C2, NR3C1, FKBPS and CRHRT) were genotyped.
A significant main effect of NR3CT-rs41423247 was found, where the C minor allele increased
depressive symptoms at early abstinence. This effect remained significant after 10,000
permutations to account for multiple SNPs tested (P=0.0077). There was no effect of
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